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A NOTE TO THE READER

Anesthesiology	
  is an ever-changing field. Standard safety precautions must be followed, but as new research and clinical experience 

broaden our knowledge, changes in treatment and drug therapy may become necessary or appropriate. Readers are advised to check the 

most current product information provided by the manufacturer of each drug to be administered to verify the recommended dose, the 

method and duration of administration, and contraindications. 

However, in view of the possibility of human error or changes in medical sciences, neither the author nor the publisher nor any other party 

who has been involved in the preparation or publication of this work warrants that the information contained herein is in every respect 

accurate or complete, and they disclaim all responsibility for any errors or omissions or for the results obtained from use of the information 

contained in this work. Readers are encouraged to confirm the information contained herein with other sources. It is the responsibility of the 

licensed prescriber, relying on experience and knowledge of the patient, to determine dosages and the best treatment for each individual 

patient. Neither the publisher nor the editor assumes any liability for any injury and/or damage to persons or property arising from this 

publication.
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Flow Chart: ARDS Pathophysiology A

1842 Adult Subspecialty ManagementV

Figure 59-20 Diagram of the tracheobronchial tree. Mean lengths and diameters are shown in millimeters. Note that the right middle lobe bronchus exits 
directly anteriorly while the superior segments (some authors refer to these as the “apical” segments) of the lower lobes exit directly posteriorly. Using the 
apical designation on the right side the segmental bronchi in a rostral to caudal sequence give the mnemonic “A PALM A MAPL.” (From Youngberg JA: Cardiac, 
Vascular and Thoracic Anesthesia. Philadelphia, Churchill Livingstone, 2000.)
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Table 59-14 Suggested Methods of Lung Isolation for Specific Indications

Indication for Lung Isolation Preferred Method(s) Possible Alternative(s)

Pulmonary resection right side Left DLT BB/Left EBT

Pulmonary resection left side:
 Pneumonectomy unlikely Left DLT BB/Right DLT
 Pneumonectomy Right DLT Left DLT/BB

Thoracoscopy (either side) Left DLT BB/Right DLT

Pulmonary hemorrhage Left DLT BB/contra-lateral EBT

Bronchopleural fistula
 Left mainstem bronchus Right DLT EBT
 All other sites Left DLT Right DLT/BB/EBT

Purulent secretions (e.g., abscess, cyst, etc.) Left DLT Right DLT/BB/EBT

Bullae, blebs Left DLT Right DLT/BB

Nonpulmonary surgery (e.g., thoracic aorta, esophagus) Left DLT/BB Right DLT/EBT

Bronchial surgery (tumor, trauma)
 Left side Right DLT EBT
 Right side Left DLT EBT

Upper airway abnormalities BB Left DLT/EBT

Lung transplantation:
 Bilateral Left DLT BB/EBT
 Single right lung Left DLT BB/EBT
 Single left lung Right DLT BB/Left DLT/EBT

Whole lung lavage Left DLT

Independent lung ventilation Left DLT Right DLT

BB, ipsilateral bronchial blocker; DLT, Double-lumen tube; EBT, contralateral single-lumen endobronchial tube.

Millers: Page # 1842



Mapleson 

Class

Other Names Configuration1

 
Spontaneous Controlled Comments

A Magill attachment

 

Equal to minute 

ventilation (  80 mL/

kg/min)

Very high and 

difficult to 

predict

Poor choice during controlled 

ventilation. Enclosed Magill system is 

a modification that improves 

efficiency. Coaxial Mapleson A (Lack 

breathing system) provides waste-

gas scavenging.

B

 

2 x minute 

ventilation

2–2½ x minute 

ventilation

C Waters' to-and-fro

 

2 x minute 

ventilation

2–2½ x minute 

ventilation

D Bain circuit 2–3 x minute 

ventilation

1–2 x minute 

ventilation

Bain coaxial modification: fresh gas 

tube inside breathing tube.

E Ayre's T-piece

 

2–3 x minute 

ventilation

3 x minute 

ventilation (I:E 

=1:2)

Exhalation tubing should provide a 

larger volume than tidal volume to 

prevent rebreathing. Scavenging is 

difficult.

F Jackson-Rees' 

modification  

2–3 x minute 

ventilation

2 x minute 

ventilation

A Mapleson E with a breathing bag 

connected to the end of the 

breathing tube to allow controlled 

ventilation and scavenging.
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Classification & characteristics of various Mapleson circuit
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Vapour: A Vapour is the gaseous form of a substance which is liquid at room temperature 

Vaporizer: A vaporizer is an instrument designed to change a liquid anesthetic agent in to its vapour and to add a controlled amount of this vapour to the 
fresh gas flow.

4. Classify vaporizers. Discuss the effect of altered barometric pressure on the performance of 
vaporizers? 

Oldest Classification:
A. Method of regulating Output Concentration 
1. Variable Bypass
2. Measured Flow

B. Method of Vaporization
1. Flow Over 
2. Bubble Through 
3. Flow over or Bubble Through

C. Location 
1. Outside the Breathing System
2. Inside the Breathing System

D. Temperature Compensation
1. None 
2. By Supplied Heat 
3. By Flow Alteration

E. Specificity 
1. Agent Specific
2. Multiple Agent

Older Classification:
A. Method of regulating Output Concentration 
1. Variable Bypass
2. Measured Flow

B. Method of Vaporization
1. Flow Over 
2. Bubble Through 
3. Injection

C. Resistance
1. Plenum
2. Low resistance

D. Temperature Compensation
1.      Thermocompensation
2.       Supplied Heat

E. Specificity 
1. Agent Specific
2. Multiple Agent

New Classification:
A. Method of regulating Output Concentration 
1. Variable Bypass
2. Measured Flow

B. Method of Vaporization
1. Flow Over 
2. Bubble Through 
3. Injection

C. Temperature Compensation
1.      Mechanical 
2.      Supplied Heat
3.       Computerized

Classification of vaporizer:
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Preoperative Preparation:
• Stop Smoking
• Dilate the airway using:

• Beta agonist
• Anti-cholinergics
• Theophylline
• Steroids
• Cromolyn Sodium

• Loosen the Secretions by:
• Airway hydration ( Humidification/Nebulization)
• Systemic hydration orally - 3 Liters 
• Mucolytic agents & Expectorant drugs
• Antibiotics

• Remove secretions: 
• Postural drainage
• Coughing 
• Chest physiotherapy(percussion & Vibration)

Ancillary Measures:
• Treatment of co-existing disease
• Treatment of Cor-Pulmonale
• Pre-operative Digitalization
Patient Education, motivation & facilitation of 
post operative care: Continuation:
• Psychological preparation
• Incentive spirometry & deep breathing exercise
• Exposure to secretion removal maneuvers
• Exercise
• Weight gain/reduction
• Diet supplements.

Time	
  course Bene3icial	
  effects
12-24 hours Decrease carbon monoxide and nicotine levels

48-72 hours Normalizes carboxy Hb levels. Improves ciliary 
function, tissue oxygenation.

1-2 weeks Decrease sputum production & improves smaller 
airway function.

4-6 weeks Improves PFT

6-8 weeks Normalizes immune function, drug metabolism and 
hepatic enzyme activity 

8-12 weeks Reduces overall post-operative pulmonary 
complications.

Post-operative Management:
Goals:
• To promote adequate analgesia
• To minimize the incidence of postoperative complications
• To prevent infections
• Chest physiotherapy & deep breathing exercise.
• Consider CPAP - Decreases WOB, Improves LV Compliance.
• Continuous administration of Local anesthetic with low dose opioids via 

epidural catheter for post operative pain relief.
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9. Describe the innervations of Larynx. Briefly discuss various palsies following Nerve 
injury. Continuation:

Neurological lesions:

Vocal Cord palsy

Vagus Nerve Recurrent Laryngeal nerve

General Causes

Supra-nuclear lesions: 
in the motor cortex 

Nuclear	
  lesions:	
  	
  
• stroke	
  
• Tumor

Peripheral 
neurological 
lesions 

Intra Cranial:
• Posterior	
  fossa	
  
tumors

• Basal	
  fractures	
  

Lesions	
  in	
  the	
  neck:
• Trauma
• 	
  metastatic	
  nodes	
  

Bilateral RLN Palsy:
•Pulmonary	
  tuberculosis	
  

• Esophageal	
  malignancy	
  

Right recurrent laryngeal nerve:
• Aneurysm of subclavian artery 
• Lungs:  TB, apical carcinoma 

Left RLN Palsy:
• Aneurysm of 

aorta 
• Lungs:  TB, 

Malignancy
•  Esophagus:  

malignancy
• MS 

• DM
• Syphilis
• viral Disease
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57. What are the major causes of Hypoxemia? What is Hypoxic Pulmonary Vasoconstriction? How 
can general anesthesia worsens V/Q mismatch?

Five Causes of Hypoxemia (↓ PaO2):
1. Hypoventilation
2. Low inspired Oxygen
3. Right to Left shunt
4. Ventilation-Perfusion mismatch
5. Diffusion impairment

Five Causes of Hypoxemia (↓ PaO2):

Hypoventilation:
• P(A-a)O2 is normal
• PaCO2 is elevated ( Hypercapnia)

Causes of Hypoventilation:
• Depression of CNS by drugs
• Upper airway obstruction
• Disease of Neuromuscular 

junction
• Disease of respiratory muscles
• Abnormality of the chest wall
• Disease of motor neurons of the 

brain stem/Spinal cord
• Inflammation, trauma or 

hemorrhage in the brain stem

Low inspired Oxygen:
• A decrease in Barometric 

pressure (High Altitude)
• A decrease in FIO2 - 

accidental disconnection 
of the ETT, leak or 
exhausted central supply 
of O2

Right to Left shunt:
• Healthy Individuals:

• A portion of the bronchial 
circulation (blood supply 
to the conducting zone 
of the airways) venous 
blood drains into the 
pulmonary vein

• A portion of coronary 
circulation venous blood 
drains through the 
thebesian veins into the 
left ventricles

• Congenital abnormalities:
• TOF, 
• VSD + PAS
• Intrapulmonary 

fistulas

Ventilation-Perfusion 
mismatch: 
• V/Q mismatch is the 

most common cause of 
hypoxemia in disease 
state.

Diffusion impairment:
• PaCO2 is normal
• P(A-a)O2 is normal at rest 

but may be elevated 
during exercise

Hypoxic pulmonary vasoconstriction is a paradoxical, physiological 

phenomenon in which pulmonary arteries constrict in the presence of 

hypoxia without hypercapnia, redirecting blood flow to alveoli with a higher 

oxygen content.

http://en.wikipedia.org/wiki/Physiology
http://en.wikipedia.org/wiki/Physiology
http://en.wikipedia.org/wiki/Pulmonary
http://en.wikipedia.org/wiki/Pulmonary
http://en.wikipedia.org/wiki/Hypoxia_(medical)
http://en.wikipedia.org/wiki/Hypoxia_(medical)
http://en.wikipedia.org/wiki/Hypercapnia
http://en.wikipedia.org/wiki/Hypercapnia
http://en.wikipedia.org/wiki/Blood_flow
http://en.wikipedia.org/wiki/Blood_flow
http://en.wikipedia.org/wiki/Pulmonary_alveolus
http://en.wikipedia.org/wiki/Pulmonary_alveolus
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Pathophysiology of Bronchial Asthma:
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Severity of expiratory airflow obstruction & Grading:

Severity
FEV	
  
(%	
  predicted)

FEF	
  25-­‐75	
  
(%	
  predicted)

Pao2	
  (mm	
  Hg) Pa	
  Co2	
  (mm	
  Hg)

1) Mild	
  
(asymptomatic)

65-­‐80 60-­‐75 >	
  60 <	
  40

2)	
  Moderate	
   50-­‐64 45-­‐59 >	
  60 <	
  45

3)	
  Marked 35-­‐49 30-­‐44 <	
  60 >	
  50
4)	
  Sever	
  (status	
  
asthamaticus)

<	
  35 <	
  30 <	
  60 >	
  50

A
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exposure. Bronchial blockers are most commonly used intralumi-
nal (coaxial) with an SLT. !ey can also be placed separately 
thorough the glottis or tracheostomy exterior to an SLT. !is 
allows the use of a smaller SLT and is o"en an option in pediat-
rics. Another advantage of the bronchial blockers is when post-
operative mechanical ventilation is being considered a"er 
prolonged thoracic or esophageal surgery. In many instances 
these patients have an edematous upper airway at the end of the 
procedure. If a bronchial blocker is used there is no need to 
change the SLT and there is no compromise of the airway if 
mechanical ventilation is needed in the postoperative period. 
Table 59-13 describes the characteristics of current bronchial 
blockers. !e smallest internal diameter (ID) of an endotracheal 
tube that will allow passage of both a bronchial blocker and a 
fiberoptic bronchoscope depends on the diameters of the bron-
choscope and blocker. For standard adult 9-Fr blockers, an 
endotracheal tube greater than or equal to 7.0 mm ID can be used 
with a bronchoscope less than 4.0 mm in diameter. Larger bron-
choscopes will require an endotracheal tube greater than 7.5 mm 
ID. All blockers need to be well lubricated before placement.

Torque Control Blocker (Univent)
Placement of the Univent is straightforward (Fig. 59-18). !e 
enclosed bronchial blocker is fully retracted into the standard 
lumen of the tube. Conventional endotracheal tube intubation 
technique is used. !en a fiberoptic bronchoscope is passed into 
the main lumen through a bronchoscopy adaptor. Under direct 
vision the enclosed bronchial blocker is advanced into the tar-
geted bronchus of the surgical side, where lung collapse is to 
occur.

The Wire-Guided Endobronchial Blocker (Arndt Blocker)
Figure 59-19 displays the placement of the Arndt blocker by 
placing the endobronchial blocker through the endotracheal tube 
and using the fiberoptic bronchoscope and wire-guided loop to 
direct the blocker into a mainstem bronchus. !e fiberoptic bron-
choscope has to be advanced distally enough so that the Arndt 
blocker enters the bronchus while it is being advanced. When the 
deflated cuff is beyond the entrance of the bronchus approxi-
mately 2 cm inside the bronchus, then the fiberoptic broncho-
scope is withdrawn. Once the patient is turned into a lateral 
decubitus position then the cuff of the endobronchial blocker is 
fully inflated with fiberoptic visualization with 4 to 6 mL of air to 
obtain total bronchial blockade. For a right mainstem bronchus 

blockade, the Arndt blocker can be advanced independently of 
the wire loop by observing its entrance into the right mainstem 
bronchus under fiberoptic visualization. !e optimal position of 
the Arndt blocker in the le" or in the right bronchus is achieved 
when the blocker balloon’s outer surface is seen with the fiberop-

Table 59-13 Characteristics of the Cohen, Arndt, and Fuji Bronchial Blockers

Cohen Blocker Arndt Blocker Fuji Uniblocker

Size 9 Fr 5 Fr, 7 Fr, and 9 Fr 5 Fr, 9 Fr

Balloon shape Spherical Spherical or elliptical Spherical

Guidance mechanism Wheel device to deflect the tip Nylon wire loop that is coupled with the 
fiberoptic bronchoscope

None, preshaped tip

Smallest recommended ETT for coaxial use 9 Fr (8.0 ETT) 5 Fr (4.5 ETT), 7 Fr (7.0 ETT), 9 Fr (8.0 ETT) 9 Fr (8.0 ETT)

Murphy eye Present Present in 9 Fr Not present

Center channel 1.6 mm ID 1.4 mm ID 2.0 mm ID

ETT, single endotracheal tube; ID, internal diameter.
From Campos JH: Which device should be considered the best for lung isolation: Double-lumen endotracheal tube versus bronchial blockers. Curr Opin Anaesthesiol 20: 
30, 2007, with permission.

Figure 59-18 Univent torque control blocker. The optimal position of the 
Univent torque control blocker in the right (A) and left (B) mainstem 
bronchus. (Reproduced with permission from Campos JH: An update on 
bronchial blockers during lung separation techniques in adults. Anesth Analg 
97:1269, 2003.)

A

1

2

3 4

B
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Figure 59-9 Photographs of a standard single-lumen endotracheal tube (upper left) and a specifically designed single-lumen endobronchial tube (lower left 
and right). The endobronchial tube is longer and has a shorter cuff. It can be used as an endotracheal tube and advanced into a mainstem bronchus with 
fiberoptic guidance when needed for lung isolation. (Courtesy of Phycon, Fuji Systems Corp., Tokyo, Japan.)

Table 59-9 Options for Lung Isolation

Options Advantages Disadvantages

Double-lumen tube
1. Direct laryngoscopy
2. Via tube exchanger
3. Fiberoptically

Quickest to place successfully
Repositioning rarely required
Bronchoscopy to isolated lung
Suction to isolated lung
CPAP easily added
Can alternate OLV to either lung easily
Placement still possible if bronchoscopy not 

available

Size selection more difficult
Difficult to place in patients with difficult airways 

or abnormal tracheas
Not optimal for postoperative ventilation
Potential laryngeal trauma
Potential bronchial trauma

Bronchial blockers (BB)
Arndt
Cohen
Fuji

Size selection rarely an issue
Easily added to regular ETT
Allows ventilation during placement
Easier placement in patients with difficult airways 

and in children
Postoperative two-lung ventilation by withdrawing 

blocker
Selective lobar lung isolation possible
CPAP to isolated lung possible

More time needed for positioning
Repositioning needed more often
Bronchoscope essential for positioning
Nonoptimal right lung isolation due to RUL 

anatomy
Bronchoscopy to isolated lung impossible
Minimal suction to isolated lung
Difficult to alternate OLV to either lung

Univent tube Same as BBs
Less repositioning compared with BBs

Same as for BBs
ETT portion has higher air flow resistance than 

regular ETT
ETT portion has larger diameter than regular ETT

Endobronchial tube Like regular ETTs, easier placement in patients 
with difficult airways

Longer than regular ETT
Short cuff designed for lung isolation

Bronchoscopy necessary for placement
Does not allow for bronchoscopy, suctioning or 

CPAP to isolated lung
Difficult right lung OLV

Endotracheal tube (ETT) advanced into bronchus Easier placement in patients with difficult airways Does not allow for bronchoscopy, suctioning or 
CPAP to isolated lung

Cuff not designed for lung isolation
Extremely difficult right OLV

CPAP, continuous positive airway pressure; ETT, endotracheal tube; OLV, one-lung ventilation; RUL, right upper lobe.
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7. A 30 year old female ASA grade I following exploratory laparotomy is not maintaining oxygen 
saturation in the post operative period. Discuss the causes & Management.

Definition: Hypoxia is defined as inadequate oxygen supply to the cells and tissues of the body.

Values: Sao2 < 90%, PaO2 < 60%

Causes of Post operative Hypoxia & its treatment: ( 12 Causes)
Low Inspired concentration of O2:
• When FIO2 is < 0.21%. The treatment would be giving high inspired oxygen through Venturi 

mask.
Airway obstruction: 
• Pharyngeal obstruction: Treatment would be Head tilt & chin lift.!
• Laryngeal obstruction: treatment: Lift the chin while the head is on a pillow or displace !jaw 

forward.  Alternating lifting and relaxing the chin will, relax the strap muscle of the neck.
• Attempt to facilitate ventilation of gentle positive pressure via mask. When conservative 

measures are not effective in breaking spasm within 1min, then a muscle relaxant should be 
given I.V. Scoline 1.5mg/kg injected

• Bronchospasm: Bronchodilators like Beta agonist, Anticholinergics, Theophylline 
andSteroids

Post operative shivering:
• May also cause hypoxia. Treatment is Oxygen therapy
Sudden reduction in cardiac output:
• Can contribute to hypoxemia. Treatment: Watch out for bleeding & dehydration. Give IV 

fluids, blood replacement.
Diffusion Hypoxia:
• At the end of surgery when both oxygen & nitrous oxide stopped at the same time. Where 

N2O diffuses back into the alveoli. Treatment is to give oxygen after cutting off N2O.
Type of Surgery: 
• Patients with abdomino-thoracic procedures will not respire adequately because of pain on 

deep inspiration. Treatment would be adequate analgesia with opioids or NSAIDS or 
through the epidural.

Ventilation Perfusion Mismatch:
• Usually seen under Anesthesia. 

Decreased	
  FRC:
• Seen in Pulmonary edema (Treatment will be fluid 

restriction, diuretics & oxygen therapy Positive 
pressure ventilation.), Infections( Antibiotics),Obesity 
(incentive spirometer & deep breathing exercises), 
aspiration(postural drainage, nebulization incentive 
spirometer & deep breathing exercises.)

Right to left intrapulmonary shunts:
• Most common cause is Atelectasis. Treatment would 

be Deep breathing exercise, Chest physiotherapy 
humidification of inspired gases, coughing & 
incentive	
  spirometer.	
  

Drug Overdosage:
• Like opioids, muscle relaxants, in adequate reversal. 

Treatment would be titrated dosage of opioids & to 
wait for adequate reversal.

Pulmonary Embolism:
• Lower limb surgeries, prolonged 

immobilization.treatment would be DVT stocking, 
early mobilization, DVT prophylaxis.

Pneumothorax: 
• Result of direct injury to lungs or rib fracture.
• Treatment is 100% oxygen, insertion of chest tube & 

intercostal drainage & IPPV.

GRID: Question needs answered under 
following headings:
1. Definition
2. values
3. 12 Causes of Post operative Hypoxia & 

its management.
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3. Pulmonary Function Test
Non-Specific - Bed Side Test

Specific Test - PFT

Test of Ventilation Test of Distribution of Ventilation Test of Diffusion Test of Perfusion Other Tests

Static Test Dynamic Test

•Anatomical 
Measurements 
•Do not evaluate 
Function

4 Volumes
TV
IRV
ERV
RV

4 Capacities 
VC
TLC
FRC
IC

Measures rate of flow of Gas

MBC/MVV
FEV
PEFR
MMEFR 25 to 75 %
Respiratory Muscle Strength

Single Breath N2 elimination Test
Multi-breath N2 wash out test
Radio-active Xenon distribution

Carbon Monoxide Diffusing 
Capacity

radio-active Xenon 
injection!
Radio-nucleotide
Macro-aggragated iodine

•Split Lung Function Test
•Bronchospirometery
•radio-active Scanning
•Pulmonary artery occlusion 
test

•ABG
•A-a Gradient
•Raw
•Compliance

Flow 
Volume 
Loops

Fixed Obstruction

Variable Extra-Thoracic Obstruction
E-Expiration is normal

Variable Intra-Thoracic Obstruction
I-Inspiration is normal

Restrictive Lung Disease

Dr Azam’s Notes in Anesthesiology 2013

Dr Azamʼs Notes in Anesthesia

Non-Specific - Bed Side Function:
• Breath Holding test
• Sniderʼs Match Blowing test 
• De Bonoʼs Whistle test
• Auscultation over the trachea
• Sphygmomanometer
• Walk test
• Stair case test.
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VT - Tidal Volume
• Total Volume of air inspired & Expired in each breath
• measured by wrightʼs Respirometer

Pulmonary Function Test
• Spirometer can measure - VT,IRV, 

ERV, VC, IC, FEV & MBC
• Cannot be measured by Spirometer 

- RV, TLC & FRC

Static Test

IRV - Inspiratory reserve volume
• Volume of air that can be inspired after normal 

inspiration.
ERV - Expiratory reserve volume
• Volume of air that can be expired after normal 

expiration
• It reflects the thoracic muscles, abdominal muscle 

& thoracic mobility

RV - Residual Volume
• Volume of air remaining in the lung 

after maximum expiration
• Measured by 

• N2 washout technique
• Helium dilution technique

VC - Vital Capacity
• Most commonly measured
• volume of air that can be expired after maximum inspiration
• can be measured by - spirometer
• BSA: Male- 2.6l/m2 Female - 2.1l/m2
• A given VC is abnormal if < 80% of predicted value
• VC: decreased - in pregnancy, Pulm fibrosis

• Emphysema
• ch.Bronchitis
• asthma
• Abdominal pain

• can be < 70 to 75% in upper abdominal surgery
• < 50 to 55% in lower abdominal surgery

• Position: Lithotomy Vc < 18%
• VC= 3 X VT for effective cough
• Decrease in VC means decreased ability to cough and post operative complications

FRC 
• Volume of air remaining in the lung 

after normal expiration
• measured by: 

• N2 washout technique
• Helium dilution
• Body Plethysmograph 

• FRC increased: 
• Obstruction of airways
• Emphysema
• PEEP

• FRC decreased:
• Under Anesthesia
• post op old age 
• obesity 
• smoking 
• Lithotomy
• Abdominal distention
• Lap surgeries

TLC
• Total volume of air in lung after 

maximum inspiration.
• TLC decreased:

• Pulmo fibrosis
• obesity
• weakness of inspiratory muscle

Dynamic Tests

MBC or MVV
• Max volume of air that can be breathed per 

minute by voluntary effort
• normal - 160L/min to 180 L/min
MBC is decreased in:
• old age
• emphysema
• bronchospasm
• bronchiolar obstruction

FVC & FEV
FVC
• Assess the expiratory ability
• max volume of air that can be 

exhaled forcefully and rapidly after 
maximum inspiration

• measured by Spirometer and fast 
moving Kymograph

• FVC done over 4 sec
• reflects the relationship between 

Flow & resistance
FEV1 
• Max volume of gas exhaled during 

the 1st second of FVC maneuver
• FEV1 = 83% of VC 

FVC is decreased in:
• Atelectasis 
• Fibrosis
• muscle weakness
• abdominal swelling
• pain
In healthy patients 
FVC=VC

Dr Azam’s Notes in Anesthesiology 2013
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Respiratory Muscle weakness:
• It is evaluated and measured by 

maximum static respiratory 
pressure

• PImax = -125 cm of H2O - normal
• If PImax = -25 inability to take deep 

breath
• PEmax = + 200 cm of H2O - normal
• If PEmax = + 40 cm of H2O 

severely impaired coughing ability
• seen in Emphysema 
• predictor of successful weaning 
• Evaluation of NM disorder

PEFR:
• After max inspiration patient exhales as forcefully 

as he can and the max flow rate is measured 
and expressed in lt/min and lt/sec

• Normal:
• 450-600 L/min
• 300 - 500 L/min

• Measured by Wrightʼs Respirometer
! !     Pneumotachygraph
PEFR is decreased in:
• Obstructed Airway
Values less that 200 lt/min suggest impaired cough 
and increased likely hood of post op pulmonary 
complications

MMEFR ( 25% to 75%):
• Flow measured in middle half of FVC
• obtained by dividing the volume of gas 

between 25 - 75% by corresponding 
elapsed time

• Normal = 4 to 5 L/sec
Importance

• more sensitive of small airway 
obstruction or disease

Condition FEV1 FVC FEV1	
  /FVC
Airway obstruction (asthma, bronchitis) Decreased Normal Decreased

Stiff lungs (pneumonia, pulmonary edema) Decreased Decreased Normal

Respiratory muscle weakness (myasthenia, 
myopathies)

Decreased Decreased Normal

Obstructive Restrictive
FEVI Decreased Decreased
FVC Normal Decreased
FEV1/FVC Decreased Normal
FRC Increased Decreased
TLC Increased Decreased
(Raw)airway resistance Increased Normal

MMEFR Decreased Normal
MBC Decreased Normal
PEFR Decreased Decreased

Dr Azam’s Notes in Anesthesiology 2013

Flow-­‐Volume	
  Loops
• Provide	
  a	
  graphic	
  analysis	
  of	
  flow	
  at	
  various	
  lung	
  volumes	
  
• Used	
  to	
  differen:ators	
  between	
  pa:ents	
  with	
  upper	
  airway	
  and	
  lower	
  airway	
  obstruc:on	
  
• Flow	
  is	
  charted	
  on	
  Y-­‐axis	
  
• Volume	
  is	
  charted	
  on	
  X	
  axis
• Pa:ent	
   is 	
  asked	
   to	
   inhale	
   fully	
   to	
   TLC	
   and	
   then	
  perform	
   a	
   FVC	
   maneuver.	
   This 	
   is	
   followed	
  

immediately	
  by	
  a	
  maximum	
  inspira:on	
  back	
  to	
  TLC
• The	
  ra:o	
  of	
  expiratory	
  flow	
  to	
  inspiratory	
  flow	
  at	
  50%	
  of	
  VC	
  is	
  normally	
  1	
  (mid	
  VC	
  ra:o)

Dr Azam’s Notes in Anesthesiology 2013
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20. Classify Anti-Hypertensive drugs. Describe anesthetic management of hypertensive episode 
during anesthesia

Oral Anti-Hypertensive Drugs - Classification

Diuretics:

Sympatholytics:
Vasodilators:

Thiazide:
• Chlorthiazide
• Hydrochlorthiazide
• Chlorthalidone
• Indapamide
• Metalazone

Potassium Sparing: 
• Spironolactone
• Triamterene
• Amiloride

Loop Diuretics:
• Furosemide
• Torasemide
• Ethacrynic acid
• Bumetanide

Adrenergic receptor blockers:
I. Beta Blockers:

1. Atenolol
2. Metoprolol
3. Acebutolol
4. Timolol
5. Esmolol
6. Nadolol

II.    Alpha Blockers:
A.  α1	
  +	
  α2	
  Phenoxybenzamine
B. α1	
  	
  Prazosin, Doxazosin 

Terazosin
III.  α	
  + β

A.   Labetalol
B. carvedilol

Central α2 Agonist:
• Clonidine
• Methyldopa
• Guanabenz

Post gangalionic blockers:
• Guanithidine
• Reserpine

Calcium Channel Blockers:
• Benzothiazepines: Diltiazem
• Phenylalkalamines: Verapamil
• Dihydropyridines: Amlodipine, 

Nifidipine, Nicardipine, Felodipine

ACE Inhibitors:
• Captopril, Enalapril, 

Lisinopril,Ramipril

Angiotensin-receptor Antagonist:
• Losartan, Valsartan, Telmisartan

Direct Vasodilators:
• Hydralazine, Minnoxidil
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Indications Drugs Dose Onset Duration
For	
  patient	
  with	
  good	
  LV	
  function	
  ↑	
  HR	
  

CI	
  in	
  bronchospastic	
  disease	
  
Esmolol	
  IV 0.5mg/kg	
  over	
  /min

50-­‐300µg/kg/min
1min 12-­‐20minFor	
  patient	
  with	
  good	
  LV	
  function	
  ↑	
  HR	
  

CI	
  in	
  bronchospastic	
  disease	
  

Labetalol 5-­‐20mg 1-­‐2min 4-­‐8hr

For	
  patient	
  with	
  good	
  LV	
  function	
  ↑	
  HR	
  
CI	
  in	
  bronchospastic	
  disease	
  

Propanol 1-­‐3mg 1-­‐2min 4-­‐6hr
Ca+2	
  channel	
  blockers	
  

Myocardial	
  ischemia	
  ←	
  reGlex	
  
tachycardia	
  

Nicardipine 0.25-­‐0.5mg 1-­‐5min 3-­‐4	
  hrCa+2	
  channel	
  blockers	
  
Myocardial	
  ischemia	
  ←	
  reGlex	
  

tachycardia	
  
Nifedipine	
  (S/L) 10mg 5-­‐10min 4h

Mod	
  to	
  severe	
  HTN	
  –	
  most	
  rapid	
   Nitroprusside 0.5-­‐10µg/kg/min 30-­‐60	
  sec 1-­‐5minMod	
  to	
  severe	
  HTN	
  –	
  most	
  rapid	
  
Nitroglycerine 0.5-­‐10µg/kg/min 1min 3-­‐5min

Sustained	
  control	
  of	
  BP	
  ←	
  delayed	
  onset	
  
reGlex	
  tachycardia	
  

ACE	
  Inhibitors

Hydralazine 5-­‐20mg 5-­‐20min 4-­‐8hrSustained	
  control	
  of	
  BP	
  ←	
  delayed	
  onset	
  
reGlex	
  tachycardia	
  

ACE	
  Inhibitors

Phentolamine 1-­‐mg 1-­‐10min 20-­‐40mm
Sustained	
  control	
  of	
  BP	
  ←	
  delayed	
  onset	
  

reGlex	
  tachycardia	
  

ACE	
  Inhibitors
Enalaprilat 0.625-­‐1mg 6-­‐14min 4-­‐6h

Sustained	
  control	
  of	
  BP	
  ←	
  delayed	
  onset	
  
reGlex	
  tachycardia	
  

ACE	
  Inhibitors Fenoldopam 0.1-­‐0.6	
  µg/kg/min 5	
  min 5	
  min



i. Age > years 5

ii. MI in previous 6 months 10

iii. S3 gallop or ↑	
  JVP	
  (0-­‐3	
  cm) 11

iv. Important aortic stenosis 3

v. Rhythm other than sinus, Pac on last preoperative 7

vi. >5 PVC/min at any time before 7

vii. PaO2, < 60 or PaCO2 > 50mm Hg,
K<3.00 mEq/L or HCO3 < 20 mEq/l
BUN > 50 or Cr> 3 mg/dl. Abnormal SGOT, signs of chronic liver disease, bed ridden from 
non-cardiac cause

3

viii. Intraperitoneal, Intrathoracic, aortic surgery 3

ix. Emergency operation 4

Total 53

Class I 0-5 points (low risk)

Class II 6-12 points (intermediate risk)

Class III 13-25 points (high risk)

Class IV ≥ 26 points (very high)
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Goldman's	
  Cardiac	
  Risk	
  Index	
  -­‐	
  1977.
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i. Age > 70 years 5
ii. MI < 6 months 10
iii. MI > 6 months 5
iv. Unstable angina 10
v. Pulmonary edema < 1 week 10
vi. Pulmonary edema in the past 5
vii. Non sinus rhythm PAC 5
viii. CCVSA class III 10
ix. CCVSA class IV 20
x. Critical As 20
xi. Emergency operation 5
xii. Poor general status 5

Total 120

Detsky’s	
  ModiGied	
  Cardiac	
  Risk	
  Index-­‐	
  1986
Risk of perioperative reinfarction in patients with recent MI:

Duration since last MI Re-infarction rate

with in 3 months 30%

3 - 6 months 15%

> 6 months 6%

(Assign one point to each of the following variables)
i. High risk type of surgery (intra-peritoneal, intra-thoracic or suprainguinal vascular 

procedures.
ii. History of IHD (history of MI, positive exercise test, current complaint of ischemic chest pain 

or use of nitrate therapy of ECG with Q waves)
iii. History of CHF
iv. History of cerebro-vascular disease
v. Insulin therapy for diabetes
vi. Preoperative serum creatinine > 2.0 mg/gl

Class I = 0 factors,
Class II = 1 factor
Class III = 2 factors
Class IV = >2 factors

Lee’s	
  revised	
  Cardiac	
  Risk	
  Index-­‐-­‐	
  1999.
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Algorithm of cardiac evaluation for non cardiac surgery as recommended by ACC/AHA 2007 
guidelines on perioperative CVS evaluation.
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Risk Stratification Procedure Examples

Vascular (reported cardiac risk often more than 5%) Aortic and other major vascular surgeryVascular (reported cardiac risk often more than 5%)
Peripheral vascular surgery

Intermediate (reported cardiac risk generally 1% to 5%) Intraperitoneal and intrathoracic surgeryIntermediate (reported cardiac risk generally 1% to 5%)
Carotid endarterectomy

Intermediate (reported cardiac risk generally 1% to 5%)

Head and neck surgery
Orthopedic surgery
Prostate surgery

Low  (reported cardiac risk generally less than 1%) Endoscopic proceduresLow  (reported cardiac risk generally less than 1%)
Superficial procedure

Low  (reported cardiac risk generally less than 1%)

Cataract surgery
Breast surgery
Ambulatory surgery

* Combined incidence of cardiac death and nonfatal myocardial infarction.* Combined incidence of cardiac death and nonfatal myocardial infarction.
 These procedures do not generally require further preoperative cardiac testing. These procedures do not generally require further preoperative cardiac testing.

Cardiac Risk* Stratification for Noncardiac Surgical Procedures
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6. Supraglottic devices

Supraglottic airway devices are devices that ventilate patient by delivering/anesthetic gases/O2 above the level of the vocal cords and are designed to 
overcome  the disadvantages of Et - Intubation.

Advantages:
• Avoidance of laryngoscopy
• Less invasive for respiratory tract
• Better tolerated by patients
• Placement is easier 
• Improved hemodynamic stability in 

emergence
• Less coughing
• Less sore throat
• Less incidence of bronchospasm
• Hands free airway

Classification of SGA(Supraglottic Airway):
Based on: 

• Presence or absence of cuff
• Oral/nasal route of insertion
• Anatomic location of the distal portion (sealing mechanism)

• Cuffed perilaryngeal sealers: E.g Ambu laryngeal mask, SSLM(softseal laryngeal mask), ILA(intubating 
laryngeal airway), LMA, ILMA(intubating laryngeal mask airway).

• Cuffed pharyngeal sealers: E.g CobraPLA (Cobra perilaryngeal airway)
• Cuff less pre-shaped sealer: E.g SLIPA
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Supraglottic devices.continuation:

Cuffed perilaryngeal sealersCuffed perilaryngeal sealersCuffed perilaryngeal sealers                Cuffed pharyngeal sealers               Cuffed pharyngeal sealers Cuff less pre-shaped sealers

Without directional sealing With directional sealing Without esopheageal sealing 
cuff

With esopheageal sealing 
cuff

  

Devices LMA, ILMA, SSLM, AMBU LM, ILA PLMA Proseal LMA COPA, COBRA PLA, Laryngeal tube, combitube, 
easy tube

SLIPA, I-GEL

Sealing 
mechanism

relies on simple opposition of the cuff 
that surrounds the larynx

sealing site is at or around the 
entrance of the larynx

Pharyngeal cuff seals at the base of the tonguePharyngeal cuff seals at the base of the tongue Anatomically preshaped hollow 
airway which seals the outlet 
from the pharynx at the base of 
the tongue  to the esophagus, 
as a result of the resilience of 
the walls of the shaped airway

Advantages • Minimal risk of precipating 
laryngospasm, 

• Well tolerated at lower anesthetic levels

• Higher seal pressure 
• Decreased risk of 

regurgitation 

• Better sealing pressures
• Pressure exerted 

perpendicular to airway 
channel

• Better sealing pressures
• Pressure exerted 

perpendicular to airway 
channel

• Minimizes aspiration risk
• Provides access to 

esophagus

• Easier to use, 
• Able to insert through limited 

mouth opening
• Hollow structure provides 

protection for aspiration 
• Pre-shaped provides specific 

positioning and a stable 
airway

Disadvantages • Low seal pressure
• Little storage space for regurgitated 

liquid
• Increased risk of GE insufflation.

• Harder to insert 
• More easily rotated out of 

position 
• Folding of tip can occur 

upon insertion, occluding the 
drainage tube.

• No sealing of the 
downward outlet increasing 
the risk of GE aspiration. 

• No protection from 
aspiration 

• Increased need for 
repositioning 

• Increased mucosal trauma 
due to stiffer tube

• Congestion of tongue with 
excessive increase in cuff 
pressure and potential lingual 
nerve damage

• Increased need for 
repositioning 

• Increased mucosal trauma 
due to stiffer tube

• Congestion of tongue with 
excessive increase in cuff 
pressure and potential lingual 
nerve damage

• Increased need for 
repositioning 

• Difficult to select proper size
• Less flexibility in positioning
• Not for use in abnormal 

airway anatomy.

Dr Azam’s Notes in Anesthesiology 2013
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Diagrams & Flow charts
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Venturi Mask: Flow rates & percentages:
OXYGEN 
CONCENTRATION(%)

OXYGEN FLOW
(L/min)

AIR ENTRAINMENT
(L/min)

24 Blue 2-4 50-100

 28 White 4-6 40-60

32 Orange 6-8 56

36 yellow 8-10 40

40 Red 8-12 24-36

60 Green 12 33

374  ANESTHESIA STUDENT SURVIVAL GUIDE

cognitive dysfunction at baseline, which can be elicited during the preoperative 
examination by performing a simple mini-mental status examination. The 
incidence of postoperative cognitive dysfunction has been stated to be approx-
imately 30% in the immediate postoperative period and 12% after 3 months. 
Postoperative cognitive dysfunction may be related to increased age, extended 
duration of anesthesia, low level of education, prior exposure to anesthetics, 
postoperative infection, respiratory complications, and prior stroke. Patients 
with postoperative cognitive dysfunction at discharge have been shown to have 
higher mortality rates during the first year after surgery.

Pharmacokinetic and Pharmacodynamic Changes
With age, there is a progressive change in the constitution of the various body 
compartments. Total body water diminishes, fat stores increase, and serum 
albumin decreases. As a result, the volume of distribution of the administered 
drugs decreases, leading to an increase in drug concentration at the receptor 
sites. As the lipid stores are increased, lipid-soluble drugs (e.g. morphine) may 
have a prolonged duration of action. A decline in liver and renal function may 
also slow down drug metabolism and excretion. Because of these changes, the 
dosages of most medications should be decreased in the elderly, and the dosing 
interval should be increased (Table 23.3).

Anesthetic Management
Preoperative Examination
The purpose of the preoperative examination is to (1) determine the baseline 
physical and mental status of the patient, and (2) identify and optimize any 
medical comorbidities prior to undergoing a surgical procedure. The elderly 
patient has on average three or more comorbid conditions at any given time. 

Table 23.3 Comparative elimination half-life of drugs.

Young Old

Fentanyl 250 min 925 min

Alfentanil 90 min 130 min

Diazepam 24 h 72 h

Midazolam 2.8 h 4.3 h

Vecuronium 16 min 45 min

POSTOPERATIVE ANESTHESIA CARE UNIT (PACU) AND COMMON POSTOPERATIVE PROBLEMS  433

includes treating the underlying cause, fluid bolus, draining the bladder, and pain 
control. Symptomatic treatment may be necessary to allow offending medications 
to wear off. Cardiac arrhythmias are also common causes of tachycardia. If atrial 
fibrillation occurs, consider beta blockade, calcium channel blockers, and poten-
tially cardioversion if the patient becomes hemodynamically unstable.

The most common causes of postoperative bradycardia are increased 
parasympathetic flow or decreased sympathetic output, which may addition-
ally manifest as hypotension concomitant with the bradycardia. In cases of sus-
pected increased parasympathetic output, consider muscarinic blocking agents 
such as atropine and glycopyrrolate. In cases of decreased sympathetic output, 
beta-mimetic agents such as ephedrine are useful. Table 27.5 outlines the most 
common causes of postoperative bradycardia.

Myocardial ischemia should always be part of differential diagnosis 
in patients with hemodynamic compromise. Risk factors for myocardial 

Table 27.3 Suggested medical therapies for hypertension.

Mild to moderate hypertension

Severe or refractory hypertension
(consider intra-arterial BP monitoring) − Nicardipine

− Nitroglycerine
− Nitroprusside

Table 27.4 Causes of postoperative tachycardia.

Noxious stimuli

Physiologic derangements

Medications

Anesthetics
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ECMO circuit: 
It utilizes a modified heart lung bypass machine, 
consisting of a venous blood drainage reservoir, a 
blood pump, the membrane oxygenator where the 
exchange of O2 and CO2 takes place, and a heat 
exchanger to maintain temperature.

The pre-operative respiratory care: 

• Stop Smoking
• Dilate the airway using:

• Beta agonist
• Anti-cholinergics
• Theophylline
• Steroids
• Cromolyn Sodium

• Loosen the Secretions by:
• Airway hydration ( Humidification/Nebulization)
• Systemic hydration orally - 3 Liters 
• Mucolytic agents & Expectorant drugs
• Antibiotics

• Remove secretions: 
• Postural drainage
• Coughing 
• Chest physiotherapy(percussion & Vibration)

Ancillary Measures:
• Treatment of co-existing disease
• Treatment of Cor-Pulmonale
• Pre-operative Digitalization
Patient Education, motivation & facilitation of post 
operative care: 
• Physiological preparation
• Incentive spirometry & deep breathing exercise
• Exposure to secretion removal maneuvers
• Exercise
• Weight gain/reduction
• Diet supplements.

Diagrams: Respiratory System
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Condition FEV1 FVC FEV1	
  /FVC
Airway obstruction (asthma, bronchitis) Decreased Normal Decreased

Stiff lungs (pneumonia, pulmonary edema) Decreased Decreased Normal

Respiratory muscle weakness (myasthenia, 
myopathies)

Decreased Decreased Normal

Obstructive Restrictive
FEVI Decreased Decreased
FVC Normal Decreased
FEV1/FVC Decreased Normal
FRC Increased Decreased
TLC Increased Decreased
(Raw)airway 
resistance

Increased Normal

MMEFR Decreased Normal
MBC Decreased Normal
PEFR Decreased Decreased

Relationship  of FRC and CC: 
• FRC = CC !Neonate and infants 
• FRC = CC !in supine position at 45 years (40-45) 
• FRC = CC !in upright position at 65 yrs. 
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Diagnostic criteria: 

Gurd and Wilson criteria:  

Major features– petechial rash, respiratory 
insufficiency, cerebral signs.
Minor features– Pyrexia, tachycardia, retinal 
changes, jaundice, renal changes. 

• Positive diagnosis requires at least one 
major and four minor clinical features.

Lindeque Criteria: !
1. PaO2< 60 mmHg on room air.
2. PaCO2> 55 mmHg or pH<7.3
3. Spontaneous respiratory rate 

>35 breaths/minute.
4. Clinical signs of increase work 

of breathing (dyspnea and 
accessory muscle action).

TREATMENT: 
1. Fluid resuscitation:  The severity of FES is directly related to degree and duration 

of associated shock. Shock by producing pulmonary damage of its own can 
intensify the lung injury caused by FES. Aggressive fluid resuscitation must be 
initiated early to restore intravascular volume, improve preload establish optimal 
cardiac output. Appropriate monitoring should be used to avoid fluid overload. 

2. Albumin has been recommended for volume resuscitation along with balanced 
electrolyte solution, as it not only restore blood volume but also binds fatty acids, 
reducing their potential for lung damage. 

3. Ventilatory support: Lung is the primary target organ in FES necessitating the use 
of aggressive ventilatory therapy. Mechanical ventilation preferably with PEEP must 
be instituted whenever simple oxygen administration with or without CPAP is 
insufficient to maintain adequate oxygen saturation.

4. Drugs: Steroids-Limits free  fatty acid induced inflammatory reaction in lungs.
5. Aprotinin – A protease inhibitor decreases aggregation of platelet and release of 

serotonin and thus limits lung injury.

Describe pathophysiology, clinical features diagnosis & management of fat embolism? 
Continuation:

GRID: Question needs answered under 
following headings:
1. Definition
2. Etiology
3. Pathophysiology - Theories
4. Clinical features
5. Diagnosis
6. Management.
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Time	
  course Bene3icial	
  effects
12-24 hours Decrease carbon monoxide and nicotine levels

48-72 hours Normalizes carboxy Hb levels. Improves ciliary 
function, tissue oxygenation.

1-2 weeks Decrease sputum production & improves smaller 
airway function.

4-6 weeks Improves PFT

6-8 weeks Normalizes immune function, drug metabolism and 
hepatic enzyme activity 

8-12 weeks Reduces overall post-operative pulmonary 
complications.

434  ANESTHESIA STUDENT SURVIVAL GUIDE

ischemia include CHF, valvular disease, low ejection fraction, smoking history, 
anemia, hypertension, and emergency surgery. Causes may include tachycardia 
(decreases time in diastole, leading to coronary hypoperfusion), hypotension, 
and hypoxemia. Clinical signs are angina, ECG changes, and dysrhythmias. 
Work-up and treatment includes treating underlying causes (pain control, fluid 
bolus, and anxiolysis), oxygen, aspirin, nitroglycerine, beta blockade, and mor-
phine. Cardiac enzymes (e.g. troponin levels) should also be checked.

Postoperative Neurologic and Other Complications
The most common cause of delayed awakening is residual anesthetic, sedative, 
or analgesic. Less common causes include hypothermia, metabolic derange-
ments, and stroke. Management includes treating underlying causes (e.g. apply 
a forced air warming blanket, correct metabolic disturbances) or medication 
reversal. Naloxone reverses opioid effects, although the patient may need 
repeated doses if the half-life of the opioid is longer than naloxone. Flumazenil 
reverses benzodiazepine effects.

Another common complication is altered mental status and emergence 
delirium. Exacerbating factors are listed in Table 27.6.

Emergence delirium usually resolves in 10–15 min. Management includes 
verbal reassurance, adequate analgesia, correcting metabolic derangements, 

Table 27.5 Common causes of postoperative bradycardia.

Medications

Physical causes

Metabolic derangements
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providing supplemental oxygen, benzodiazepines, arm restraints, and phys-
ostigmine if reaction is related to scopolamine or atropine (central anticholin-
ergic syndrome).

Postoperative neuropathy is a less common injury that may present post-
operatively. Spinal cord injury can occur with positioning during intubation or 
with hematoma after neuraxial anesthesia, but this is very rare. More commonly 
seen are peripheral nerve injuries. These stretch or compression injuries may 
involve the ulnar nerve (compression of ulnar nerve at the postcondylar groove 
of humerus), peroneal nerve (compression of nerve against fibular head while in 
lithotomy), femoral nerve (due to exaggerated lithotomy position with “candy 
cane” stirrups), brachial plexus (due to over abduction of arms past 90° in the 
supine position or the neck being too far to one side), and long thoracic nerve 
(occurs with pneumonectomies, leading to winged scapula and paralyzed ser-
ratus anterior muscle). Most symptoms resolve in 6–12 weeks, although per-
manent injuries may occur.

Corneal abrasions can be caused by ocular drying (eyes open during pro-
cedure), contact with eye during facemask ventilation or intubation, or the 
patient scratching his or her own eye upon awakening (hence the reason we ask 
the patient not to rub his or her eyes on the way to the recovery room). Signs 
and symptoms include excessive tear formation, photophobia, and decreased 
visual acuity. Treatment includes artificial tears, eye closure, and ocular antibi-
otics. Most corneal abrasions heal within 72 h.

The most common cause of postoperative weakness is residual neuromus-
cular blockade. Other causes include cerebrovascular accident and preexisting 

Table 27.6 Causes of postoperative mental status changes.

Hypoxemia

Metabolic derangements

Cerebral hypoperfusion

Extremes of age

Emotionally significant operations

Presence of intraoperative recall

Scopolamine or atropine

Substance abuse

Pain, nausea, pruritus

438  ANESTHESIA STUDENT SURVIVAL GUIDE

Ketorolac (Toradol) is a popular analgesic, but potentially deleterious 
side effects include platelet dysfunction and nephrotoxicity. It should be used 
with caution in patients with renal dysfunction, the elderly or those with 
increased risk of bleeding.

Hypothermia and Shivering
Hypothermia and shivering can result from a number of causes. Distributive 
heat loss, evaporation from skin prep, impaired function of normal thermo-
regulation from anesthetics and the higher rate of heat loss from patients with 
burns, traumatic injuries, or cachexia can all lead to a significant drop in body 
temperature and subsequent shivering. The physiologic impairments of both 
hypothermia and shivering are detailed below in Table 27.9.

The treatment of hypothermia and shivering includes forced air warming 
devices, patient reassurance, and meperidine in severe cases of shivering.

Discharge Criteria
Discharge from the PACU is based on an array of clinical factors outlined below:

General Condition
The patient should be oriented to time, place, situation, and follow commands. 
Patient should be non-cyanotic and non-pallorous, and muscle strength needs 
to be appropriate. Nausea, pain, and any other major early postop complica-
tions should be absent or under control.

Table 27.9 Effects of hypothermia and shivering.

Hypothermia

Shivering
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9. Describe the innervations of Larynx. Briefly discuss various palsies following Nerve 
injury. Continuation:

Neurological lesions:

Vocal Cord palsy

Vagus Nerve Recurrent Laryngeal nerve

General Causes

Supra-nuclear lesions: 
in the motor cortex 

Nuclear	
  lesions:	
  	
  
• stroke	
  
• Tumor

Peripheral 
neurological 
lesions 

Intra Cranial:
• Posterior	
  fossa	
  
tumors

• Basal	
  fractures	
  

Lesions	
  in	
  the	
  neck:
• Trauma
• 	
  metastatic	
  nodes	
  

Bilateral RLN Palsy:
•Pulmonary	
  tuberculosis	
  

• Esophageal	
  malignancy	
  

Right recurrent laryngeal nerve:
• Aneurysm of subclavian artery 
• Lungs:  TB, apical carcinoma 

Left RLN Palsy:
• Aneurysm of 

aorta 
• Lungs:  TB, 

Malignancy
•  Esophagus:  

malignancy
• MS 

• DM
• Syphilis
• viral Disease
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B) Biochemical and other investigation abnormalities: 
A four point scoring system for lung injury has been formulated and is 
as follows: 

1.	
  Chest	
  radiograph	
  score	
   Score
No alveolar consolidation 
Alveolar consolidation in one quadrant 
Alveolar consolidation in two quadrants
Alveolar consolidation in three quadrants
Alveolar consolidation in all four quadrants

0
1
2
3
4

2.	
  Hypoxemia	
  score	
   Value Score
PaO2 / FiO2
PaO2 / FiO2
PaO2 / FiO2
PaO2 / FiO2
PaO2 / FiO2

> 300
225-299
175-224
100-174
< 100

0
1
2
3
4

3.	
   Respiratory	
   system	
   compliance	
  
score	
  (when	
  ventilated)	
  

Value Score

Compliance 
Compliance
Compliance
Compliance
Compliance

> 80ml/cm. H2O
60-79 ml/cm. 
H2O
40-59ml/cm. H2O
20-39/cm. H2O
< 19 ml/cm. H2O

0
1
2
3
4

4.	
  Peep	
  score	
  (when	
  ventilated) Value Score

PEEP 
PEEP
PEEP
PEEP
PEEP

< 5cm. H2O
6-8 cm. H2O
9-11 cm. H2O
12-14 cm. H2O
> 15 cm. H2O

0
1
2
3
4

!

!!!"#$%&'(&!)*&+,-%*).!/! !!!0%1#&&%,2!)*&+,-%*).!/!

!!!!!3,2%&,*)!4&*,15!!!!!!!!!!!
67%,7(&+8!

9:2%&,*)!4&*,15!6;(2(&8!

"#$$)'%7!)*&+,:!
*4(<%!)%<%)!(=!<(1*)!

1(&>!

"#$$)'%7!25%!
1&'1(25&+('>!;#71)%7!

?(2(&!4&*,15! "%,7(&+!4&*,15!

"#$$)'%7!*))!',2&',7'1!
%:1%$2!1&'1(25+&('>!

"#$$)'%7!*))!
7#4-)(22'1!&%-'(,!!!

!"#$%&'()!(!

Nerve Supply to Larynx:
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• Post operative respiratory Complications are:
1. Airway obstruction: 

a. Laryngospasm, bronchospasm - Treatment of cause, Oxygen 
supplementation, bronchodilators.

2. Hypoxemia: SaO2 < 90%
• Immediate ( 1 to 2 Hrs): 

• Opioids, 
• Loss of pulmonary vasoconstriction, 
• shivering 
• V/Q mismatch,
• Diffusion Hypoxia

•  Late ( > 2 Hrs): 
• Atelectasis, 
• Pulmonary Embolism, 
• Pneumothorax, 
• Pulmonary Edema

3. Cor-Pulmonale: Digitalization & Diuretics
4. Pulmonary infection: 

• Pneumonia
5. Hypoventilation.

• Hypercarbia: Alveolar hypoventilation secondary to pain, inadequate 
analgesia, inadequate reversal of NMB. - Oxygen supplementation.

6. Aspiration: 
7. Atelectasis: 

• Decreased FRC, 
• Pain, 
• splinting of diaphragm, 
• decrease sputum clearance. 

8. Delayed ambulation
9. DVT & PE:

• Polycythemia 
•  intraoperative hypothermia & Dehydration: 

• LMWH, TED Stockings, early mobilization and 
Hydration 

10. Need for Mechanical ventilation, prolonged ICU stay/
hospital stay

Mechanism for Post operative pulmonary complications:
• VC is ↓ by 25% ( <15ml/kg - vital capacity): Decrease ability to 

cough.
• Residual Volume ↑ by 13% following GA
• ERV ↓ by 25% after lower abdominal surgery & 60% after upper 

abdominal and thoracic surgery.
• Risk increases as duration of surgery exceeds 3 hours to 4hrs.

Post operative decrease in Vital capacity

Poor cough & 
retention of 
Secretions

Atelectasis

Pneumonia 
Arterial Hypoxemia

Acute Respiratory Failure

Pathogenesis:

Treatment of PPC:
• Oxygen supplementation
• Incentive Spirometry & Deep 

breathing exercises
• Chest Physiotherapy - Percussion & 

vibration.
• Bronchodilators

• Non - Invasive Ventilation - CPAP.
• Early Mobilization
• Early Nutrition
• Cor-pulmonaleDiuretics, Digoxin
• Avoiding Respiratory depressants.
• Antibiotics & Analgesics
• Invasive ventilation - Lastly
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Problems During OLV  Etiology

Hypoxemia Intrapulmonary shunt during one-
lung ventilation

Sudden severe 
hypotension

Surgical compression of the heart 
or great vessels

Sudden changes in 
ventilating pressure 
or volume

Movement of endobronchial tube/ 
blocker, air leak

Arrhythmias Direct mechanical irritation of the 
heart

Bronchospasm Direct airway stimulation, 
increased frequency of reactive 
airways disease

Massive hemorrhage Surgical blood loss from great 
vessels or inflamed pleura

Hypothermia Heat loss from the open 
hemithorax

A
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variations in Pa-ET2 gradient become much larger and P2 
is less reliable as a monitor of Pa2 during OLV. %is effect is 
possibly because there are individual differences in the excretion 
of CO2 between the dependent and nondependent lungs.

Volume-Controlled Versus  
Pressure-Controlled Ventilation
Traditionally, volume-controlled ventilation has been used in the 
operating room for all types of surgery. %e recent availability of 
anesthesia ventilators with pressure-control modes has made it 
possible to study and use this form of ventilation during thoracic 
surgery. Pressure-controlled ventilation has not been shown to 
improve oxygenation versus volume-controlled ventilation for 
most patients, although the peak airway pressures are lower.128 
%ere is a report suggesting that pressure-controlled ventilation 
may lead to improved oxygenation in COPD patients.129 Pressure-
controlled ventilation will avoid sudden increases in peak airway 
pressures that may result from surgical manipulation in the chest. 

%is will be of benefit in patients at increased risk for lung injury 
from high volumes or pressures such as a'er lung transplantation 
or during a pneumonectomy.130 Because of the rapid changes 
of lung compliance that occur during pulmonary surgery  
when pressure-controlled ventilation is used, the delivered tidal 
volume needs to be closely monitored because this may change 
suddenly.

Prediction of Hypoxemia

%e problem of hypoxemia during OLV has prompted much 
research in thoracic anesthesia. Hypoxemia during OLV is pre-
dictable (see Table 59-6), preventable, and treatable in the vast 
majority of cases.131

Preoperative Ventilation-Perfusion Scan
%e shunt and Pa2 during intraoperative OLV are highly corre-
lated with the fractional perfusion of the ventilated lung, as deter-
mined by a preoperative ! !V Q  scan.132 Patients with long-standing 
unilateral disease on the operative side develop a unilateral 
decrease of ventilation and perfusion and tolerate OLV very well. 
Similarly, patients who intraoperatively have a higher proportion 
of gas exchange in the dependent lung during OLV tend to have 
better oxygenation during OLV.

Side of Operation
Patients having right-sided thoracotomies tend to have a larger 
shunt and lower Pa2 during OLV because the right lung is larger 
and normally 10% better perused than the le'. %e overall mean 
Pa2 difference between le' and right thoracotomies during 
stable OLV is approximately 100 mm Hg.133

Two-Lung Oxygenation
Patients who have better Pa2 levels during two-lung ventilation 
in the lateral position tend to have better oxygenation during 
OLV. %ese patients may have better abilities to match ventilation 
and perfusion (individual variability of HPV response) and/or 
they may have less atelectasis in the dependent lung. %is is a 
particularly relevant consideration in trauma patients who may 
require a thoracotomy but have a contusion of the dependent 
lung.

Preoperative Spirometry
Studies consistently show that when the previous factors are con-
trolled, patients with better spirometric lung function preopera-
tively are more likely to desaturate and have lower Pa2 values 

Figure 59-30 Static compliance curve of a young patient with normal 
pulmonary function during one-lung ventilation (OLV) (in this case, for removal 
of a mediastinal tumor). The lower inflection point of the curve (FRC) was at 
6 cm H2O. The patient had 2 cm H2O auto-PEEP during OLV. Adding 5 cm H2O 
PEEP to the ventilator raised the total PEEP to 7 cm H2O and improved PaO2. 
Young patients, and patients with increased lung elastic recoil (such as due to 
restrictive lung diseases), have an increase in PaO2 from PEEP during OLV. 
(Based on data from Slinger P, et al: Relation of the static compliance curve 
and positive end-expiratory pressure to oxygenation during one-lung 
ventilation. Anesthesiology 95:1096, 2001.)
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Table 59-18 Suggested Ventilation Parameters for One-Lung Ventilation

Parameter Suggested Guidelines/ Exceptions

Tidal volume 5-6 mL/kg Maintain:
Peak airway pressure < 35 cm H2O
Plateau airway pressure < 25 cm H2O

Positive end-expiratory pressure 5 cm H2O Patients with COPD: no added PEEP

Respiratory rate 12 breaths/min Maintain normal PaCO2; Pa-ETCO2 will usually increase 1-
3 mm Hg during OLV

Mode Volume or pressure controlled Pressure control for patients at risk of lung injury (e.g., bullae, 
pneumonectomy, post lung transplantation)

Severity of expiratory airflow obstruction & Grading:

Severity
FEV	
  
(%	
  predicted)

FEF	
  25-­‐75	
  
(%	
  predicted)

Pao2	
  (mm	
  
Hg)

Pa	
  Co2	
  (mm	
  
Hg)

1) Mild	
  
(asymptomatic)

65-­‐80 60-­‐75 >	
  60 <	
  40

2)	
  Moderate	
   50-­‐64 45-­‐59 >	
  60 <	
  45

3)	
  Marked 35-­‐49 30-­‐44 <	
  60 >	
  50
4)	
  Sever	
  (status	
  
asthamaticus)

<	
  35 <	
  30 <	
  60 >	
  50
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Figure 59-9 Photographs of a standard single-lumen endotracheal tube (upper left) and a specifically designed single-lumen endobronchial tube (lower left 
and right). The endobronchial tube is longer and has a shorter cuff. It can be used as an endotracheal tube and advanced into a mainstem bronchus with 
fiberoptic guidance when needed for lung isolation. (Courtesy of Phycon, Fuji Systems Corp., Tokyo, Japan.)

Table 59-9 Options for Lung Isolation

Options Advantages Disadvantages

Double-lumen tube
1. Direct laryngoscopy
2. Via tube exchanger
3. Fiberoptically

Quickest to place successfully
Repositioning rarely required
Bronchoscopy to isolated lung
Suction to isolated lung
CPAP easily added
Can alternate OLV to either lung easily
Placement still possible if bronchoscopy not 

available

Size selection more difficult
Difficult to place in patients with difficult airways 

or abnormal tracheas
Not optimal for postoperative ventilation
Potential laryngeal trauma
Potential bronchial trauma

Bronchial blockers (BB)
Arndt
Cohen
Fuji

Size selection rarely an issue
Easily added to regular ETT
Allows ventilation during placement
Easier placement in patients with difficult airways 

and in children
Postoperative two-lung ventilation by withdrawing 

blocker
Selective lobar lung isolation possible
CPAP to isolated lung possible

More time needed for positioning
Repositioning needed more often
Bronchoscope essential for positioning
Nonoptimal right lung isolation due to RUL 

anatomy
Bronchoscopy to isolated lung impossible
Minimal suction to isolated lung
Difficult to alternate OLV to either lung

Univent tube Same as BBs
Less repositioning compared with BBs

Same as for BBs
ETT portion has higher air flow resistance than 

regular ETT
ETT portion has larger diameter than regular ETT

Endobronchial tube Like regular ETTs, easier placement in patients 
with difficult airways

Longer than regular ETT
Short cuff designed for lung isolation

Bronchoscopy necessary for placement
Does not allow for bronchoscopy, suctioning or 

CPAP to isolated lung
Difficult right lung OLV

Endotracheal tube (ETT) advanced into bronchus Easier placement in patients with difficult airways Does not allow for bronchoscopy, suctioning or 
CPAP to isolated lung

Cuff not designed for lung isolation
Extremely difficult right OLV

CPAP, continuous positive airway pressure; ETT, endotracheal tube; OLV, one-lung ventilation; RUL, right upper lobe.
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• Complications related to single lung ventilation:

Pulmonary 
Effects

Cardiovascular 
Effects

CO2 Insufflation 
Effects

Hypoxaemia Hypotension Hypotension

Hypercapnia Hypertension Bradycardia

Impaired HPV Arrhythmias Co2 air embolism

Pulmonary 
Edema

Mediastinal Shift Subcutaneous 
Emphysema

Atelectasis

Pneumonia

Complications more with Rt Lung as Vascular supply is 10% 
more compared to the left side.

A
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exposure. Bronchial blockers are most commonly used intralumi-
nal (coaxial) with an SLT. !ey can also be placed separately 
thorough the glottis or tracheostomy exterior to an SLT. !is 
allows the use of a smaller SLT and is o"en an option in pediat-
rics. Another advantage of the bronchial blockers is when post-
operative mechanical ventilation is being considered a"er 
prolonged thoracic or esophageal surgery. In many instances 
these patients have an edematous upper airway at the end of the 
procedure. If a bronchial blocker is used there is no need to 
change the SLT and there is no compromise of the airway if 
mechanical ventilation is needed in the postoperative period. 
Table 59-13 describes the characteristics of current bronchial 
blockers. !e smallest internal diameter (ID) of an endotracheal 
tube that will allow passage of both a bronchial blocker and a 
fiberoptic bronchoscope depends on the diameters of the bron-
choscope and blocker. For standard adult 9-Fr blockers, an 
endotracheal tube greater than or equal to 7.0 mm ID can be used 
with a bronchoscope less than 4.0 mm in diameter. Larger bron-
choscopes will require an endotracheal tube greater than 7.5 mm 
ID. All blockers need to be well lubricated before placement.

Torque Control Blocker (Univent)
Placement of the Univent is straightforward (Fig. 59-18). !e 
enclosed bronchial blocker is fully retracted into the standard 
lumen of the tube. Conventional endotracheal tube intubation 
technique is used. !en a fiberoptic bronchoscope is passed into 
the main lumen through a bronchoscopy adaptor. Under direct 
vision the enclosed bronchial blocker is advanced into the tar-
geted bronchus of the surgical side, where lung collapse is to 
occur.

The Wire-Guided Endobronchial Blocker (Arndt Blocker)
Figure 59-19 displays the placement of the Arndt blocker by 
placing the endobronchial blocker through the endotracheal tube 
and using the fiberoptic bronchoscope and wire-guided loop to 
direct the blocker into a mainstem bronchus. !e fiberoptic bron-
choscope has to be advanced distally enough so that the Arndt 
blocker enters the bronchus while it is being advanced. When the 
deflated cuff is beyond the entrance of the bronchus approxi-
mately 2 cm inside the bronchus, then the fiberoptic broncho-
scope is withdrawn. Once the patient is turned into a lateral 
decubitus position then the cuff of the endobronchial blocker is 
fully inflated with fiberoptic visualization with 4 to 6 mL of air to 
obtain total bronchial blockade. For a right mainstem bronchus 

blockade, the Arndt blocker can be advanced independently of 
the wire loop by observing its entrance into the right mainstem 
bronchus under fiberoptic visualization. !e optimal position of 
the Arndt blocker in the le" or in the right bronchus is achieved 
when the blocker balloon’s outer surface is seen with the fiberop-

Table 59-13 Characteristics of the Cohen, Arndt, and Fuji Bronchial Blockers

Cohen Blocker Arndt Blocker Fuji Uniblocker

Size 9 Fr 5 Fr, 7 Fr, and 9 Fr 5 Fr, 9 Fr

Balloon shape Spherical Spherical or elliptical Spherical

Guidance mechanism Wheel device to deflect the tip Nylon wire loop that is coupled with the 
fiberoptic bronchoscope

None, preshaped tip

Smallest recommended ETT for coaxial use 9 Fr (8.0 ETT) 5 Fr (4.5 ETT), 7 Fr (7.0 ETT), 9 Fr (8.0 ETT) 9 Fr (8.0 ETT)

Murphy eye Present Present in 9 Fr Not present

Center channel 1.6 mm ID 1.4 mm ID 2.0 mm ID

ETT, single endotracheal tube; ID, internal diameter.
From Campos JH: Which device should be considered the best for lung isolation: Double-lumen endotracheal tube versus bronchial blockers. Curr Opin Anaesthesiol 20: 
30, 2007, with permission.

Figure 59-18 Univent torque control blocker. The optimal position of the 
Univent torque control blocker in the right (A) and left (B) mainstem 
bronchus. (Reproduced with permission from Campos JH: An update on 
bronchial blockers during lung separation techniques in adults. Anesth Analg 
97:1269, 2003.)
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Mapleson 

Class

Other Names Configuration1

 
Spontaneous Controlled Comments

A Magill attachment

 

Equal to minute 

ventilation (  80 mL/

kg/min)

Very high and 

difficult to 

predict

Poor choice during controlled 

ventilation. Enclosed Magill system is 

a modification that improves 

efficiency. Coaxial Mapleson A (Lack 

breathing system) provides waste-

gas scavenging.

B

 

2 x minute 

ventilation

2–2½ x minute 

ventilation

C Waters' to-and-fro

 

2 x minute 

ventilation

2–2½ x minute 

ventilation

D Bain circuit 2–3 x minute 

ventilation

1–2 x minute 

ventilation

Bain coaxial modification: fresh gas 

tube inside breathing tube.

E Ayre's T-piece

 

2–3 x minute 

ventilation

3 x minute 

ventilation (I:E 

=1:2)

Exhalation tubing should provide a 

larger volume than tidal volume to 

prevent rebreathing. Scavenging is 

difficult.

F Jackson-Rees' 

modification  

2–3 x minute 

ventilation

2 x minute 

ventilation

A Mapleson E with a breathing bag 

connected to the end of the 

breathing tube to allow controlled 

ventilation and scavenging.
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Classification & characteristics of various Mapleson circuit
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Vapour: A Vapour is the gaseous form of a substance which is liquid at room temperature 

Vaporizer: A vaporizer is an instrument designed to change a liquid anesthetic agent in to its vapour and to add a controlled amount of this vapour to the 
fresh gas flow.

4. Classify vaporizers. Discuss the effect of altered barometric pressure on the performance of 
vaporizers? 

Oldest Classification:
A. Method of regulating Output Concentration 
1. Variable Bypass
2. Measured Flow

B. Method of Vaporization
1. Flow Over 
2. Bubble Through 
3. Flow over or Bubble Through

C. Location 
1. Outside the Breathing System
2. Inside the Breathing System

D. Temperature Compensation
1. None 
2. By Supplied Heat 
3. By Flow Alteration

E. Specificity 
1. Agent Specific
2. Multiple Agent

Older Classification:
A. Method of regulating Output Concentration 
1. Variable Bypass
2. Measured Flow

B. Method of Vaporization
1. Flow Over 
2. Bubble Through 
3. Injection

C. Resistance
1. Plenum
2. Low resistance

D. Temperature Compensation
1.      Thermocompensation
2.       Supplied Heat

E. Specificity 
1. Agent Specific
2. Multiple Agent

New Classification:
A. Method of regulating Output Concentration 
1. Variable Bypass
2. Measured Flow

B. Method of Vaporization
1. Flow Over 
2. Bubble Through 
3. Injection

C. Temperature Compensation
1.      Mechanical 
2.      Supplied Heat
3.       Computerized

Classification of vaporizer:
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Preoperative Preparation:
• Stop Smoking
• Dilate the airway using:

• Beta agonist
• Anti-cholinergics
• Theophylline
• Steroids
• Cromolyn Sodium

• Loosen the Secretions by:
• Airway hydration ( Humidification/Nebulization)
• Systemic hydration orally - 3 Liters 
• Mucolytic agents & Expectorant drugs
• Antibiotics

• Remove secretions: 
• Postural drainage
• Coughing 
• Chest physiotherapy(percussion & Vibration)

Ancillary Measures:
• Treatment of co-existing disease
• Treatment of Cor-Pulmonale
• Pre-operative Digitalization
Patient Education, motivation & facilitation of 
post operative care: Continuation:
• Psychological preparation
• Incentive spirometry & deep breathing exercise
• Exposure to secretion removal maneuvers
• Exercise
• Weight gain/reduction
• Diet supplements.

Time	
  course Bene3icial	
  effects
12-24 hours Decrease carbon monoxide and nicotine levels

48-72 hours Normalizes carboxy Hb levels. Improves ciliary 
function, tissue oxygenation.

1-2 weeks Decrease sputum production & improves smaller 
airway function.

4-6 weeks Improves PFT

6-8 weeks Normalizes immune function, drug metabolism and 
hepatic enzyme activity 

8-12 weeks Reduces overall post-operative pulmonary 
complications.

Post-operative Management:
Goals:
• To promote adequate analgesia
• To minimize the incidence of postoperative complications
• To prevent infections
• Chest physiotherapy & deep breathing exercise.
• Consider CPAP - Decreases WOB, Improves LV Compliance.
• Continuous administration of Local anesthetic with low dose opioids via 

epidural catheter for post operative pain relief.
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57. What are the major causes of Hypoxemia? What is Hypoxic Pulmonary Vasoconstriction? How 
can general anesthesia worsens V/Q mismatch?

Five Causes of Hypoxemia (↓ PaO2):
1. Hypoventilation
2. Low inspired Oxygen
3. Right to Left shunt
4. Ventilation-Perfusion mismatch
5. Diffusion impairment

Five Causes of Hypoxemia (↓ PaO2):

Hypoventilation:
• P(A-a)O2 is normal
• PaCO2 is elevated ( Hypercapnia)

Causes of Hypoventilation:
• Depression of CNS by drugs
• Upper airway obstruction
• Disease of Neuromuscular 

junction
• Disease of respiratory muscles
• Abnormality of the chest wall
• Disease of motor neurons of the 

brain stem/Spinal cord
• Inflammation, trauma or 

hemorrhage in the brain stem

Low inspired Oxygen:
• A decrease in Barometric 

pressure (High Altitude)
• A decrease in FIO2 - 

accidental disconnection 
of the ETT, leak or 
exhausted central supply 
of O2

Right to Left shunt:
• Healthy Individuals:

• A portion of the bronchial 
circulation (blood supply 
to the conducting zone 
of the airways) venous 
blood drains into the 
pulmonary vein

• A portion of coronary 
circulation venous blood 
drains through the 
thebesian veins into the 
left ventricles

• Congenital abnormalities:
• TOF, 
• VSD + PAS
• Intrapulmonary 

fistulas

Ventilation-Perfusion 
mismatch: 
• V/Q mismatch is the 

most common cause of 
hypoxemia in disease 
state.

Diffusion impairment:
• PaCO2 is normal
• P(A-a)O2 is normal at rest 

but may be elevated 
during exercise

Hypoxic pulmonary vasoconstriction is a paradoxical, physiological 

phenomenon in which pulmonary arteries constrict in the presence of 

hypoxia without hypercapnia, redirecting blood flow to alveoli with a higher 

oxygen content.

http://en.wikipedia.org/wiki/Physiology
http://en.wikipedia.org/wiki/Physiology
http://en.wikipedia.org/wiki/Pulmonary
http://en.wikipedia.org/wiki/Pulmonary
http://en.wikipedia.org/wiki/Hypoxia_(medical)
http://en.wikipedia.org/wiki/Hypoxia_(medical)
http://en.wikipedia.org/wiki/Hypercapnia
http://en.wikipedia.org/wiki/Hypercapnia
http://en.wikipedia.org/wiki/Blood_flow
http://en.wikipedia.org/wiki/Blood_flow
http://en.wikipedia.org/wiki/Pulmonary_alveolus
http://en.wikipedia.org/wiki/Pulmonary_alveolus
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Pathophysiology of Bronchial Asthma:
!
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Severity of expiratory airflow obstruction & Grading:

Severity
FEV	
  
(%	
  predicted)

FEF	
  25-­‐75	
  
(%	
  predicted)

Pao2	
  (mm	
  Hg) Pa	
  Co2	
  (mm	
  Hg)

1) Mild	
  
(asymptomatic)

65-­‐80 60-­‐75 >	
  60 <	
  40

2)	
  Moderate	
   50-­‐64 45-­‐59 >	
  60 <	
  45

3)	
  Marked 35-­‐49 30-­‐44 <	
  60 >	
  50
4)	
  Sever	
  (status	
  
asthamaticus)

<	
  35 <	
  30 <	
  60 >	
  50

A
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exposure. Bronchial blockers are most commonly used intralumi-
nal (coaxial) with an SLT. !ey can also be placed separately 
thorough the glottis or tracheostomy exterior to an SLT. !is 
allows the use of a smaller SLT and is o"en an option in pediat-
rics. Another advantage of the bronchial blockers is when post-
operative mechanical ventilation is being considered a"er 
prolonged thoracic or esophageal surgery. In many instances 
these patients have an edematous upper airway at the end of the 
procedure. If a bronchial blocker is used there is no need to 
change the SLT and there is no compromise of the airway if 
mechanical ventilation is needed in the postoperative period. 
Table 59-13 describes the characteristics of current bronchial 
blockers. !e smallest internal diameter (ID) of an endotracheal 
tube that will allow passage of both a bronchial blocker and a 
fiberoptic bronchoscope depends on the diameters of the bron-
choscope and blocker. For standard adult 9-Fr blockers, an 
endotracheal tube greater than or equal to 7.0 mm ID can be used 
with a bronchoscope less than 4.0 mm in diameter. Larger bron-
choscopes will require an endotracheal tube greater than 7.5 mm 
ID. All blockers need to be well lubricated before placement.

Torque Control Blocker (Univent)
Placement of the Univent is straightforward (Fig. 59-18). !e 
enclosed bronchial blocker is fully retracted into the standard 
lumen of the tube. Conventional endotracheal tube intubation 
technique is used. !en a fiberoptic bronchoscope is passed into 
the main lumen through a bronchoscopy adaptor. Under direct 
vision the enclosed bronchial blocker is advanced into the tar-
geted bronchus of the surgical side, where lung collapse is to 
occur.

The Wire-Guided Endobronchial Blocker (Arndt Blocker)
Figure 59-19 displays the placement of the Arndt blocker by 
placing the endobronchial blocker through the endotracheal tube 
and using the fiberoptic bronchoscope and wire-guided loop to 
direct the blocker into a mainstem bronchus. !e fiberoptic bron-
choscope has to be advanced distally enough so that the Arndt 
blocker enters the bronchus while it is being advanced. When the 
deflated cuff is beyond the entrance of the bronchus approxi-
mately 2 cm inside the bronchus, then the fiberoptic broncho-
scope is withdrawn. Once the patient is turned into a lateral 
decubitus position then the cuff of the endobronchial blocker is 
fully inflated with fiberoptic visualization with 4 to 6 mL of air to 
obtain total bronchial blockade. For a right mainstem bronchus 

blockade, the Arndt blocker can be advanced independently of 
the wire loop by observing its entrance into the right mainstem 
bronchus under fiberoptic visualization. !e optimal position of 
the Arndt blocker in the le" or in the right bronchus is achieved 
when the blocker balloon’s outer surface is seen with the fiberop-

Table 59-13 Characteristics of the Cohen, Arndt, and Fuji Bronchial Blockers

Cohen Blocker Arndt Blocker Fuji Uniblocker

Size 9 Fr 5 Fr, 7 Fr, and 9 Fr 5 Fr, 9 Fr

Balloon shape Spherical Spherical or elliptical Spherical

Guidance mechanism Wheel device to deflect the tip Nylon wire loop that is coupled with the 
fiberoptic bronchoscope

None, preshaped tip

Smallest recommended ETT for coaxial use 9 Fr (8.0 ETT) 5 Fr (4.5 ETT), 7 Fr (7.0 ETT), 9 Fr (8.0 ETT) 9 Fr (8.0 ETT)

Murphy eye Present Present in 9 Fr Not present

Center channel 1.6 mm ID 1.4 mm ID 2.0 mm ID

ETT, single endotracheal tube; ID, internal diameter.
From Campos JH: Which device should be considered the best for lung isolation: Double-lumen endotracheal tube versus bronchial blockers. Curr Opin Anaesthesiol 20: 
30, 2007, with permission.

Figure 59-18 Univent torque control blocker. The optimal position of the 
Univent torque control blocker in the right (A) and left (B) mainstem 
bronchus. (Reproduced with permission from Campos JH: An update on 
bronchial blockers during lung separation techniques in adults. Anesth Analg 
97:1269, 2003.)

A

1

2

3 4

B
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Figure 59-9 Photographs of a standard single-lumen endotracheal tube (upper left) and a specifically designed single-lumen endobronchial tube (lower left 
and right). The endobronchial tube is longer and has a shorter cuff. It can be used as an endotracheal tube and advanced into a mainstem bronchus with 
fiberoptic guidance when needed for lung isolation. (Courtesy of Phycon, Fuji Systems Corp., Tokyo, Japan.)

Table 59-9 Options for Lung Isolation

Options Advantages Disadvantages

Double-lumen tube
1. Direct laryngoscopy
2. Via tube exchanger
3. Fiberoptically

Quickest to place successfully
Repositioning rarely required
Bronchoscopy to isolated lung
Suction to isolated lung
CPAP easily added
Can alternate OLV to either lung easily
Placement still possible if bronchoscopy not 

available

Size selection more difficult
Difficult to place in patients with difficult airways 

or abnormal tracheas
Not optimal for postoperative ventilation
Potential laryngeal trauma
Potential bronchial trauma

Bronchial blockers (BB)
Arndt
Cohen
Fuji

Size selection rarely an issue
Easily added to regular ETT
Allows ventilation during placement
Easier placement in patients with difficult airways 

and in children
Postoperative two-lung ventilation by withdrawing 

blocker
Selective lobar lung isolation possible
CPAP to isolated lung possible

More time needed for positioning
Repositioning needed more often
Bronchoscope essential for positioning
Nonoptimal right lung isolation due to RUL 

anatomy
Bronchoscopy to isolated lung impossible
Minimal suction to isolated lung
Difficult to alternate OLV to either lung

Univent tube Same as BBs
Less repositioning compared with BBs

Same as for BBs
ETT portion has higher air flow resistance than 

regular ETT
ETT portion has larger diameter than regular ETT

Endobronchial tube Like regular ETTs, easier placement in patients 
with difficult airways

Longer than regular ETT
Short cuff designed for lung isolation

Bronchoscopy necessary for placement
Does not allow for bronchoscopy, suctioning or 

CPAP to isolated lung
Difficult right lung OLV

Endotracheal tube (ETT) advanced into bronchus Easier placement in patients with difficult airways Does not allow for bronchoscopy, suctioning or 
CPAP to isolated lung

Cuff not designed for lung isolation
Extremely difficult right OLV

CPAP, continuous positive airway pressure; ETT, endotracheal tube; OLV, one-lung ventilation; RUL, right upper lobe.
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7. A 30 year old female ASA grade I following exploratory laparotomy is not maintaining oxygen 
saturation in the post operative period. Discuss the causes & Management.

Definition: Hypoxia is defined as inadequate oxygen supply to the cells and tissues of the body.

Values: Sao2 < 90%, PaO2 < 60%

Causes of Post operative Hypoxia & its treatment: ( 12 Causes)
Low Inspired concentration of O2:
• When FIO2 is < 0.21%. The treatment would be giving high inspired oxygen through Venturi 

mask.
Airway obstruction: 
• Pharyngeal obstruction: Treatment would be Head tilt & chin lift.!
• Laryngeal obstruction: treatment: Lift the chin while the head is on a pillow or displace !jaw 

forward.  Alternating lifting and relaxing the chin will, relax the strap muscle of the neck.
• Attempt to facilitate ventilation of gentle positive pressure via mask. When conservative 

measures are not effective in breaking spasm within 1min, then a muscle relaxant should be 
given I.V. Scoline 1.5mg/kg injected

• Bronchospasm: Bronchodilators like Beta agonist, Anticholinergics, Theophylline 
andSteroids

Post operative shivering:
• May also cause hypoxia. Treatment is Oxygen therapy
Sudden reduction in cardiac output:
• Can contribute to hypoxemia. Treatment: Watch out for bleeding & dehydration. Give IV 

fluids, blood replacement.
Diffusion Hypoxia:
• At the end of surgery when both oxygen & nitrous oxide stopped at the same time. Where 

N2O diffuses back into the alveoli. Treatment is to give oxygen after cutting off N2O.
Type of Surgery: 
• Patients with abdomino-thoracic procedures will not respire adequately because of pain on 

deep inspiration. Treatment would be adequate analgesia with opioids or NSAIDS or 
through the epidural.

Ventilation Perfusion Mismatch:
• Usually seen under Anesthesia. 

Decreased	
  FRC:
• Seen in Pulmonary edema (Treatment will be fluid 

restriction, diuretics & oxygen therapy Positive 
pressure ventilation.), Infections( Antibiotics),Obesity 
(incentive spirometer & deep breathing exercises), 
aspiration(postural drainage, nebulization incentive 
spirometer & deep breathing exercises.)

Right to left intrapulmonary shunts:
• Most common cause is Atelectasis. Treatment would 

be Deep breathing exercise, Chest physiotherapy 
humidification of inspired gases, coughing & 
incentive	
  spirometer.	
  

Drug Overdosage:
• Like opioids, muscle relaxants, in adequate reversal. 

Treatment would be titrated dosage of opioids & to 
wait for adequate reversal.

Pulmonary Embolism:
• Lower limb surgeries, prolonged 

immobilization.treatment would be DVT stocking, 
early mobilization, DVT prophylaxis.

Pneumothorax: 
• Result of direct injury to lungs or rib fracture.
• Treatment is 100% oxygen, insertion of chest tube & 

intercostal drainage & IPPV.

GRID: Question needs answered under 
following headings:
1. Definition
2. values
3. 12 Causes of Post operative Hypoxia & 

its management.
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3. Pulmonary Function Test
Non-Specific - Bed Side Test

Specific Test - PFT

Test of Ventilation Test of Distribution of Ventilation Test of Diffusion Test of Perfusion Other Tests

Static Test Dynamic Test

•Anatomical 
Measurements 
•Do not evaluate 
Function

4 Volumes
TV
IRV
ERV
RV

4 Capacities 
VC
TLC
FRC
IC

Measures rate of flow of Gas

MBC/MVV
FEV
PEFR
MMEFR 25 to 75 %
Respiratory Muscle Strength

Single Breath N2 elimination Test
Multi-breath N2 wash out test
Radio-active Xenon distribution

Carbon Monoxide Diffusing 
Capacity

radio-active Xenon 
injection!
Radio-nucleotide
Macro-aggragated iodine

•Split Lung Function Test
•Bronchospirometery
•radio-active Scanning
•Pulmonary artery occlusion 
test

•ABG
•A-a Gradient
•Raw
•Compliance

Flow 
Volume 
Loops

Fixed Obstruction

Variable Extra-Thoracic Obstruction
E-Expiration is normal

Variable Intra-Thoracic Obstruction
I-Inspiration is normal

Restrictive Lung Disease

Dr Azam’s Notes in Anesthesiology 2013
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Non-Specific - Bed Side Function:
• Breath Holding test
• Sniderʼs Match Blowing test 
• De Bonoʼs Whistle test
• Auscultation over the trachea
• Sphygmomanometer
• Walk test
• Stair case test.
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VT - Tidal Volume
• Total Volume of air inspired & Expired in each breath
• measured by wrightʼs Respirometer

Pulmonary Function Test
• Spirometer can measure - VT,IRV, 

ERV, VC, IC, FEV & MBC
• Cannot be measured by Spirometer 

- RV, TLC & FRC

Static Test

IRV - Inspiratory reserve volume
• Volume of air that can be inspired after normal 

inspiration.
ERV - Expiratory reserve volume
• Volume of air that can be expired after normal 

expiration
• It reflects the thoracic muscles, abdominal muscle 

& thoracic mobility

RV - Residual Volume
• Volume of air remaining in the lung 

after maximum expiration
• Measured by 

• N2 washout technique
• Helium dilution technique

VC - Vital Capacity
• Most commonly measured
• volume of air that can be expired after maximum inspiration
• can be measured by - spirometer
• BSA: Male- 2.6l/m2 Female - 2.1l/m2
• A given VC is abnormal if < 80% of predicted value
• VC: decreased - in pregnancy, Pulm fibrosis

• Emphysema
• ch.Bronchitis
• asthma
• Abdominal pain

• can be < 70 to 75% in upper abdominal surgery
• < 50 to 55% in lower abdominal surgery

• Position: Lithotomy Vc < 18%
• VC= 3 X VT for effective cough
• Decrease in VC means decreased ability to cough and post operative complications

FRC 
• Volume of air remaining in the lung 

after normal expiration
• measured by: 

• N2 washout technique
• Helium dilution
• Body Plethysmograph 

• FRC increased: 
• Obstruction of airways
• Emphysema
• PEEP

• FRC decreased:
• Under Anesthesia
• post op old age 
• obesity 
• smoking 
• Lithotomy
• Abdominal distention
• Lap surgeries

TLC
• Total volume of air in lung after 

maximum inspiration.
• TLC decreased:

• Pulmo fibrosis
• obesity
• weakness of inspiratory muscle

Dynamic Tests

MBC or MVV
• Max volume of air that can be breathed per 

minute by voluntary effort
• normal - 160L/min to 180 L/min
MBC is decreased in:
• old age
• emphysema
• bronchospasm
• bronchiolar obstruction

FVC & FEV
FVC
• Assess the expiratory ability
• max volume of air that can be 

exhaled forcefully and rapidly after 
maximum inspiration

• measured by Spirometer and fast 
moving Kymograph

• FVC done over 4 sec
• reflects the relationship between 

Flow & resistance
FEV1 
• Max volume of gas exhaled during 

the 1st second of FVC maneuver
• FEV1 = 83% of VC 

FVC is decreased in:
• Atelectasis 
• Fibrosis
• muscle weakness
• abdominal swelling
• pain
In healthy patients 
FVC=VC

Dr Azam’s Notes in Anesthesiology 2013
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Respiratory Muscle weakness:
• It is evaluated and measured by 

maximum static respiratory 
pressure

• PImax = -125 cm of H2O - normal
• If PImax = -25 inability to take deep 

breath
• PEmax = + 200 cm of H2O - normal
• If PEmax = + 40 cm of H2O 

severely impaired coughing ability
• seen in Emphysema 
• predictor of successful weaning 
• Evaluation of NM disorder

PEFR:
• After max inspiration patient exhales as forcefully 

as he can and the max flow rate is measured 
and expressed in lt/min and lt/sec

• Normal:
• 450-600 L/min
• 300 - 500 L/min

• Measured by Wrightʼs Respirometer
! !     Pneumotachygraph
PEFR is decreased in:
• Obstructed Airway
Values less that 200 lt/min suggest impaired cough 
and increased likely hood of post op pulmonary 
complications

MMEFR ( 25% to 75%):
• Flow measured in middle half of FVC
• obtained by dividing the volume of gas 

between 25 - 75% by corresponding 
elapsed time

• Normal = 4 to 5 L/sec
Importance

• more sensitive of small airway 
obstruction or disease

Condition FEV1 FVC FEV1	
  /FVC
Airway obstruction (asthma, bronchitis) Decreased Normal Decreased

Stiff lungs (pneumonia, pulmonary edema) Decreased Decreased Normal

Respiratory muscle weakness (myasthenia, 
myopathies)

Decreased Decreased Normal

Obstructive Restrictive
FEVI Decreased Decreased
FVC Normal Decreased
FEV1/FVC Decreased Normal
FRC Increased Decreased
TLC Increased Decreased
(Raw)airway resistance Increased Normal

MMEFR Decreased Normal
MBC Decreased Normal
PEFR Decreased Decreased

Dr Azam’s Notes in Anesthesiology 2013

Flow-­‐Volume	
  Loops
• Provide	
  a	
  graphic	
  analysis	
  of	
  flow	
  at	
  various	
  lung	
  volumes	
  
• Used	
  to	
  differen:ators	
  between	
  pa:ents	
  with	
  upper	
  airway	
  and	
  lower	
  airway	
  obstruc:on	
  
• Flow	
  is	
  charted	
  on	
  Y-­‐axis	
  
• Volume	
  is	
  charted	
  on	
  X	
  axis
• Pa:ent	
   is 	
  asked	
   to	
   inhale	
   fully	
   to	
   TLC	
   and	
   then	
  perform	
   a	
   FVC	
   maneuver.	
   This 	
   is	
   followed	
  

immediately	
  by	
  a	
  maximum	
  inspira:on	
  back	
  to	
  TLC
• The	
  ra:o	
  of	
  expiratory	
  flow	
  to	
  inspiratory	
  flow	
  at	
  50%	
  of	
  VC	
  is	
  normally	
  1	
  (mid	
  VC	
  ra:o)

Dr Azam’s Notes in Anesthesiology 2013
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20. Classify Anti-Hypertensive drugs. Describe anesthetic management of hypertensive episode 
during anesthesia

Oral Anti-Hypertensive Drugs - Classification

Diuretics:

Sympatholytics:
Vasodilators:

Thiazide:
• Chlorthiazide
• Hydrochlorthiazide
• Chlorthalidone
• Indapamide
• Metalazone

Potassium Sparing: 
• Spironolactone
• Triamterene
• Amiloride

Loop Diuretics:
• Furosemide
• Torasemide
• Ethacrynic acid
• Bumetanide

Adrenergic receptor blockers:
I. Beta Blockers:

1. Atenolol
2. Metoprolol
3. Acebutolol
4. Timolol
5. Esmolol
6. Nadolol

II.    Alpha Blockers:
A.  α1	
  +	
  α2	
  Phenoxybenzamine
B. α1	
  	
  Prazosin, Doxazosin 

Terazosin
III.  α	
  + β

A.   Labetalol
B. carvedilol

Central α2 Agonist:
• Clonidine
• Methyldopa
• Guanabenz

Post gangalionic blockers:
• Guanithidine
• Reserpine

Calcium Channel Blockers:
• Benzothiazepines: Diltiazem
• Phenylalkalamines: Verapamil
• Dihydropyridines: Amlodipine, 

Nifidipine, Nicardipine, Felodipine

ACE Inhibitors:
• Captopril, Enalapril, 

Lisinopril,Ramipril

Angiotensin-receptor Antagonist:
• Losartan, Valsartan, Telmisartan

Direct Vasodilators:
• Hydralazine, Minnoxidil
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Indications Drugs Dose Onset Duration
For patient with good LV function ↑ 

HR CI in bronchospastic disease 
Esmolol IV 0.5mg/kg over /min

50-300μg/kg/min
1min 12-20minFor patient with good LV function ↑ 

HR CI in bronchospastic disease 

Labetalol 5-20mg 1-2min 4-8hr

For patient with good LV function ↑ 
HR CI in bronchospastic disease 

Propanol 1-3mg 1-2min 4-6hr
Ca+2 channel blockers 

Myocardial ischemia ← reflex 
tachycardia 

Nicardipine 0.25-0.5mg 1-5min 3-4 hrCa+2 channel blockers 
Myocardial ischemia ← reflex 

tachycardia 
Nifedipine (S/L) 10mg 5-10min 4h

Mod to severe HTN – most rapid Nitroprusside 0.5-10μg/kg/min 30-60 sec 1-5minMod to severe HTN – most rapid 
Nitroglycerine 0.5-10μg/kg/min 1min 3-5min

Sustained control of BP ← delayed 
onset reflex tachycardia 

ACE Inhibitors

Hydralazine 5-20mg 5-20min 4-8hrSustained control of BP ← delayed 
onset reflex tachycardia 

ACE Inhibitors

Phentolamine 1-mg 1-10min 20-40mm
Sustained control of BP ← delayed 

onset reflex tachycardia 

ACE Inhibitors
Enalaprilat 0.625-1mg 6-14min 4-6h

Sustained control of BP ← delayed 
onset reflex tachycardia 

ACE Inhibitors Fenoldopam 0.1-0.6 μg/kg/min 5 min 5 min



i. Age > years 5

ii. MI in previous 6 months 10

iii. S3 gallop or ↑	
  JVP	
  (0-­‐3	
  cm) 11

iv. Important aortic stenosis 3

v. Rhythm other than sinus, Pac on last preoperative 7

vi. >5 PVC/min at any time before 7

vii. PaO2, < 60 or PaCO2 > 50mm Hg,
K<3.00 mEq/L or HCO3 < 20 mEq/l
BUN > 50 or Cr> 3 mg/dl. Abnormal SGOT, signs of chronic liver disease, bed ridden from 
non-cardiac cause

3

viii. Intraperitoneal, Intrathoracic, aortic surgery 3

ix. Emergency operation 4

Total 53

Class I 0-5 points (low risk)

Class II 6-12 points (intermediate risk)

Class III 13-25 points (high risk)

Class IV ≥ 26 points (very high)
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Goldman's	
  Cardiac	
  Risk	
  Index	
  -­‐	
  1977.



!!!!!!    

52

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013

i. Age > 70 years 5
ii. MI < 6 months 10
iii. MI > 6 months 5
iv. Unstable angina 10
v. Pulmonary edema < 1 week 10
vi. Pulmonary edema in the past 5
vii. Non sinus rhythm PAC 5
viii. CCVSA class III 10
ix. CCVSA class IV 20
x. Critical As 20
xi. Emergency operation 5
xii. Poor general status 5

Total 120

Detsky’s	
  ModiGied	
  Cardiac	
  Risk	
  Index-­‐	
  1986
Risk of perioperative reinfarction in patients with recent MI:

Duration since last MI Re-infarction rate

with in 3 months 30%

3 - 6 months 15%

> 6 months 6%

(Assign one point to each of the following variables)
i. High risk type of surgery (intra-peritoneal, intra-thoracic or suprainguinal vascular 

procedures.
ii. History of IHD (history of MI, positive exercise test, current complaint of ischemic chest pain 

or use of nitrate therapy of ECG with Q waves)
iii. History of CHF
iv. History of cerebro-vascular disease
v. Insulin therapy for diabetes
vi. Preoperative serum creatinine > 2.0 mg/gl

Class I = 0 factors,
Class II = 1 factor
Class III = 2 factors
Class IV = >2 factors

Lee’s	
  revised	
  Cardiac	
  Risk	
  Index-­‐-­‐	
  1999.
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Algorithm of cardiac evaluation for non cardiac surgery as recommended by ACC/AHA 2007 
guidelines on perioperative CVS evaluation.
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Risk Stratification Procedure Examples

Vascular (reported cardiac risk often more than 5%) Aortic and other major vascular surgeryVascular (reported cardiac risk often more than 5%)
Peripheral vascular surgery

Intermediate (reported cardiac risk generally 1% to 5%) Intraperitoneal and intrathoracic surgeryIntermediate (reported cardiac risk generally 1% to 5%)
Carotid endarterectomy

Intermediate (reported cardiac risk generally 1% to 5%)

Head and neck surgery
Orthopedic surgery
Prostate surgery

Low  (reported cardiac risk generally less than 1%) Endoscopic proceduresLow  (reported cardiac risk generally less than 1%)
Superficial procedure

Low  (reported cardiac risk generally less than 1%)

Cataract surgery
Breast surgery
Ambulatory surgery

* Combined incidence of cardiac death and nonfatal myocardial infarction.* Combined incidence of cardiac death and nonfatal myocardial infarction.
 These procedures do not generally require further preoperative cardiac testing. These procedures do not generally require further preoperative cardiac testing.

Cardiac Risk* Stratification for Noncardiac Surgical Procedures
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6. Supraglottic devices

Supraglottic airway devices are devices that ventilate patient by delivering/anesthetic gases/O2 above the level of the vocal cords and are designed to 
overcome  the disadvantages of Et - Intubation.

Advantages:
• Avoidance of laryngoscopy
• Less invasive for respiratory tract
• Better tolerated by patients
• Placement is easier 
• Improved hemodynamic stability in 

emergence
• Less coughing
• Less sore throat
• Less incidence of bronchospasm
• Hands free airway

Classification of SGA(Supraglottic Airway):
Based on: 

• Presence or absence of cuff
• Oral/nasal route of insertion
• Anatomic location of the distal portion (sealing mechanism)

• Cuffed perilaryngeal sealers: E.g Ambu laryngeal mask, SSLM(softseal laryngeal mask), ILA(intubating 
laryngeal airway), LMA, ILMA(intubating laryngeal mask airway).

• Cuffed pharyngeal sealers: E.g CobraPLA (Cobra perilaryngeal airway)
• Cuff less pre-shaped sealer: E.g SLIPA
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Supraglottic devices.continuation:

Cuffed perilaryngeal sealersCuffed perilaryngeal sealersCuffed perilaryngeal sealers                Cuffed pharyngeal sealers               Cuffed pharyngeal sealers Cuff less pre-shaped sealers

Without directional sealing With directional sealing Without esopheageal sealing 
cuff

With esopheageal sealing 
cuff

  

Devices LMA, ILMA, SSLM, AMBU LM, ILA PLMA Proseal LMA COPA, COBRA PLA, Laryngeal tube, combitube, 
easy tube

SLIPA, I-GEL

Sealing 
mechanism

relies on simple opposition of the cuff 
that surrounds the larynx

sealing site is at or around the 
entrance of the larynx

Pharyngeal cuff seals at the base of the tonguePharyngeal cuff seals at the base of the tongue Anatomically preshaped hollow 
airway which seals the outlet 
from the pharynx at the base of 
the tongue  to the esophagus, 
as a result of the resilience of 
the walls of the shaped airway

Advantages • Minimal risk of precipating 
laryngospasm, 

• Well tolerated at lower anesthetic levels

• Higher seal pressure 
• Decreased risk of 

regurgitation 

• Better sealing pressures
• Pressure exerted 

perpendicular to airway 
channel

• Better sealing pressures
• Pressure exerted 

perpendicular to airway 
channel

• Minimizes aspiration risk
• Provides access to 

esophagus

• Easier to use, 
• Able to insert through limited 

mouth opening
• Hollow structure provides 

protection for aspiration 
• Pre-shaped provides specific 

positioning and a stable 
airway

Disadvantages • Low seal pressure
• Little storage space for regurgitated 

liquid
• Increased risk of GE insufflation.

• Harder to insert 
• More easily rotated out of 

position 
• Folding of tip can occur 

upon insertion, occluding the 
drainage tube.

• No sealing of the 
downward outlet increasing 
the risk of GE aspiration. 

• No protection from 
aspiration 

• Increased need for 
repositioning 

• Increased mucosal trauma 
due to stiffer tube

• Congestion of tongue with 
excessive increase in cuff 
pressure and potential lingual 
nerve damage

• Increased need for 
repositioning 

• Increased mucosal trauma 
due to stiffer tube

• Congestion of tongue with 
excessive increase in cuff 
pressure and potential lingual 
nerve damage

• Increased need for 
repositioning 

• Difficult to select proper size
• Less flexibility in positioning
• Not for use in abnormal 

airway anatomy.
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PARAMETERS HALOTHANE ENFLURANE ISOFLURANE SEVOFLURANE DESFLURANE Nitrous Oxide N2O

HISTORY SUCKLING - 1951 E = Epilepsy S = Steal, L = 
Laryngospasm

• S = not to be used with 
Soda Lime

• sevoflurane appeared 
in the literature in 1971

• Introduced into clinical 
practice initially in 
Japan in 1990

• Priestly - 1772
• Fresh Blue cylinder 

(750 - Psi)
• Pin Index = 3,5

BASIC 
PHARMACOLO
GY

2-CHLORO,2-BROMO,111- 
TRIFLUROETHANE

Clear colourless 
liquid with a 
sweet smell 
(should be 
protected from 
light).

1,1,1,3,3,3-hexafluoro-2-
(fluoromethoxy)propane

• Laughing gas
• Colourless
• Odorless
• Obtained by heating 

Ammonium nitrate at  
240 degree 
centigrade 

PHARMACOKIN
ETICS

MAC = 0.75%, Boiling point = 
50.2,Blood-gas coefficient = 2.54
Clear colourless liquid, available in 
Amber bottle.
PRESERVATIVE: 0.01% Thymol 
used to prevent decomposition to 
light.
organic odour 

MAC = 1.63%, 
Boiling point = 
56.5,Blood-gas 
coefficient = 
1.90

MAC = 1.17%, 
Boiling point = 
48.5,Blood-gas 
coefficient = 1.40

MAC = 2%(1.8%), 
Boiling point = 
58.5,Blood-gas 
coefficient = 0.69 
( Hence speeds 
Induction & recovery)

MAC = 6.6%, Boiling 
point = 22.8,Blood-
gas coefficient =0.42
(Blood -gas 
coefficient close to 
N2O)
Special vaporizer 
TEC - 6

MAC = 104%, Boiling 
point = - 88,Blood-gas 
coefficient = 0.46

PHARMACODYNAMICSPHARMACODYNAMICSPHARMACODYNAMICSPHARMACODYNAMICSPHARMACODYNAMICSPHARMACODYNAMICS

CNS ↑ ICP, ↓ CMRO2 25% Convulsions, ↑ 
CBF, ↓ CMRO2

depress CNS, Not 
epileptic & not an 
analgesic

• Sevoflurane of 0.5 to 1.0 MAC – maintains 
auto regulation!

• ↑ CBF,
• ↑ ICP,          
• ↓ CMRO2

• Sevoflurane of 0.5 to 1.0 MAC – maintains 
auto regulation!

• ↑ CBF,
• ↑ ICP,          
• ↓ CMRO2

• ↑ CBF,
• ↑ ICP,          
• ↑ CMRO2
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PARAMETERS HALOTHANE ENFLURANE ISOFLURANE SEVOFLURANE DESFLURANE Nitrous Oxide N2O

RS • ↑ PaCO2,
• Bronchodilator, 
• ↓ TV,       
• ↑ RR,
•  ↑ alveolar ventilation

• Inhibit HPV, 
• ↓ MV, 
• Respiratory 

depressant

• irritating to airways 
- leading to 
coughing & 
laryngospasm

• ↓ TV, 
• ↑ RR, 
• ↓ FRC 
• Hypoxemia 

• Pleasant to inhale, 
• ↓ MV, 
• ↑ RR.
• Abolishes HPV !Extremely irritating to airways, 
• ↑ Secretion (bronchial & Salivary)
• Potent respiratory depressant
• ↓ TV,       
• ↑ RR,
• ↓ MV

• Pleasant to inhale, 
• ↓ MV, 
• ↑ RR.
• Abolishes HPV !Extremely irritating to airways, 
• ↑ Secretion (bronchial & Salivary)
• Potent respiratory depressant
• ↓ TV,       
• ↑ RR,
• ↓ MV

• ↓ TV,       
• Inhibits Carotid body 

hypoxic drive
• Pulmonary 

vasoconstriction - ↑ 
PVR

CVS • Sensitizes heart to catecholamines
• ↓ Myocardial oxygen consumption 

& depressant 
• ↓ coronary blood flow, 
• ↓ Heart rate

• ↑ heart rate
• ↓ BP
• ↓ Cardiac 

output
• ↓ LV after 

load

• ↑ Heart rate
• ↓ Myocardial O2 

consumption
• Hypotension
• Potent coronary 

vasodilator & 
Coronary Steal 
Phenomenon 

• DOES NOT 
SENSITIZES TO 
EXOGENOUS 
MYOCARDIUM

• ↓ SVR
• Dose dependent decrease in CO!↓ Myocardial 

contractility
• ↓ SVR,
• ↓ cardiac work
• Causes coronary vasodilatation
• DOES NOT SENSITIZES TO EXOGENOUS 

MYOCARDIUM

• ↓ SVR
• Dose dependent decrease in CO!↓ Myocardial 

contractility
• ↓ SVR,
• ↓ cardiac work
• Causes coronary vasodilatation
• DOES NOT SENSITIZES TO EXOGENOUS 

MYOCARDIUM

• Direct Myocardial 
depressant

NEUROMUSCUL
AR

• Muscle relaxant
• Relaxes uterine muscles
• Causes halothane shakes

• Relaxation of 
all abdominal 
muscles

• Relaxes 
uterine 
muscles

• Augments 
muscle 
blocking 
agents

Analgesic

KIDNEY • ↓ GFR
• ↓RBF

LIVER • ↓HBF,
• ↓ Clearance

Minimal or No change in portal vein flow
Compensated by

An Increase in hepatic artery blood flow

Minimal or No change in portal vein flow
Compensated by

An Increase in hepatic artery blood flow

Minimal or No change in portal vein flow
Compensated by

An Increase in hepatic artery blood flow

Minimal or No change in portal vein flow
Compensated by

An Increase in hepatic artery blood flow
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PARAMETERS HALOTHANE ENFLURANE ISOFLURANE SEVOFLURANE DESFLURANE Nitrous Oxide N2O

METABOLISM • 3 weeks to clear
• Oxidative & 
• reductive (<1%)
Enzymes Responsible:
• P-450 & 2EI ( Oxidative)
• CYP 2A6 & CYP 3A4 (Reductive)
• Metabolites are TFA-trifluroacetic 

acid & Inorganic Cl,Fl, Br

Only OXIDATIVE
P-450 & 2EI ( Hepatic)

Only OXIDATIVE
P-450 & 2EI ( Hepatic)

Only OXIDATIVE
P-450 & 2EI ( Hepatic)

Only OXIDATIVE
P-450 & 2EI ( Hepatic)

METABOLISM • 3 weeks to clear
• Oxidative & 
• reductive (<1%)
Enzymes Responsible:
• P-450 & 2EI ( Oxidative)
• CYP 2A6 & CYP 3A4 (Reductive)
• Metabolites are TFA-trifluroacetic 

acid & Inorganic Cl,Fl, Br

• TFA-
trifluroacetic 
acid & 
Inorganic Fl

• TFA-trifluroacetic 
acid

• Hexafluro isopropanol,  
Inorganic Fl

•

• TFA-trifluroacetic 
acid

ELIMINATION • 60 to 80 % via Lung
• 20% metabolized in liver

• Mostly Lung • Mostly Lung • Mostly Lung • By Lung

OTHERS 
POINTS

• Hepatotoxicity - results in Hepatic 
necrosis

• production of 
carbon 
monoxide - 
due to Soda 
& Baralyme  
leading to ↑ 
Temperature

• Rapid awaking compound A 
[fluoromethyl-2,2-
difluoro-1-
(trifluoromethyl)vinyl 
ether]also called PIFE 
(pentafluoroisopropenyl 
fluoromethyl ether) and 
Compound B [1,1,1,3,3-
pentafluoro-2-
(fluoromethoxy)-3-
methoxypropane] also 
called PMFE 
(pentafluoromethoxy 
isopropyl fluoromethyl 
ether) on contact with the 
soda lime

• N2O Toxicity,
• N2O impurities
• irreversibly oxidizes 

cobalt atom of Vit 
B12 inhibiting B12-
dependent Enzyme

• Bone marrow 
depression
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PARAMETERS HALOTHANE ENFLURANE ISOFLURANE SEVOFLURANE DESFLURANE Nitrous Oxide N2O

CONTRAINDICA
TIONS

Malignant Hyperthermia (MH) Epilepsy, MH, & 
Renal Failure

MH, Coronary Steal MH, Its toxic hence 
avoided in Renal,hepatic,  
& brain tumors 

MH, Causes 
Laryngospasm - 
hence not used in 
children under 2 
years of age

• It is 35 times more 
soluble than N2.

• So fills & expand 
any air-containing 
cavities:

  Air Embolism, 
Pneumothorax, 
Intracranial air, Lung 
Cyst, Intraocular air 
bubbles, 
Tympanoplasty, 
Endotracheal tube cuff
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Venturi Mask: Flow rates & percentages:
OXYGEN 
CONCENTRATION(%)

OXYGEN FLOW
(L/min)

AIR ENTRAINMENT
(L/min)

24 Blue 2-4 50-100

 28 White 4-6 40-60

32 Orange 6-8 56

36 yellow 8-10 40

40 Red 8-12 24-36

60 Green 12 33



63



64

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013



65

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013



66

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013



67

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013



68

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013

A

1772 Anesthesia ManagementIV

albeit less sensitive, measure of heparin anticoagulation.54 
Heparin’s anticoagulant e!ect is rapidly reversible by protamine 
administration.55

More recently, low-molecular-weight heparins (LMWHs) 
have gained favor as a result of reduced dosing frequency and the 
lack of need for monitoring. Owing to shorter saccharide chain 
lengths, LMWHs exhibit reduced inhibitory activity toward 
thrombin while retaining factor Xa inhibitory activity.56 "eoreti-
cally, LMWHs should be associated with reduced bleeding  
tendencies. Regardless, LMWHs have a more predictable phar-
macokinetic response, fewer e!ects on platelet function, and a 
reduced risk for heparin-induced thrombocytopenia (HIT). 
Although monitoring of LMWHs is not performed routinely, the 
PT and aPTT most o#en are una!ected, necessitating measure-

ment of anti–factor Xa activity. Furthermore, should rapid reversal 
of LMWH prove necessary, protamine proves only partially 
e!ective.57

Oral anticoagulant therapy in the form of coumarin deriva-
tives, interferes with hepatic synthesis of vitamin K–dependent 
coagulation factors: factors II, VII, IX, X, protein C, and protein 
S.58 Speci$cally, coumarin inhibits carboxylation of glutamic acid 
residues essential for anchoring coagulation factor activation 
complexes to phospholipid membranes. Coumarin therapy is 
monitored using the INR (International Normalized Ratio) 
system derived from the PT. Generally, an INR of 2 to 3 is con-
sidered re%ective of adequate anticoagulation.53 In most cases, 
excessive coumarin anticoagulation is managed by withholding 
drug administration. However, given a half-life of 2 to 4 days, 

Table 56-1 Anticoagulant Agents

Drug Site of Action Route
Plasma 
Half-life Excretion Antidote

Stop before 
Procedure

Prolongation 
of PT/aPTT

Unfractionated 
heparin

IIa/Xa IV/SC 1.5 hr Hepatic Protamine 6 hr No/Yes

LMWH Xa SC 4.5 hr Renal Protamine (partial 
reversal)

12-24 hr No/No

Streptokinase Plg IV 23 min Hepatic Antifibrinolytics 3 hr Yes/Yes

t-PA Plg IV <5 min Hepatic Antifibrinolytics 1 hr Yes/Yes

Warfarin Vitamin K–dependent 
factors

Oral 2-4 days Hepatic Vitamin K
rfVIIa
PCCs
Plasma

2-4 days Yes/No

Pentasaccharide Xa SC 14-17 hr Renal rfVIIa 4 days No/No

Bivalirudin IIa IV 25 min Hepatic None 2-3 hr Yes/Yes

Argatroban IIa IV 45 min Hepatic None 4-6 hr *Yes/Yes

Hirudin IIa IV 1.5 hr Renal PMMA, dialysis 8 hr *Yes/Yes

APC Va/VIIIa IV 2 hr Hepatic None 12 hr No/Yes

Ximelagatran IIa Oral 3 hr Renal None 24 hr Yes/Yes

*Argatroban and lepirudin may increase the normal PT 4 to 5 seconds.

From Roberts HR, Monroe DM, Escobar MA: Current concepts of hemostasis: Implications for therapy. Anesthesiology 100:722-730, 2004, with permission.

Table 56-2 Antiplatelet Agents

Drug Site of Action Route Plasma Half-life Metabolism Antidote Stop before Procedure Prolongation of PT/aPTT

Aspirin COX 1-2 Oral 20 min Hepatic None 7 days No/No

Dipyridamole Adenosine Oral 40 min Hepatic None 24 hr No/No

Clopidogrel ADP Oral 7 hr Hepatic None 5 days No/No

Ticlopidine ADP Oral 4 days Hepatic None 10 days No/No

Abciximab GPIIb-IIIa IV 30 min Renal None 72 hr No/No

Eptifibatide GPIIb-IIIa IV 2.5 hr Renal None 24 hr No/No

Tirofiban GPIIb-IIIa IV 2 hr Renal Hemodialysis 24 hr No/No

ADP, adenosine diphosphate; COX, cyclooxygenase diphosphate; IV, intravenous; GP, glycoprotein.
From Roberts HR, Monroe DM, Escobar MA: Current concepts of hemostasis: Implications for therapy. Anesthesiology 100:722-730, 2004, with permission.

APC, activated protein C; HIT, heparin-induced thrombocytopenia; IV, intravenous; LMWH, low molecular weight heparin; PCCs, prothrombin complex concentrates; Plg, 
plasminogen; PMMA, polymethyl methylacrylate; rFVlla, recombinant factor VIIa; SC, subcutaneous; IIa, thrombin; t-PA, tissue plasminogen activator.
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1772 Anesthesia ManagementIV

albeit less sensitive, measure of heparin anticoagulation.54 
Heparin’s anticoagulant e!ect is rapidly reversible by protamine 
administration.55

More recently, low-molecular-weight heparins (LMWHs) 
have gained favor as a result of reduced dosing frequency and the 
lack of need for monitoring. Owing to shorter saccharide chain 
lengths, LMWHs exhibit reduced inhibitory activity toward 
thrombin while retaining factor Xa inhibitory activity.56 "eoreti-
cally, LMWHs should be associated with reduced bleeding  
tendencies. Regardless, LMWHs have a more predictable phar-
macokinetic response, fewer e!ects on platelet function, and a 
reduced risk for heparin-induced thrombocytopenia (HIT). 
Although monitoring of LMWHs is not performed routinely, the 
PT and aPTT most o#en are una!ected, necessitating measure-

ment of anti–factor Xa activity. Furthermore, should rapid reversal 
of LMWH prove necessary, protamine proves only partially 
e!ective.57

Oral anticoagulant therapy in the form of coumarin deriva-
tives, interferes with hepatic synthesis of vitamin K–dependent 
coagulation factors: factors II, VII, IX, X, protein C, and protein 
S.58 Speci$cally, coumarin inhibits carboxylation of glutamic acid 
residues essential for anchoring coagulation factor activation 
complexes to phospholipid membranes. Coumarin therapy is 
monitored using the INR (International Normalized Ratio) 
system derived from the PT. Generally, an INR of 2 to 3 is con-
sidered re%ective of adequate anticoagulation.53 In most cases, 
excessive coumarin anticoagulation is managed by withholding 
drug administration. However, given a half-life of 2 to 4 days, 

Table 56-1 Anticoagulant Agents

Drug Site of Action Route
Plasma 
Half-life Excretion Antidote

Stop before 
Procedure

Prolongation 
of PT/aPTT

Unfractionated 
heparin

IIa/Xa IV/SC 1.5 hr Hepatic Protamine 6 hr No/Yes

LMWH Xa SC 4.5 hr Renal Protamine (partial 
reversal)

12-24 hr No/No

Streptokinase Plg IV 23 min Hepatic Antifibrinolytics 3 hr Yes/Yes

t-PA Plg IV <5 min Hepatic Antifibrinolytics 1 hr Yes/Yes

Warfarin Vitamin K–dependent 
factors

Oral 2-4 days Hepatic Vitamin K
rfVIIa
PCCs
Plasma

2-4 days Yes/No

Pentasaccharide Xa SC 14-17 hr Renal rfVIIa 4 days No/No

Bivalirudin IIa IV 25 min Hepatic None 2-3 hr Yes/Yes

Argatroban IIa IV 45 min Hepatic None 4-6 hr *Yes/Yes

Hirudin IIa IV 1.5 hr Renal PMMA, dialysis 8 hr *Yes/Yes

APC Va/VIIIa IV 2 hr Hepatic None 12 hr No/Yes

Ximelagatran IIa Oral 3 hr Renal None 24 hr Yes/Yes

*Argatroban and lepirudin may increase the normal PT 4 to 5 seconds.

From Roberts HR, Monroe DM, Escobar MA: Current concepts of hemostasis: Implications for therapy. Anesthesiology 100:722-730, 2004, with permission.

Table 56-2 Antiplatelet Agents

Drug Site of Action Route Plasma Half-life Metabolism Antidote Stop before Procedure Prolongation of PT/aPTT

Aspirin COX 1-2 Oral 20 min Hepatic None 7 days No/No

Dipyridamole Adenosine Oral 40 min Hepatic None 24 hr No/No

Clopidogrel ADP Oral 7 hr Hepatic None 5 days No/No

Ticlopidine ADP Oral 4 days Hepatic None 10 days No/No

Abciximab GPIIb-IIIa IV 30 min Renal None 72 hr No/No

Eptifibatide GPIIb-IIIa IV 2.5 hr Renal None 24 hr No/No

Tirofiban GPIIb-IIIa IV 2 hr Renal Hemodialysis 24 hr No/No

ADP, adenosine diphosphate; COX, cyclooxygenase diphosphate; IV, intravenous; GP, glycoprotein.
From Roberts HR, Monroe DM, Escobar MA: Current concepts of hemostasis: Implications for therapy. Anesthesiology 100:722-730, 2004, with permission.

APC, activated protein C; HIT, heparin-induced thrombocytopenia; IV, intravenous; LMWH, low molecular weight heparin; PCCs, prothrombin complex concentrates; Plg, 
plasminogen; PMMA, polymethyl methylacrylate; rFVlla, recombinant factor VIIa; SC, subcutaneous; IIa, thrombin; t-PA, tissue plasminogen activator.
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during OLV. Clinically this is evident because emphysematous 
lung volume reduction patients generally tolerate OLV very well. 
!e explanation is not clear but may be related to maintenance 
of a more favorable FRC in patients with obstructive airways 
disease during OLV with an open hemithorax due to the develop-
ment of auto-PEEP.40

Treatment of Hypoxemia

During OLV there will be a fall in arterial oxygenation that usually 
reaches its nadir 20 to 30 minutes a"er the initiation of OLV; then 
the saturation will stabilize or may rise slightly as HPV increases 
over the next 2 hours. A majority of patients who desaturate do 
so quickly and within the first 10 minutes of OLV. Hypoxemia 
during OLV responds readily to treatment in the vast majority of 
cases. Potential therapies are outlined in Table 59-19.

1. Resume two-lung ventilation. Reinflate the nonventilated 
lung and deflate the bronchial cuff of the double lumen 
tube or the bronchial blocker. !is will necessitate interrup-
tion of surgery but is necessary in case of severe or precipi-
tate desaturation. A"er an adequate level of oxygenation is 
obtained, the diagnosis of the cause of desaturation can be 
made and prophylactic measures instituted (see later) 
before another trial of OLV is attempted.

2. Increase F2. Ensure that the delivered F2 is 1.0. !is is 
an option in essentially all patients except those who have 
received bleomycin or similar therapies that potentiate pul-
monary oxygen toxicity.

3. Recheck the position of the DLT or bronchial blocker. 
Ensure that there is no lobar obstruction in the ventilated 
lung.

4. Check the patient’s hemodynamics to ensure that there has 
been no decrease in cardiac output. It is very common for 
the surgeon to accidentally compress the inferior vena cava 
during pulmonary resections, and the fall in blood pressure 
and cardiac output that this causes leads to rapid desatura-
tion during OLV. Treat the fall in cardiac output as indi-

cated (e.g., inotropes/vasopressors if due to thoracic 
epidural sympathetic blockade). Stop administration of 
vasodilators, and decrease MAC of volatile anesthetics to 
less than or equal to 1 MAC.

5. Perform a recruitment maneuver of the ventilated lung. To 
eliminate any atelectasis, inflate the lung to 20 cm H2O or 
more for 15 to 20 seconds. !is may cause transient hypo-
tension and will also cause a transient further fall in the 
Pa2 as the blood flow is temporarily redistributed to the 
nonventilated lung.

6. Apply PEEP to the ventilated lung. It is necessary to perform 
a recruitment maneuver before applying PEEP to get the 
maximal benefit (see Chapter 15). PEEP will raise the end-
expiratory volume of the ventilated lung toward the FRC 
in patients with normal lung mechanics and in those with 
increased elastic recoil due to restrictive disease. It is not 
possible to predict the optimal PEEP for individual patients; 
a level of 5 cm H2O is a useful starting point. PEEP will 
increase the end-expiratory lung volume of patients with 
significant levels of auto-PEEP (e.g., emphysema patients). 
Unlike CPAP, application of PEEP does not require reinfla-
tion of the nonventilated lung and interruption of surgery. 
PEEP has been shown to be as effective for increasing Pa2 
levels during OLV in patients with normal lung function 
as CPAP (Fig. 59-31).134 For patients with normal pulmo-
nary function it is logical to routinely apply a recruitment 
maneuver and PEEP from the start of OLV.

CPAP with oxygen to the nonventilated lung is a most 
useful ventilatory manipulation in patients with COPD and the 
next line of therapy a"er application of PEEP in patients with 
normal pulmonary function. !ere is an important caveat to be 
observed when CPAP is applied to the nonventilated lung, and 

Figure 59-31 A comparison of the effects of positive end-expiratory 
pressure (PEEP) to the ventilated lung and continuous positive airway 
pressure (CPAP) to the nonventilated lung on mean PaO2 levels during one-
lung ventilation (OLV). 2LV, two-lung ventilation; COPD, a group of lung 
cancer surgery patients; Normal PFTs, a group of esophageal surgery 
patients with normal preoperative pulmonary function tests. Asterisk 
indicates significant P < .05 vs. OLV. (Based on data from Fujiwara M, Abe K, 
Mashimo T: The effect of positive end-expiratory pressure and continuous 
positive airway pressure on the oxygenation and shunt fraction during one-
lung ventilation with propofol anesthesia. J Clin Anesth 13:473, 2001; and 
Capan LM, Turndorf H, Patel C, et al: Optimization of arterial oxygenation 
during one-lung anesthesia. Anesth Analg 59:847, 1980.)
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Table 59-19 Therapies for Desaturation during One-Lung Ventilation

Severe or precipitous desaturation: Resume two-lung ventilation (if 
possible).

Gradual desaturation:
1. Ensure that delivered FIO2 is 1.0.
2. Check position of double-lumen tube or blocker with fiberoptic 

bronchoscopy.
3. Ensure that cardiac output is optimal; decrease volatile anesthetics to < 

1 MAC.
4. Apply a recruitment maneuver to the ventilated lung (this will 

transiently make the hypoxemia worse).
5. Apply PEEP 5 cm H2O to the ventilated lung (except in patients with 

emphysema).
6. Apply CPAP 1-2 cm H2O to the nonventilated lung (apply a recruitment 

maneuver to this lung immediately before CPAP).
7. Intermittent reinflation of the nonventilated lung
8. Partial ventilation techniques of the nonventilated lung:
 a. Oxygen insufflation
 b. High-frequency ventilation
 c. Lobar collapse (using a bronchial blocker)
9. Mechanical restriction of the blood flow to the nonventilated lung
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development of AS, including the process of chronic inflamma-
tion. !e prevalence of AS increases with age; it is now seen in 
2% to 4% of adults older than 65 years, and this prevalence is 
expected to increase.344 In developed countries, rheumatic disease 
is a less common cause of AS, and it is usually associated with 
concomitant AR.

ANESTHETIC MANAGEMENT Premedication may alleviate 
a patient’s anxiety regarding cardiac surgery, and it helps prevent 
perioperative tachycardia in patients with AS. Monitoring for 
these patients includes standard noninvasive modalities and inva-
sive monitoring of blood pressure and CVP. Depending on the 
severity of the AS, the arterial line tracing can show some typical 
changes. Pulse pressure may be as low as 50 mm Hg or less. !e 
upslope of the trace is delayed and has a prominent anacrotic 
notch, which occurs at a lower level as the severity of AS increases, 
whereas the dicrotic notch reduces in size or even disappears with 
progression of the disease. Insertion of a PA catheter may be 
considered for monitoring PAP and cardiac output during surgery 
and particularly in the postoperative period. A TEE probe is 
nearly always desirable if there are no contraindications to its 
placement.

Anesthetic management of patients with AS revolves 
around avoiding fluctuations in the patient’s hemodynamics 
while achieving adequate anesthetic depth. Induction of anesthe-
sia should not involve any medication that might have negative 
inotropic or vasodilatory effects. Any agents that might cause 
tachycardia should also be avoided. Furthermore, every effort 
should be made to ensure that the patient stays in sinus rhythm. 
In patients with AS, the “atrial kick” may contribute as much as 
40% of the total cardiac output.345 !erefore, to treat any possible 
arrhythmia, external cardioversion pads should be considered, 
preferably before induction of anesthesia.

Finally, it is important to realize that the presence of severe 
AS reduces the usefulness of cardiopulmonary resuscitation 
(CPR) for maintaining a cardiac output sufficient to meet the 
patient’s physiologic needs. Table 60-13 summarizes the goals of 
anesthetic care of a patient with AS.

Aortic Regurgitation
PATHOPHYSIOLOGY AR is flow of blood from the aorta 

backward into the le$ ventricle during the diastolic phase of the 
cardiac cycle. !e overall prevalence of AR was noted to be 13% 
in men and 8.5% in women in the Framingham Offspring Study.346 
Chronic AR is more prevalent and carries a much better progno-
sis than acute AR does. However, the precise prevalence of AR—
acute and chronic—remains unknown.347

Chronic and acute AR each have their own etiology. Causes 
of chronic AR include congenital lesions, degenerative processes, 
and rheumatic disease, but idiopathic causes seem to be the  
most common.347 !ese processes cause malcoaptation of the 
aortic valve leaflets by causing abnormalities in the leaflets  

Table 60-13 Goals for Anesthetic Care of Patients with Aortic Stenosis and Aortic Regurgitation

Left Ventricular Preload Heart Rate Contractile State
Systemic Vascular 
Resistance

Pulmonary Vascular 
Regurgitation

Aortic stenosis ↑ ↓ (sinus) Maintain ↑ Maintain

Aortic reguritation ↑ ↑ Maintain ↓ Maintain

From Sukernik MR, Martin DE: Anesthetic management for the surgical treatment of valvular heart diseases. In Hensley FA, Martin DE, Gravlee GP (eds): A Practical 
Approach to Cardiac Anesthesia, 4th ed. Philadelphia, Lippincott Williams & Wilkins, 2008, pp 316-347.

themselves or dilation of the aortic valve annulus, the aortic root, 
or both.347

Abnormalities of the aortic valve leaflets include congenital 
conditions (e.g., bicuspid aortic valve), endocarditis, rheumatic 
disease, inflammatory diseases, certain connective tissue diseases, 
and chest wall trauma causing injury to an aortic valve leaflet. 
Dilation of the proximal aortic root may be caused by annulo-
aortic ectasia resulting from long-term chronic hypertension or 
simply from the normal aging process. Other aortic valve annular 
or aortic root causes of AR include Marfan’s syndrome, syphilis, 
connective tissue diseases, congenital diseases such as osteogen-
esis imperfecta and Ehlers-Danlos syndrome, and idiopathic 
causes.

CHRONIC AORTIC REGURGITATION Patients with chronic AR 
may remain asymptomatic for years or even decades. !e le$ 
ventricle undergoes a process of remodeling caused by series 
replication of sarcomeres and the development of eccentric ven-
tricular hypertrophy and chamber enlargement in the face of a 
chronically increasing volume of regurgitation (Fig. 60-26).348 
Although the pressure-volume loop is shi$ed far to the right in 
patients with chronic AR, LVEDP remains relatively normal 
because LDEDV increases slowly (Fig. 60-27). Forward flow 
is improved by peripheral vasodilation. Typically, a normal EF  
is maintained by a large stroke volume. However, over time, 
increases in LV wall stress and a$erload result. Eventually, as LV 
dilation and hypertrophy progress, irreversible LV dysfunction 
develops, and patients become symptomatic. As a compensatory 
mechanism for poor cardiac output, sympathetic constriction of 
the peripheral vasculature occurs to maintain blood pressure, but 
this adaptation results in worsening of regurgitation and cardiac 
output.

Although patients with chronic AR can remain asympto-
matic for decades, a$erload reduction may become necessary as 
the disease progresses. A critical question that remains unan-
swered is at what point in the course of the disease should surgery 
be performed to prevent the development of irreversible LV dys-
function, especially in patients with severe chronic AR.347

ACUTE AORTIC REGURGITATION Acute AR is less common 
than chronic AR but carries a more ominous prognosis. Common 
causes of acute AR include trauma, bacterial endocarditis, and 
aortic dissection. Rarely, acute AR occurs as an idiopathic com-
plication, such as a$er aortic valvuloplasty.347 !e pathophysiol-
ogy of acute AR centers around the fact that it causes an acute 
increase in the volume coming into the le$ ventricle. Because the 
le$ ventricle has not had time to undergo the process of eccentric 
hypertrophy as it does in chronic AR, it is unprepared to accom-
modate this sudden increase in volume. As shown in Figure 60-
27, this sudden increase in LVEDP causes a rightward shi$ in the 
pressure-volume loop.348 A sympathetic response is activated; 
tachycardia and an increased contractile state are the chief com-
pensatory mechanisms for maintaining adequate cardiac output. 
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Box 60-4 Pathophysiology of Heart Failure—From Injury to 
Clinical Syndrome

1. Causes
 a. Myocardial injury
  i. Ischemia
  ii. Toxins
  iii. Volume overload
  iv. Pressure overload
 b. Genetic perturbation

2. Cardiac remodeling
 a. Myocyte growth
  i. Concentric hypertrophy
  ii. Eccentric hypertrophy
 b. Interstitial fibrosis
 c. Apoptosis
 d. Sarcomere slippage
 e. Chamber enlargement

3. Clinical heart failure milieu
 a. Pump performance
 b. Circulatory dynamics
 c. Metabolic abnormalities

Table 60-14 ACC/AHA Classification of Chronic Heart Failure

Stage Description

A—High risk for heart 
failure

Hypertension, diabetes mellitus, CAD, family 
history of cardiomyopathy

B—Asymptomatic heart 
failure

Previous MI, LV dysfunction, valvular heart 
disease

C—Symptomatic heart 
failure

Structural heart disease, dyspnea and fatigue, 
impaired exercise tolerance

D—Refractory end-stage 
heart failure

Marked symptoms at rest despite maximal 
medical therapy

ACC/AHA, American College of Cardiology/American Heart Association; CAD, 
coronary artery disease; LV, left ventricular; MI, myocardial infarction.
From Hunt SA, Baker DW, Chin MH, et al: ACC/AHA guidelines for the evaluation 
and management of chronic heart failure in the adult: Executive summary. A Report 
of the American College of Cardiology/American Heart Association Task Force on 
Practice Guidelines (Committee to Revise the 1995 Guidelines for the Evaluation 
and Management of Heart Failure): Developed in Collaboration with the 
International Society for Heart and Lung Transplantation; Endorsed by the Heart 
Failure Society of America. Circulation 104:2996-3007, 2001.

Table 60-15 New York Heart Association Heart Failure Symptom 
Classification System

NYHA Class Level of Impairment

I Ordinary physical activity not limited by symptoms

II Ordinary physical activity somewhat limited by dyspnea

III Exercise limited by dyspnea during a mild workload

IV Dyspnea at rest or with very little exertion

and antiarrhythmics, represent the usual standard of care for HF 
patients. However, even multidrug regimens may not prevent pro-
gression toward class D HF. A patient who has reached this cate-
gory has a 2-year mortality risk greater than 75%; surgical 
intervention is the only effective treatment in these patients.

Heart Transplantation
According to the ACC/AHA guidelines, the only established sur-
gical treatment option for advanced HF is cardiac transplanta-
tion,364 which is associated with excellent 1-year survival rates 
(>85%), 5-year survival rates (70%), and functional capacity.367 
Discovery of the immunosuppressive agent cyclosporine in the 
early 1980s made cardiac transplantation an accepted surgical 
option for end-stage HF.368 Since then, techniques for detecting 

and grading the extent of rejection have been refined, and immu-
nosuppressive protocols have been further improved. Further-
more, newer immunosuppressants are being evaluated.369 Early 
gra" failure as a result of acute rejection is now rare, but late gra" 
failure secondary to transplant coronary artery disease remains 
problematic. Repeat cardiac transplantation is not rare, and even 
third-time transplantation may be justified.

Most candidates for cardiac transplantation have idiopathic 
or ischemic cardiomyopathy; less common diagnoses include 
viral cardiomyopathy, postpartum cardiomyopathy, refractory 
valvular disease, primary myocardial diseases (e.g., sarcoidosis, 
amyloidosis), drug-induced myocardial disease, and complex 
congenital heart disease (CHD) in adults. All patients on the 
transplant waiting list have had a recent multidisciplinary evalu-
ation, including history taking and physical examination, routine 
hematologic testing, serum chemistry panels, viral serologic 
testing, electrocardiography, echocardiography, chest radiogra-
phy, right- and le"-heart catheterization, and pulmonary function 
tests. #e goal of the evaluation is to confirm a diagnosis of class 
D HF that has been maximally treated but will result in death in 
less than 1 year.

In the United States, cardiac transplantation is performed 
in member centers of the United Network for Organ Sharing 
(UNOS), an umbrella organization responsible for coordinating 
organ procurement, organ allocation, and statistical information. 
#e UNOS selection guidelines for cardiac transplantation give 
priority to patients with end-stage HF and a life expectancy of 
less than 1 year, such as patients in cardiogenic shock or a low-
output state requiring mechanical or inotropic support, patients 
with advanced symptomatic HF and peak oxygen uptake less than 
10 mL/kg/min (with achievement of an anaerobic threshold), 
patients with NYHA class IV HF because of advanced hyper-
trophic or restrictive cardiomyopathy, patients with refractory 
angina pectoris caused by inoperable coronary artery disease, and 
patients with life-threatening ventricular arrhythmias that are 
refractory to all appropriate medical and surgical treatment.370 
Usually, the patient’s EF is less than 20%. However, patients with 
NYHA class III HF who are at risk for sudden death related to 
malignant arrhythmias are sometimes placed on the waiting list.

Assessing PVR and “reversibility” is also important. Patients 
with ischemic or idiopathic cardiomyopathy and increased LAP 
o"en have reversible elevated PVR, a condition that usually  
normalizes during the first week a"er heart transplantation. A 
pressure gradient across the vascular bed (also known as a 
transpulmonary gradient and calculated as the difference between 
mean PAP and mean PCWP) that is higher than 14 mm Hg indi-
cates significant elevation of PVR. A reduction in PCWP to 
20 mm Hg that occurs during treatment with pulmonary vasodila-
tory medication and is associated with persistent high PAP sug-

Problems During OLV  Etiology

Hypoxemia Intrapulmonary shunt during one-lung 
ventilation

Sudden severe 
hypotension

Surgical compression of the heart or 
great vessels

Sudden changes in 
ventilating pressure or 
volume

Movement of endobronchial tube/ 
blocker, air leak

Arrhythmias Direct mechanical irritation of the heart

Bronchospasm Direct airway stimulation, increased 
frequency of reactive airways disease

Massive hemorrhage Surgical blood loss from great vessels 
or inflamed pleura

Hypothermia Heat loss from the open hemithorax
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Box 60-6 Pulmonary Vasodilator Agents

1. Phosphodiesterase III Inhibitors

to an increase in myocardial cAMP, which increases the 
influx of intracellular Ca2+ and has a positive inotropic 
effect

β-
receptor stimulation

β-adrenergic receptors in patients with preexist-
ing heart failure

2. B-Type Natriuretic Peptide

smooth muscle and endothelial cells

cell relaxation, dose-dependent reduction in PCWP and 
systemic arterial pressure in patients with heart failure, 
increased permeability of vascular endothelium, inhibi-
tion of the renin-angiotensin-aldosterone axis

µg/kg bolus followed by a 0.01- to 0.03-µg/kg/min 
infusion

3. Prostaglandin I2 (PGI2)

-
donic acid metabolic pathway

cyclase and increasing intracellular cAMP

4. Nitric Oxide

prostacyclin

and effective use

vasoconstriction

5. Prostaglandin E1 (PGE1)

-
donic acid metabolic pathway

the lung
cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine 

monophosphate; PCWP, pulmonary capillary wedge pressure.

Box 60-7 Pharmacologic Agents for Inotropic Support of the 
RV

1. Isoproterenol
β-adrenergic agonist

2. Dobutamine
β-Adrenergic receptor agonist with minimal α-adrenergic 
receptor agonist activity

3. Epinephrine
α- and β-adrenergic receptor agonist
β-Adrenergic receptor predominance at lower doses

Box 60-8 Arginine Vasopressin

Endogenous peptide with osmoregulatory and vasomotor 
properties

End-organ effect mediated by
V1 receptor present in vascular smooth muscle

Promotes vasoconstriction by activating G protein and 
phospholipase C, thereby releasing calcium from the 
sarcoplasmic reticulum

V2 receptor present in the distal and collecting tubules

Promotes water resorption by increasing intracellular levels 
of cAMP and activating protein kinase A
cAMP, cyclic adenosine monophosphate.

the heart to assume some of its workload and permit the ventricle 
to rest, thereby potentially allowing reverse remodeling and 
recovery of some contractile function. !e latest applications of 
mechanical circulatory support include reversing ventricular dys-
function a"er cardiac surgery, bridging patients to heart trans-
plantation, and serving as destination therapy for patients who 
are not transplant candidates.

Studies have shown that the myocardium can repair itself 
during a period of unloading, a"er which some patients experi-
ence an improvement in quality of life.375-381 !erefore, VADs can 
be used for short- or long-term support of the ventricle. !e use 
of VADs as bridges to cardiac transplantation improves the sur-
vival rates and outcomes of patients with decompensated HF.375-383 
In addition, evidence suggests that long-term support of the le" 
ventricle with a VAD (i.e., an LVAD) is superior to optimal 
medical treatment in patients with end-stage HF who are not 
candidates for heart transplantation.383 !us, mechanical circula-
tory support has become an important tool in the surgical man-
agement of patients with failing hearts.

Most VADs can be classified as either nonpulsatile or pul-
satile (Tables 60-16 and 60-17), depending on the type of blood 
flow that they promote. Alternatively, when the site of the pump 
is taken into account, VADs can be categorized as extracorporeal 
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Table 60-16 Pulsatile Ventricular Assist Devices

Device Length of Support Position Ventricular Support Drive Mechanism

Abiomed BVS 
5000

Short term Extracorporeal LV, RV, BV Pneumatically driven atrial and 
ventricular chambers

Thoratec VAD Short to medium term Extracorporeal LV, RV, BV Pneumatically driven sac

HeartMate IP 
and VE

Long term as a bridge to 
transplantation or recovery or as 
destination therapy (HeartMate VE)

Intracorporeal, abdominal 
(preperitoneal or intraperitoneal)

LV Pneumatically or electrically driven, 
flexible, textured polyurethane 
diaphragm

Novacor Long term as a bridge to 
transplantation or recovery

Intracorporeal, abdominal 
(preperitoneal or intraperitoneal)

LV Polyurethane pump sac compressed 
by electrically driven pusher plates

BV, biventricular; BVS, biventricular support; IP, implantable pneumatic; LV, left ventricular; RV, right ventricular; VAD, ventricular assist device; VE, vented electric.

Table 60-17 Nonpulsatile Ventricular Assist Devices

Device Flow Type Length of Support Position Ventricular Support Drive Mechanism

Levitronix CentriMag Centrifugal Short term Extracorporeal LV, RV, BV Electric

Tandem Heart Centrifugal Short term Extracorporeal LV Electric

Impella Axial Short term Extracorporeal LV Electric

Jarvik 2000 Axial Long term Intracorporeal LV Impeller electrically driven

DeBakey LVAD Axial Long term Intracorporeal LV Electric

HeartMate II Axial Short term Intracorporeal LV Electric

BV, biventricular; LV, left ventricular; LVAD, left ventricular assist device; RV, right ventricular.

or intracorporeal. Most extracorporeal VADs, whether pulsatile 
or nonpulsatile, are used for short- or medium-term support.

Pulsatile assist devices provide a pulsatile flow and can 
generate a cardiac output of 6 to 9 L/min, given an adequate 
venous return. Currently, U.S. FDA–approved pulsatile VADs 
include the Abiomed BVS 5000, the !oratec VAD System, the 
Novaco, and the HeartMate. !e HeartMate VE (vented electric) 
is the only mechanical device currently approved by the FDA for 
destination therapy.

Nonpulsatile devices are designed with either centrifugal 
or axial flow patterns. !ese pumps generate continuous flow and 
have the advantage of being small, silent, valveless, and fully 
implantable. By working in concert with the heart, they improve 
the position of the le" ventricle on the Frank-Starling curve. !e 
Jarvik 2000 and the HeartMate II VADs can produce high flow 
rates and generate virtually all of the cardiac output. !ey can also 
operate at lower speeds, which allows the le" ventricle to assume 
some of the workload. !e Jarvik 2000 is an intraventricular 
device that is implanted at the LV apex, with the outflow cannula 
placed in the descending thoracic aorta (Fig. 60-30). !e Heart-
Mate II operates at 6000 to 15,000 rpm and provides up to 10 L/
min of continuous cardiac output. An inflow gra" delivers blood 
from the le" ventricle to the pump, and an outflow gra" delivers 
blood from the pump to the ascending aorta (Fig. 60-31). A 
driveline connects the pump to the external system driver. !e 
Jarvik 2000 and the HeartMate II are used for long-term ventricu-
lar support as a bridge to heart transplantation.

Not all patients with advanced HF are good candidates for 
LVAD support. Contraindications to LVAD placement include 
active infection, irreversible renal dysfunction, severe liver 

impairment, stroke, severe pulmonary hypertension, incurable 
malignancy, and for the larger LVADs, a small body surface  
area (<1.5 m2).384 Nonetheless, the smaller size and ease of 
implantation of the newer axial flow LVADs make this technology 
potentially lifesaving for a wide range of patients, including  
those with a small body surface area, such as women and 
children.369,385

Because decompensated HF refractory to medical manage-
ment is the principal feature of candidates for LVAD insertion, 
these patients may have different degrees of end-organ dysfunc-
tion caused by decreased cardiac output and perfusion pressure. 
Sepsis, pneumonia, ischemia, arrhythmias, and uremia secondary 
to renal insufficiency are common. Patients also o"en have reac-
tive pulmonary hypertension caused by chronic elevation of LAP. 
Heart catheterization should be performed in these patients to 
obtain information about PVR, the pulmonary vascular response 
to vasodilators, cardiac output, and LV filling pressure.

Coagulopathy is common in HF patients receiving VAD 
support. Chronic, passive hepatic congestion may coincide with 
RV failure and can interfere with coagulation factor–dependent 
synthetic function. In addition, because prolonged or intermit-
tent use of heparin is common in this patient population, VAD-
supported patients have a higher incidence of HIT than other 
patients undergoing cardiac surgery do.386,387 Testing for HIT anti-
bodies in VAD patients, as well as implementing an alternative 
anticoagulation regimen, may lead to desirable outcomes.388 In 
addition, VAD systems are known to activate the coagulation, 
thrombolytic, and inflammatory systems,389 and platelet mor-
phology and function are significantly altered by VAD-induced 
surface activation.390

• Complications related to single lung ventilation:

Pulmonary 
Effects

Cardiovascular 
Effects

CO2 Insufflation 
Effects

Hypoxaemia Hypotension Hypotension

Hypercapnia Hypertension Bradycardia

Impaired HPV Arrhythmias Co2 air embolism

Pulmonary 
Edema

Mediastinal Shift Subcutaneous 
Emphysema

Atelectasis

Pneumonia

Complications more with Rt Lung as Vascular supply is 10% 
more compared to the left side.
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Table 60-16 Pulsatile Ventricular Assist Devices

Device Length of Support Position Ventricular Support Drive Mechanism

Abiomed BVS 
5000

Short term Extracorporeal LV, RV, BV Pneumatically driven atrial and 
ventricular chambers

Thoratec VAD Short to medium term Extracorporeal LV, RV, BV Pneumatically driven sac

HeartMate IP 
and VE

Long term as a bridge to 
transplantation or recovery or as 
destination therapy (HeartMate VE)

Intracorporeal, abdominal 
(preperitoneal or intraperitoneal)

LV Pneumatically or electrically driven, 
flexible, textured polyurethane 
diaphragm

Novacor Long term as a bridge to 
transplantation or recovery

Intracorporeal, abdominal 
(preperitoneal or intraperitoneal)

LV Polyurethane pump sac compressed 
by electrically driven pusher plates

BV, biventricular; BVS, biventricular support; IP, implantable pneumatic; LV, left ventricular; RV, right ventricular; VAD, ventricular assist device; VE, vented electric.

Table 60-17 Nonpulsatile Ventricular Assist Devices

Device Flow Type Length of Support Position Ventricular Support Drive Mechanism

Levitronix CentriMag Centrifugal Short term Extracorporeal LV, RV, BV Electric

Tandem Heart Centrifugal Short term Extracorporeal LV Electric

Impella Axial Short term Extracorporeal LV Electric

Jarvik 2000 Axial Long term Intracorporeal LV Impeller electrically driven

DeBakey LVAD Axial Long term Intracorporeal LV Electric

HeartMate II Axial Short term Intracorporeal LV Electric

BV, biventricular; LV, left ventricular; LVAD, left ventricular assist device; RV, right ventricular.

or intracorporeal. Most extracorporeal VADs, whether pulsatile 
or nonpulsatile, are used for short- or medium-term support.

Pulsatile assist devices provide a pulsatile flow and can 
generate a cardiac output of 6 to 9 L/min, given an adequate 
venous return. Currently, U.S. FDA–approved pulsatile VADs 
include the Abiomed BVS 5000, the !oratec VAD System, the 
Novaco, and the HeartMate. !e HeartMate VE (vented electric) 
is the only mechanical device currently approved by the FDA for 
destination therapy.

Nonpulsatile devices are designed with either centrifugal 
or axial flow patterns. !ese pumps generate continuous flow and 
have the advantage of being small, silent, valveless, and fully 
implantable. By working in concert with the heart, they improve 
the position of the le" ventricle on the Frank-Starling curve. !e 
Jarvik 2000 and the HeartMate II VADs can produce high flow 
rates and generate virtually all of the cardiac output. !ey can also 
operate at lower speeds, which allows the le" ventricle to assume 
some of the workload. !e Jarvik 2000 is an intraventricular 
device that is implanted at the LV apex, with the outflow cannula 
placed in the descending thoracic aorta (Fig. 60-30). !e Heart-
Mate II operates at 6000 to 15,000 rpm and provides up to 10 L/
min of continuous cardiac output. An inflow gra" delivers blood 
from the le" ventricle to the pump, and an outflow gra" delivers 
blood from the pump to the ascending aorta (Fig. 60-31). A 
driveline connects the pump to the external system driver. !e 
Jarvik 2000 and the HeartMate II are used for long-term ventricu-
lar support as a bridge to heart transplantation.

Not all patients with advanced HF are good candidates for 
LVAD support. Contraindications to LVAD placement include 
active infection, irreversible renal dysfunction, severe liver 

impairment, stroke, severe pulmonary hypertension, incurable 
malignancy, and for the larger LVADs, a small body surface  
area (<1.5 m2).384 Nonetheless, the smaller size and ease of 
implantation of the newer axial flow LVADs make this technology 
potentially lifesaving for a wide range of patients, including  
those with a small body surface area, such as women and 
children.369,385

Because decompensated HF refractory to medical manage-
ment is the principal feature of candidates for LVAD insertion, 
these patients may have different degrees of end-organ dysfunc-
tion caused by decreased cardiac output and perfusion pressure. 
Sepsis, pneumonia, ischemia, arrhythmias, and uremia secondary 
to renal insufficiency are common. Patients also o"en have reac-
tive pulmonary hypertension caused by chronic elevation of LAP. 
Heart catheterization should be performed in these patients to 
obtain information about PVR, the pulmonary vascular response 
to vasodilators, cardiac output, and LV filling pressure.

Coagulopathy is common in HF patients receiving VAD 
support. Chronic, passive hepatic congestion may coincide with 
RV failure and can interfere with coagulation factor–dependent 
synthetic function. In addition, because prolonged or intermit-
tent use of heparin is common in this patient population, VAD-
supported patients have a higher incidence of HIT than other 
patients undergoing cardiac surgery do.386,387 Testing for HIT anti-
bodies in VAD patients, as well as implementing an alternative 
anticoagulation regimen, may lead to desirable outcomes.388 In 
addition, VAD systems are known to activate the coagulation, 
thrombolytic, and inflammatory systems,389 and platelet mor-
phology and function are significantly altered by VAD-induced 
surface activation.390
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Table 60-20 The RIFLE* Classification Scheme for Acute Renal Failure

GFR Criteria
Urine Output 
Criteria

Risk Plasma creatinine increased 1.5× or GFR 
decrease >25%

<0.5 mL/ kg/h × 6 hr

Injury Plasma creatinine increased 2× or GFR 
decrease >50%

<0.5 mL/kg/hr × 12 hr

Failure Plasma creatinine increased 3×, acute 
plasma creatinine ≥350 µmol/L, or 
acute rise ≥44 µmol/L

<0.3 mL/kg/hr × 24 hr 
or anuria × 12 hr

Loss Persistent acute renal failure = complete 
loss of kidney function >4 wk

ESKD End-stage kidney disease (>3 mo)

*Acronym for risk, injury, failure, loss, and end-stage kidney disease (ESKD).

From Kuitunen A, Vento A, Suojaranta-Ylinen R, Pettilä V: Acute renal failure after 
cardiac surgery: Evaluation of the RIFLE classification. Ann Thorac Surg 81:542-546, 
2006.

GFR, glomerular filtration rate.

Box 60-15 Aims of and Treatment Modalities to Reduce or 
Prevent the Development of Postoperative Renal Dysfunction

1. Maintain adequate oxygen delivery—by ensuring 
adequate cardiac output, adequate oxygen-carrying 
capacity, and proper hemoglobin saturation

2. Suppression of renovascular constriction—by ensuring 
adequate volume preload and use of infusions of mannitol, 
calcium entry blockers, and angiotensin-converting 
enzyme inhibitors

3. Renal vasodilation—by dopaminergic agents, 
prostaglandins, and atrial natriuretic peptide

4. Maintain renal tubular flow—by loop diuretics and 
mannitol (which may act to prevent tubular obstruction, 
which can cause cellular swelling, ischemia, and death)

5. Decrease oxygen demand—by the use of loop diuretics 
and mild cooling

6. Attenuate ischemic reperfusion injury—as a result of the 
release of oxygen free radicals and calcium ions

From Sear JW: Kidney dysfunction in the postoperative period. Br J 
Anaesth 95:20-32, 2005.

increased mortality76,83; thus, it should be prevented whenever 
possible. Several treatment modalities have been suggested to 
prevent or ameliorate postoperative renal dysfunction (Box 
60-15).76 Unproven pharmacologic therapies include dopamine, 
dopexamine, the loop diuretics, mannitol, calcium channel entry 
blockers, ACEIs, and atrial natriuretic peptide.

Central Nervous System Dysfunction

CNS dysfunction is a common and potentially catastrophic com-
plication of cardiac surgery and CPB. Rates of CNS injury vary 
between studies, but a large multicenter study found an overall 
6.1% incidence of adverse cerebral outcomes.56 Other studies, 
examining only neurocognitive dysfunction, have reported inci-
dences approaching 60%.62 A large European study involving 
more than 16,000 patients reported the following injury rates: 
OPCAB, 1.9%; CABG, 3.8%; aortic valve operations, 4.8%; CABG 
combined with valve procedures, 7.4%; mitral valve operations, 
8.8%; and multiple-valve procedures, 9.7%.61

!e impact of surgery-related CNS injury is profound. In 
a single-institution database study of 10,860 cardiac surgical 
patients, those who had overt perioperative strokes had survival 
rates of 64% at 1 year and 44% at 5 years, whereas patients who 
did not have perioperative strokes had survival rates of 94% at 1 
year and 81% at 5 years.503 !e impact of stroke on health care 
resource utilization is also a cause for concern. Roach and col-
leagues56 found that 47% of patients who had a type I neurologic 
event (stroke or transient ischemic attack) were discharged from 
the hospital to a skilled nursing facility or rehabilitation center. 
Furthermore, 30% of patients with more subtle neurocognitive 
dysfunction (type II event) a"er cardiac surgery were discharged 
to such facilities versus 8% without type I or type II events. Given 
that the clinical manifestation of cerebral injury is primarily a 
postoperative diagnosis, o"en with potentially irreversible  
neurologic sequelae and significant consequences for resource 
utilization, preoperative risk stratification and intraoperative 
management are important focal points for efforts to ameliorate 
and reduce CNS dysfunction and injury within the cardiac surgi-
cal population.

Neuroprotection Strategies
Numerous strategies have been tried in an attempt to decrease 
the incidence and severity of neurologic injury in cardiac surgical 
patients. A recent review of the literature by Hogue and associ-
ates,234 using methods promoted by the AHA for making evi-
dence-based recommendations, yielded only four management 
strategies with current evidence, albeit of a low to intermediate 
level, to support their use: epiaortic scanning leading to altera-
tions in bypass or surgical technique, maintaining higher mean 
arterial pressure during CPB, using pulsatile perfusion, and using 
α-stat pH management during CPB. Each strategy received only 
a class IIb rating, which Hogue and colleagues define as follows: 

“Class IIb: interventions are acceptable, safe, and useful. Con-
sidered ‘within’ the standard of care: reasonable prudent physi-
cians can choose. Considered optional or alternative intervention 
by a majority of experts.” 

Many therapies and strategies received an indeterminate classifi-
cation in Hogue and colleagues’ review because there is not yet 
adequate evidence that they produce any improvement in neuro-
logic outcome. Most pharmacologic strategies, such as the use of 
thiopental, propofol, nimodipine, and other drugs, received a 
class III rating, which means that the existing literature did not 
provide evidence of their efficacy. Table 60-21 lists the evidence-
based ratings for various neuroprotective strategies.

Postoperative Management of Central Nervous System 
Injury or Dysfunction
Stroke a"er surgery may be indicated by the patient’s inability to 
follow commands or move all extremities shortly a"er surgery. 
Neurologic consultation should be obtained, including diagnostic 
imaging. Diffusion-weighted magnetic resonance imaging is the 
most sensitive and accurate imaging technique for postoperative 
cardiac surgical patients.504 It detects more microembolic lesions 
than conventional magnetic resonance imaging does and is better 
able to find multiple, “watershed” lesions.505
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extremities. Occasionally during the perioperative period, the 
cardiac anesthesiologist or surgeon must replace a peripheral 
catheter (e.g., insert a femoral arterial catheter) to ensure that the 
effects of vasoactive therapy are monitored accurately.

Renal Insufficiency

Perioperative renal dysfunction, when it occurs, can have serious 
consequences. In a multicenter study of more than 2000 patients 
who underwent coronary revascularization with or without val-
vular surgery, Mangano and coworkers83 found postoperative 
renal dysfunction in 7.7%, including 30 (1.4%) patients in whom 
dialysis was needed. In that study, mortality was higher in patients 
with ARF requiring dialysis (63%) and those with renal dysfunc-
tion (19%) than in patients who had neither (0.9%). Additionally, 
patients with postoperative renal failure had significantly longer 
hospital and ICU stays than did patients who had no renal failure 
or dysfunction in the postoperative period. Bove and associates,81 
in a study of more than 5000 patients who underwent cardiac 
surgery with CPB, found that 1.9% required postoperative dialysis 
and had an in-hospital mortality of 64%.

Preoperative risk factors that are commonly associated 
with postoperative renal dysfunction a"er cardiac surgery include 
preexisting renal insufficiency,500,501 type 1 diabetes mellitus, age 
older than 65 years, major vascular surgery, arteriopathy, genetic 
predisposition, and recent exposure to nephrotoxic agents, such 
as radiocontrast dyes, bile pigments, aminoglycoside antibiotics, 
and nonsteroidal anti-inflammatory drugs. Also, several intraop-
erative factors may predispose a patient to renal dysfunction, 
including the need for emergency surgery,81 CPB time exceeding 
3 hours,76 and poor cardiac function.501 Other perioperative risk 
factors for renal dysfunction a"er cardiac surgery are hypovo-
lemia, hypotension secondary to either hypovolemia or LCOS, 
and embolic phenomena.76 Furthermore, damage to nephrons in 
the medullary region of the kidney is the most common cause of 
acute tubular necrosis, with hypoxia being a common cause of 
damage to nephrons in this region.76

Based on studies performed in patients with radiocontrast 
nephropathy, it has been concluded that hydration before the 
administration of radiocontrast media may protect the kidneys 
against the occurrence of postoperative renal dysfunction.76 
Because the mechanism of renal injury a"er CPB appears to be 
similar to that a"er the administration of radiocontrast dyes, it is 
thought that adequate hydration and maintenance of normovo-
lemia can help in the prevention of postoperative renal dysfunc-
tion in cardiac surgical patients.76 Furthermore, in patients at high 
risk for ARF, perioperative care should optimize cardiac output 
and, if possible, reduce the duration of CPB.81

Although the definition of ARF varies between studies, 
three useful criteria include (1) a serum creatinine level greater 
than 44 mmol/L (>0.5 mg/dL) above its preoperative value, (2) a 
serum creatinine level greater than 50% above its preoperative 
value, and (3) a serum creatinine level higher than 177 mmol/L 
(>2.0 mg/dL).76 Another definition of ARF involves a classifica-
tion scheme (Table 60-20) that uses the acronym “RIFLE.”502 A 
study performed by Kuitunen and colleagues502 concluded that 
90-day mortality is high in patients with a severe RIFLE 
classification.

Certainly, postoperative ARF in cardiac surgical patients is 
associated with longer ICU stay, longer overall hospital stay, and 

Box 60-14 Vasodilators Available for the Treatment of 
Perioperative Hypertension

Adenosine

α1-Adrenergic antagonists

α2-Adrenergic agonists

Angiotensin-converting enzyme inhibitors (enalaprilat)

Angiotensin II antagonists

Atrial natriuretic peptide (nesiritide)

β2-Adrenergic agonists

Dihydropyridine-type calcium channel blockers*

Dopamine agonists

Hydralazine

Nitrovasodilators*

Phosphodiesterase enzyme inhibitors

Prostaglandins

From Levy JH: Management of systemic and pulmonary 
hypertension. Tex Heart Inst J 32:467-471, 2005.

*Intravenous vasoactive therapies in widespread use to treat 
perioperative hypertension.

Because arterial vasoconstriction plays an important role 
in the development of hypertension a"er cardiac surgery, the 
therapeutic agent chosen should usually be one that effectively 
reduces hypertension. Sodium nitroprusside, a nonspecific venous 
and arterial vasodilator, is a common choice. However, theoreti-
cally, nitroprusside can cause coronary steal.497 Furthermore, in 
patients with renal failure, elimination of sodium nitroprusside is 
reduced, thus making the patient vulnerable to the toxic effects 
of this drug’s metabolites (cyanide and thiocyanate).

Fenoldopam is a short-acting dopamine agonist that causes 
arterial-specific vasodilation by stimulating D1 receptors. Unlike 
sodium nitroprusside, fenoldopam increases renal blood flow to 
produce diuresis and natriuresis. Nevertheless, most clinical trials 
on the renal protective effects of fenoldopam are, at best, equivo-
cal.498 However, in one trial in cardiac surgical patients, the inves-
tigators concluded that fenoldopam did prevent acute kidney 
injury in a high-risk population of patients undergoing cardiac 
surgery.499 Higher doses of fenoldopam may be needed for severe 
hypertension but may be associated with undesirable increases in 
heart rate.

Dihydropyridine-type calcium channel blockers, such as 
nicardipine and clevidipine, selectively relax arterial resistance 
vessels without negative inotropic or dromotropic (conduction) 
effects; they result in generalized vasodilation of the renal, cere-
bral, intestinal, and coronary vascular beds. Although cost is 
higher than that for the older agents (nitroglycerin or nitroprus-
side), nicardipine and clevidipine are recommended by some 
experts as first-line treatment for cardiac surgical patients with 
acute hypertension requiring immediate control.497

It is important to ensure that the patient’s intra-arterial 
pressure is monitored adequately when any vasoactive agent is 
administered. Vasoconstriction or poor perfusion of the extremi-
ties may create a discrepancy between central aortic and periph-
eral arterial pressure. In addition, a radial arterial catheter may be 
“positional” if hand positioning is suboptimal, or “dampening” of 
the tracing may occur as a result of poor perfusion of the distal 
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Table 60-20 The RIFLE* Classification Scheme for Acute Renal Failure

GFR Criteria
Urine Output 
Criteria

Risk Plasma creatinine increased 1.5× or GFR 
decrease >25%

<0.5 mL/ kg/h × 6 hr

Injury Plasma creatinine increased 2× or GFR 
decrease >50%

<0.5 mL/kg/hr × 12 hr

Failure Plasma creatinine increased 3×, acute 
plasma creatinine ≥350 µmol/L, or 
acute rise ≥44 µmol/L

<0.3 mL/kg/hr × 24 hr 
or anuria × 12 hr

Loss Persistent acute renal failure = complete 
loss of kidney function >4 wk

ESKD End-stage kidney disease (>3 mo)

*Acronym for risk, injury, failure, loss, and end-stage kidney disease (ESKD).

From Kuitunen A, Vento A, Suojaranta-Ylinen R, Pettilä V: Acute renal failure after 
cardiac surgery: Evaluation of the RIFLE classification. Ann Thorac Surg 81:542-546, 
2006.

GFR, glomerular filtration rate.

Box 60-15 Aims of and Treatment Modalities to Reduce or 
Prevent the Development of Postoperative Renal Dysfunction

1. Maintain adequate oxygen delivery—by ensuring 
adequate cardiac output, adequate oxygen-carrying 
capacity, and proper hemoglobin saturation

2. Suppression of renovascular constriction—by ensuring 
adequate volume preload and use of infusions of mannitol, 
calcium entry blockers, and angiotensin-converting 
enzyme inhibitors

3. Renal vasodilation—by dopaminergic agents, 
prostaglandins, and atrial natriuretic peptide

4. Maintain renal tubular flow—by loop diuretics and 
mannitol (which may act to prevent tubular obstruction, 
which can cause cellular swelling, ischemia, and death)

5. Decrease oxygen demand—by the use of loop diuretics 
and mild cooling

6. Attenuate ischemic reperfusion injury—as a result of the 
release of oxygen free radicals and calcium ions

From Sear JW: Kidney dysfunction in the postoperative period. Br J 
Anaesth 95:20-32, 2005.

increased mortality76,83; thus, it should be prevented whenever 
possible. Several treatment modalities have been suggested to 
prevent or ameliorate postoperative renal dysfunction (Box 
60-15).76 Unproven pharmacologic therapies include dopamine, 
dopexamine, the loop diuretics, mannitol, calcium channel entry 
blockers, ACEIs, and atrial natriuretic peptide.

Central Nervous System Dysfunction

CNS dysfunction is a common and potentially catastrophic com-
plication of cardiac surgery and CPB. Rates of CNS injury vary 
between studies, but a large multicenter study found an overall 
6.1% incidence of adverse cerebral outcomes.56 Other studies, 
examining only neurocognitive dysfunction, have reported inci-
dences approaching 60%.62 A large European study involving 
more than 16,000 patients reported the following injury rates: 
OPCAB, 1.9%; CABG, 3.8%; aortic valve operations, 4.8%; CABG 
combined with valve procedures, 7.4%; mitral valve operations, 
8.8%; and multiple-valve procedures, 9.7%.61

!e impact of surgery-related CNS injury is profound. In 
a single-institution database study of 10,860 cardiac surgical 
patients, those who had overt perioperative strokes had survival 
rates of 64% at 1 year and 44% at 5 years, whereas patients who 
did not have perioperative strokes had survival rates of 94% at 1 
year and 81% at 5 years.503 !e impact of stroke on health care 
resource utilization is also a cause for concern. Roach and col-
leagues56 found that 47% of patients who had a type I neurologic 
event (stroke or transient ischemic attack) were discharged from 
the hospital to a skilled nursing facility or rehabilitation center. 
Furthermore, 30% of patients with more subtle neurocognitive 
dysfunction (type II event) a"er cardiac surgery were discharged 
to such facilities versus 8% without type I or type II events. Given 
that the clinical manifestation of cerebral injury is primarily a 
postoperative diagnosis, o"en with potentially irreversible  
neurologic sequelae and significant consequences for resource 
utilization, preoperative risk stratification and intraoperative 
management are important focal points for efforts to ameliorate 
and reduce CNS dysfunction and injury within the cardiac surgi-
cal population.

Neuroprotection Strategies
Numerous strategies have been tried in an attempt to decrease 
the incidence and severity of neurologic injury in cardiac surgical 
patients. A recent review of the literature by Hogue and associ-
ates,234 using methods promoted by the AHA for making evi-
dence-based recommendations, yielded only four management 
strategies with current evidence, albeit of a low to intermediate 
level, to support their use: epiaortic scanning leading to altera-
tions in bypass or surgical technique, maintaining higher mean 
arterial pressure during CPB, using pulsatile perfusion, and using 
α-stat pH management during CPB. Each strategy received only 
a class IIb rating, which Hogue and colleagues define as follows: 

“Class IIb: interventions are acceptable, safe, and useful. Con-
sidered ‘within’ the standard of care: reasonable prudent physi-
cians can choose. Considered optional or alternative intervention 
by a majority of experts.” 

Many therapies and strategies received an indeterminate classifi-
cation in Hogue and colleagues’ review because there is not yet 
adequate evidence that they produce any improvement in neuro-
logic outcome. Most pharmacologic strategies, such as the use of 
thiopental, propofol, nimodipine, and other drugs, received a 
class III rating, which means that the existing literature did not 
provide evidence of their efficacy. Table 60-21 lists the evidence-
based ratings for various neuroprotective strategies.

Postoperative Management of Central Nervous System 
Injury or Dysfunction
Stroke a"er surgery may be indicated by the patient’s inability to 
follow commands or move all extremities shortly a"er surgery. 
Neurologic consultation should be obtained, including diagnostic 
imaging. Diffusion-weighted magnetic resonance imaging is the 
most sensitive and accurate imaging technique for postoperative 
cardiac surgical patients.504 It detects more microembolic lesions 
than conventional magnetic resonance imaging does and is better 
able to find multiple, “watershed” lesions.505
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Box 62-1 Physiologic Changes with Aortic Cross-Clamping* 
and Therapeutic Interventions

Hemodynamic Changes
↑ Arterial blood pressure above the clamp

↓ Arterial blood pressure below the clamp

↑ Segmental wall motion abnormalities

↑ Left ventricular wall tension

↓ Ejection fraction

↓ Cardiac output†

↓ Renal blood flow

↑ Pulmonary occlusion pressure

↑ Central venous pressure

↑ Coronary blood flow

Metabolic Changes
↓ Total-body oxygen consumption

↓ Total-body carbon dioxide production

↑ Mixed venous oxygen saturation

↓ Total-body oxygen extraction

↑ Epinephrine and norepinephrine

Respiratory alkalosis‡

Metabolic acidosis

Therapeutic Interventions
Afterload reduction

Sodium nitroprusside
Inhaled anesthetics
Amrinone
Shunts and aorta-to-femoral bypass

Preload reduction
Nitroglycerin
Controlled phlebotomy
Atrial-to-femoral bypass

Renal protection
Fluid administration
Distal aortic perfusion techniques
Selective renal artery perfusion
Mannitol
Drugs to augment renal perfusion

Other
Hypothermia
↓ Minute ventilation
Sodium bicarbonate

†Cardiac output may increase with thoracic cross-clamping.
‡When ventilatory settings are unchanged from preclamp levels.

*These changes are of greater significance with longer duration of 
cross-clamping and with more proximal cross-clamping.

Box 62-2 Factors That May Influence the Magnitude and 
Direction of Physiologic Changes Occurring with Aortic 
Cross-Clamping

Level of aortic cross-clamp

Species differences

Anesthetic agents and techniques

Use of vasodilator therapy

Use of diverting circulatory support

Degree of periaortic collateralization

Left ventricular function

Status of the coronary circulation

Volume status

Neuroendocrine activation

Duration of aortic cross-clamping

Body temperature

tant to understand that the magnitude as well as direction of these 
changes is complex and dynamic, not consistent across experi-
mental and clinical studies, and highly dependent on a number 
of important factors (Box 62-2). !e systemic cardiovascular con-
sequences of aortic cross-clamping can be dramatic, depending 
primarily on the level at which the cross-clamp is applied. Arterial 
hypertension above the clamp and arterial hypotension below the 
clamp are the most consistent components of the hemodynamic 

response to aortic cross-clamping at any level. !e increase in 
arterial blood pressure above the clamp is primarily due to the 
sudden increase in impedance to aortic blood flow and the result-
ant increase in systolic ventricular wall tension or a"erload. 
However, factors such as myocardial contractility, preload, blood 
volume, and activation of the sympathetic nervous system may 
also be important.97 Cross-clamping of the aorta at or above the 
diaphragm results in the most profound increases in arterial 
blood pressure unless diverting circulatory support or intrave-
nous vasodilators are used.

Changes in cardiac output and filling pressure with aortic 
cross-clamping are not consistent and require an integrated 
approach in an attempt to understand the direction and magni-
tude of such changes (Fig. 62-5). Cross-clamping of the proximal 
descending thoracic aorta increases mean arterial, central venous, 
mean pulmonary arterial, and pulmonary capillary wedge pres-
sure by 35%, 56%, 43%, and 90%, respectively, and decreases the 
cardiac index by 29%. Heart rate and le" ventricular stroke work 
are not significantly changed. Supraceliac aortic cross-clamping 
increases mean arterial pressure by 54% and pulmonary capillary 
wedge pressure by 38%.98 Ejection fraction, as determined by 
two-dimensional echocardiography, decreases by 38%. Despite 
normalization of systemic and pulmonary capillary wedge pres-
sure with anesthetic agents and vasodilator therapy, supraceliac 
aortic cross-clamping causes significant increases in le" ventricu-
lar end-systolic and end-diastolic area (69% and 28%, respec-
tively), as well as wall motion abnormalities indicative of ischemia 
in 11 of 12 patients (Table 62-6). Aortic cross-clamping at the 
suprarenal level causes similar but smaller cardiovascular changes, 
and clamping at the infrarenal level is associated with only 
minimal changes and no wall motion abnormalities.

!e marked increases in ventricular filling pressure 
(preload) reported with high aortic cross-clamping have been 
attributed to blood volume redistribution and increased a"erload. 
!e most substantial body of evidence supports the hypothesis of 
blood volume redistribution during thoracic aortic cross-clamp-
ing. !e splanchnic circulation, an important source of functional 
blood volume reserve, is central to this hypothesis. !e splanch-
nic organs contain nearly 25% of the total blood volume, nearly 
two thirds (>800 mL) of which can be autotransfused from the 
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because of hypovolemia and resultant renal hypoperfusion. In 
addition, dopamine’s positive inotropic and chronotropic activity 
may cause tachycardia and increase myocardial oxygen consump-
tion in patients with limited coronary reserve. Although I have 
virtually abandoned the prophylactic use of dopamine, I o!en 
administer diuretics to patients with low urine output a!er aortic 
unclamping, particularly those maintained on chronic diuretic 
therapy.

Fenoldopam mesylate, a selective dopamine type 1 agonist 
that preferentially dilates the renal and splanchnic vascular beds, 
has shown some early promise as a renoprotective drug.121,122 
However, its role in the prevention of renal dysfunction a!er aortic 
surgery is not known.123 Statin use is associated with preserved 
renal function a!er aortic surgery requiring suprarenal aortic 
cross-clamping.124 Remote ischemic preconditioning reduces the 
incidence of renal impairment a!er open aortic surgery.125

Optimal systemic hemodynamics, including maintenance 
of intravascular volume, is the most effective means of renal pro-
tection during and a!er aortic cross-clamping.126,127 #e goal is to 
achieve a preload adequate to allow the le! ventricle to cope with 
cross-clamping–induced changes in contractility and a!erload 
while maintaining cardiac output. However, in providing such 
therapy, excessive intravascular volume should be avoided, which 
may lead to inappropriate increases in preload or pulmonary 
edema in patients with decreased myocardial reserve.

Therapeutic Strategies
Patients with preexisting impaired ventricular function and 
reduced coronary reserve are most vulnerable to the stress 
imposed on the cardiovascular system by aortic cross-clamping. 
Rational therapeutic strategies to prevent the deleterious effect of 
aortic cross-clamping primarily include measures to reduce a!er-
load, normalize preload, and maintain cardiac output. Vasodila-
tors, positive and negative inotropes, and controlled volume 
depletion (i.e., phlebotomy) may be used selectively.

Patients with impaired ventricular function requiring 
supraceliac aortic cross-clamping are the most challenging. Myo-
cardial ischemia, reflecting an unfavorable balance between  
myocardial oxygen supply and demand, may result from the 
hemodynamic consequences of aortic cross-clamping. Control-
led (i.e., slow clamp application) supraceliac aortic cross-clamp-
ing is important to avoid abrupt and extreme stress on the heart. 
Both a!erload and preload reduction is o!en required. A!erload 
reduction, most commonly accomplished with the use of sodium 
nitroprusside (predominantly an arteriolar dilator), is necessary 
to “unload” the heart and reduce ventricular wall tension. In a 
large series of patients requiring cross-clamping of the descend-
ing thoracic aorta, stable le! ventricular function was maintained 
with sodium nitroprusside during cross-clamping. Sodium nitro-
prusside allowed adequate intravascular volume before unclamp-
ing, which resulted in stable unclamping hemodynamics, although 
isoflurane can provide hemodynamics comparable to that pro-
vided by sodium nitroprusside during thoracic aortic cross-
clamping,102 #ough not widely used, amrinone provides 
hemodynamic control equivalent to that of sodium nitroprusside 
during abdominal aortic surgery.128 A normal preload is equally 
important and involves careful fluid titration and vasodilator 
administration. Nitroglycerin is commonly used in this setting 
because it increases venous capacity to a greater extent than 
sodium nitroprusside does. Infusion of nitroglycerin during 
abdominal aortic surgery maintains ventricular function during 
the cross-clamp period.

In patients without evidence of le! ventricular decompen-
sation or myocardial ischemia during supraceliac aortic cross-
clamping, a proximal aortic mean arterial pressure of up to 
120 mm Hg may be acceptable. #e surgeon may request lower 
proximal arterial pressure if friable aortic tissue is encountered. 
Blood flow below the aortic clamp is dependent on pressure and 
decreases further during therapy with vasodilators.104 In this 
setting, vital organs and tissues distal to the clamp are exposed to 
reduced perfusion pressure and blood flow. #ough infrequent, 
maintenance of adequate cardiac output may require active inter-
vention with inotropic agents. In general, anesthetic agents that 
significantly depress myocardial function are avoided during 
aortic procedures.

Aortic Unclamping

#e hemodynamic and metabolic effects of aortic unclamping are 
listed in Box 62-3. #e hemodynamic response to unclamping 
depends on a number of factors, including the level of aortic 
occlusion, total occlusion time, the use of diverting support, and 
intravascular volume. Hypotension, the most consistent hemody-
namic response to aortic unclamping, can be profound, particu-
larly a!er removal of a supraceliac cross-clamp (Fig. 62-7). 
Reactive hyperemia in tissues and organs distal to the clamp and 

Box 62-3 Physiologic Changes with Aortic Unclamping* and 
Therapeutic Interventions

Hemodynamic Changes
↓ Myocardial contractility

↓ Arterial blood pressure

↑ Pulmonary artery pressure

↓ Central venous pressure

↓ Venous return

↓ Cardiac output

Metabolic Changes
↑ Total-body oxygen consumption

↑ Lactate

↓ Mixed venous oxygen saturation

↑ Prostaglandins

↑ Activated complement

↑ Myocardial depressant factor(s)

↓ Temperature

Metabolic acidosis

Therapeutic Interventions
↓ Inhaled anesthetics

↓ Vasodilators

↑ Fluid administration

↑ Vasoconstrictor drugs

Reapply cross-clamp for severe hypotension

Consider mannitol

Consider sodium bicarbonate
*These changes are of greater significance with longer duration of 

cross-clamping and with more proximal cross-clamping.
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diate attention. Conventional practice is to monitor all vascular 
surgery patients in an ICU setting a!er surgery. Some centers 
have set up specialized vascular step-down units in which lower-
risk patients can be evaluated frequently by specialized nursing 
staff. #ere are, however, no clinical trials to support this practice, 
and most centers admit all vascular surgery patients to the ICU 
postoperatively.

Myocardial ischemia and cardiac morbidity occur most 
frequently in the postoperative period. Patients should be care-
fully monitored for signs and symptoms of ischemia, but up to 
90% of these episodes are asymptomatic.501-505 #e determinants 
of myocardial oxygen supply and demand should be optimized 
for all patients (Fig. 62-18) to prevent ischemia before it develops. 
β-Blocker and statin therapy should be continued throughout 
the postoperative period. Dysrhythmias may be secondary  
to ischemia or to sympathectomy associated with regional 
anesthesia.

Besides myocardial ischemia and cardiac morbidity, other 
problems include coagulopathy, either from residual heparin or 
from dilutional coagulopathy a!er massive transfusion. Even in 
the absence of coagulopathy, bleeding through fresh vascular 
anastomoses may occur when significant postoperative hyperten-
sion is untreated. Hypovolemia occurs a!er aortic surgery as a 
result of significant third-space fluid loss and bleeding. Hypovo-
lemia may lead to hypotension and hypoperfusion of the coro-
nary arteries or lower extremity vascular gra!s. Gra! occlusion 
in the lower extremities occurs in 3% to 10% of patients27,28,323 
a!er lower extremity or aortic surgery and should be recognized 
immediately and surgically corrected. Lower extremity pulses 
should be checked at hourly intervals. Some patients require the 
administration of heparin or dextran to prevent thrombosis when 
the surgical repair is questionable or when patients have diffuse 
atherosclerotic disease.

Residual hypothermia in the early postoperative period is 
associated with an increased incidence of myocardial ischemia 

and cardiac morbidity; therefore, body temperature should be 
carefully monitored and controlled in all vascular surgery patients. 
In a prospective randomized trial, the relative risk for early post-
operative cardiac morbidity was reduced by 55% when normo-
thermia was maintained by use of a forced-air warming system.165 
In the early postoperative period, vascular surgery patients have 
a twofold to threefold greater incidence of myocardial ischemia 
when core temperature is less than 35°C.166 Even mild hypother-
mia of approximately 35°C is associated with a 200% to 700% 
increase in norepinephrine levels,163,506 generalized vasoconstric-
tion,507 and increased blood pressure in postoperative patients.163 
Shivering occurs and increases total-body oxygen consumption, 
but only by about 40% in the typical elderly vascular patient.152

It is important to control the stress response in the postop-
erative period. #is includes preventing the potential triggers for 
myocardial ischemia (pain, anemia, hypothermia, hemodynamic 
extremes, and ventilatory insufficiency). In mechanically venti-
lated patients, the weaning period is especially stressful, and myo-
cardial ischemia occurs frequently during this time.508 Careful 
sedation and expeditious weaning are desirable. When possible, 
extubation in the operating room is less stressful and is preferable 
for carotid and lower extremity vascular surgery patients.  
For more invasive surgical procedures (TAA and abdominal 
aortic aneurysm), postoperative mechanical ventilation is usually 
necessary.

Vascular surgery continues to challenge the anesthesiolo-
gist, given the significant physiologic stress superimposed on a 
relatively elderly patient population with a high incidence of 
coexisting disease. Clinical studies provide insight into the preop-
erative assessment and optimization of cardiac risk, the implica-
tions of anesthetic technique, and the diagnosis, prevention, and 
treatment of myocardial ischemia in vascular surgery patients. 
#ese studies have improved our ability to care for vascular 
surgery patients with reduced morbidity and better overall 
outcome.

Figure 62-18 Determinants of myocardial oxygen supply and demand that lead to myocardial ischemia. During the perioperative period, virtually every 
determinant is altered by factors such as fluid shifts, blood loss, pain, catecholamines, altered coagulability, and ventilatory insufficiency. (Adapted from Beattie 
C, Fleisher LA: Periopeative myocardial ischemia and infarction. Int Anesthesiol Clin 30:1-17, 1992.)
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!uid (CSF) to the spinal CSF space and venous blood to the 
extracranial veins. Ultimately, when the compensatory potential 
is exhausted, even tiny increments in volume of the intracranial 
contents can result in substantial increases in ICP. "ese increases 
have the potential to result in either herniation of brain tissue 
from one compartment to another (or into the surgical #eld) (see 
Fig. 63-1), with resultant mechanical injury to brain tissue, or 
reduction in perfusion pressure, leading to ischemic injury.

Several variables can interact to cause or aggravate intra-
cranial hypertension (Fig. 63-4). For clinicians faced with the 
problem of managing increased ICP, the objective is, broadly 
speaking, to reduce the volume of the intracranial contents. For 
mnemonic purposes, the clinician can divide the intracranial 
space into four subcompartments (Table 63-1): cells (including 
neurons, glia, tumors, and extravasated collections of blood), !uid 
(intracellular and extracellular), CSF, and blood.

1. !e cellular compartment: "is compartment is largely the 
province of the surgeon. It may be the anesthesiologist’s 
responsibility, however, to pose a well-placed diagnostic 
question. When the brain is bulging into the surgical #eld 
at the conclusion of evacuation of an extradural hematoma, 
the clinician should ask whether a subdural or extradural 
hematoma is present on the contralateral side that warrants 
either immediate bur holes or immediate postprocedure 
radiologic evaluation.

2. !e CSF compartment: "ere is no pharmacologic manipu-
lation of the CSF space, the time course and magnitude of 
which are relevant to the neurosurgical operating room. 
"e only relevant means for manipulating the size of this 
compartment is by drainage. A tight surgical #eld some-
times can be improved by passage of a brain needle by the 
surgeon into a lateral ventricle to drain CSF. Lumbar CSF 
drainage can be used to improve surgical exposure in situ-
ations with no substantial hazard of uncal or transforamen 
magnum herniation.

3. !e "uid compartment: "is compartment can be addressed 
with steroids and diuretics. "e use of these agents is dis-
cussed subsequently.

4. !e blood compartment: "is is the compartment that 
receives the anesthesiologist’s greatest attention because it 
is the most amenable to rapid alteration. "e blood com-
partment should be considered as two separate compo-
nents: venous and arterial.

We suggest giving #rst consideration to the venous side of 
the circulation. It is largely a passive compartment that is fre-
quently overlooked. Passive though it is, engorgement of this 
compartment is a common cause of increased ICP or poor condi-
tions in the surgical #eld (Fig. 63-5). A head-up posture to ensure 

Figure 63-4 The pathophysiology of intracranial hypertension. The figure depicts the manner in which increases in the volumes of any or all of the four 
intracranial compartments—blood, cerebrospinal fluid (CSF), fluid (interstitial or intracellular) and cells—result in intracranial pressure (ICP) increases and 
eventual neurologic damage. The elements that are potentially under the control of the anesthesiologist are indicated by asterisks (*). (Control of CSF volume 
requires the presence of a ventriculostomy catheter.) BP, blood pressure.
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Table 63-1 Intracranial Compartments and Techniques for Manipulation of 
Their Volume

Compartment Volume Control Methods

Cells (including neurons, glia, tumors, 
and extravasated blood)

Surgical removal

Fluid (intracellular and extracellular) Diuretics
Steroids (principally tumors)

CSF Drainage

Arterial blood Decrease CBF

Venous blood Improve cerebral venous drainage

CBF, cerebral blood flow; CSF, cerebrospinal fluid.
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good venous drainage is the norm in neurosurgical anesthesia 
and critical care. Obstruction of cerebral venous drainage by 
extremes of head position or circumferential pressure (e.g., Phila-
delphia collars, endotracheal tube ties) should be avoided. Phe-
nomena occurring downstream from the venous structures of the 
neck also may be relevant, including any condition that can 
increase central venous pressure, such as positive end-expiratory 
pressure (PEEP) or cardiac failure. Anything that causes increased 
intrathoracic pressure can result in obstruction of cerebral venous 
drainage. Various commonplace events can lead to obstruction, 
including kinked or partially obstructed endotracheal tubes, 
tension pneumothorax, coughing or straining against the endotra-
cheal tube, or gas trapping as a result of bronchospasm. !ese 
events also should be sought and remedied. Most practitioners 
carefully maintain paralysis during craniotomies, unless a  
contraindication is present, because a sudden cough can result  
in dramatic herniation of cerebral structures through the 
craniotomy.

!erea"er, the anesthesiologist should consider the arterial 
side of the circulation. Attention to the e#ect of anesthetic drugs 
and techniques on cerebral blood $ow (CBF) (see Chapter 13) is 
an established part of neuroanesthesia. Such attention is relevant 
because increases in CBF generally are associated with increases 
in cerebral blood volume (CBV).1-3 !e notable exception to this 
rule occurs in the context of cerebral ischemia caused by hypo-
tension or vessel occlusion, at which times CBV may increase as 
the cerebral vasculature dilates in response to a sudden reduction 
in CBF. !e relationship generally applies, however, and attention 
to the control of CBF is relevant in situations in which volume 
compensation mechanisms are exhausted, or ICP is already 
increased. !e general approach is to select anesthetics and 
control the physiologic parameters in a manner that avoids 
unnecessary increases in CBF. !e parameters that in$uence CBF 
are listed in Table 63-2 and are discussed in Chapter 13.

Selection of Anesthetics

!e question of which anesthetics are appropriate, especially in 
the context of unstable ICP, arises o"en. Chapter 13 provides rel-
evant information in detail, and only broad generalizations are 
o#ered here. Generally, intravenous anesthetic, analgesic, and 

sedative drugs are associated with parallel reductions in CBF and 
cerebral metabolic rate (CMR) and do not have adverse e#ects on 
ICP. Ketamine, given in large doses to patients with a generally 
normal level of consciousness before anesthesia, may be the 
exception. Autoregulation and carbon dioxide (CO2) responsive-
ness are generally preserved during the administration of intra-
venous drugs (see Chapter 13).

By contrast, all of the volatile anesthetics can be, depending 
on physiologic and pharmacologic circumstances, dose-depend-
ent cerebral vasodilators. !e order of vasodilating potency is 
approximately halothane >> en$urane > des$urane > iso$urane 
> sevo$urane. As noted in Chapter 13, the CBF di#erences among 
iso$urane, des$urane, and sevo$urane are probably not signi%-
cant to the clinician. !e net CBF e#ect of introducing a volatile 
anesthetic depends on the interaction of several factors, including 
the concentration of the anesthetic, the extent of previous CMR 
depression, simultaneous blood pressure changes acting in con-
junction with previous or anesthetic-induced autoregulation 
abnormalities, and simultaneous changes in Paco2 in conjunction 
with any disease-related impairment in CO2 responsiveness.

Nitrous oxide (N2O) is also a cerebral vasodilator, the CBF 
e#ect of which is the most profound when it is administered as a 
sole anesthetic, and least when it is administered against a back-

Figure 63-5 The effect of cerebral venous outflow 
obstruction on intracranial pressure (ICP) in a 
patient with an intracerebral hematoma. Bilateral 
jugular compression was applied briefly to verify the 
function of a newly placed ventriculostomy. The ICP 
response illustrates the importance of maintaining 
unobstructed cerebral venous drainage. BP, blood 
pressure.
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Table 63-2 Factors That Influence Cerebral Blood Flow*

Pao2

Paco2

Cerebral metabolic rate
Arousal/pain
Seizures
Temperature
Anesthetics

Blood pressure/status of autoregulation
Vasoactive agents

Anesthetics
Pressors
Inotropes
Vasodilators

Blood viscosity
Neurogenic pathways (intra-axial and extra-axial)

*See Chapter 13 for detailed discussion.
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ground of narcotics, propofol, or benzodiazepines, and to a lesser 
extent when administered with volatile anesthetics (see Chapter 
13). Nonetheless, experience dictates that N2O and volatile anes-
thetics, the latter usually in concentrations less than the minimum 
alveolar concentration (MAC), when administered as compo-
nents of a balanced anesthetic technique in combination with 
narcotics, can be used in most elective and many emergency 
neurosurgical procedures. Exceptions are rare, but when they 
occur (e.g., a somnolent, vomiting patient with papilledema, a 
large mass, and compressed basal cisterns, or a head injury victim 
with an expanding mass lesion or obliterated cisterns and sulci 
on CT scan), the clinician may be well advised to use a predomi-
nantly intravenous technique until the cranium and dura are 
open, and the e!ect of the anesthetic technique can be assessed 
by direct observation of the surgical "eld. Inhaled anesthetics are 
entirely acceptable components of most anesthetics for neurosur-
gery. In circumstances in which ICP is persistently elevated (in a 
closed-cranium procedure), or the surgical "eld is persistently 
“tight,” N2O and volatile anesthetics should be viewed as potential 
contributing factors,4 however, and should be eliminated from the 
anesthetic in favor of intravenous anesthetics.

Muscle relaxants (see Chapter 29) that have the potential 
to release histamine (mivacurium, atracurium) should be given 
in small, divided doses. Although succinylcholine increases in 
ICP, these increases are small and transient. #e increases can be 
blocked by a preceding dose of metocurine, 0.03 mg/kg5 (and 
probably other nondepolarizers), and, in at least some instances, 
are not evident in patients with common emergency neurosurgi-
cal conditions (i.e., head injury, subarachnoid hemorrhage 
[SAH]).6 In a clinical situation that calls for rapid relaxation for 
the purpose of controlling or protecting the airway, succinylcho-
line in conjunction with proper management of the airway and 
MAP is reasonable.

From the material just presented and the discussion of 
cerebral physiology in Chapter 13, a systematic clinical approach 
should follow readily. A schema for approaching the problem of 
an acute increase in ICP or acute deterioration in conditions in 
the surgical "eld is presented in Table 63-3. If the problem has 
not resolved satisfactorily a$er following the approach in Table 
63-3, Table 63-4 presents other options.

Table 63-3 High Intracranial Pressure/“Tight Brain” Checklist

1. Are the relevant pressures controlled?
Jugular venous pressure

Extreme head rotation or neck flexion?
Direct jugular compression?
Head-up posture?

Airway pressure
Airway obstruction?
Bronchospasm?
Straining, coughing, adequately relaxed?
Pneumothorax?

Paco2 and Pao2

Arterial pressure
2. Is metabolic rate controlled?

Pain/arousal?
Seizures?

3. Are any potential vasodilators in use?
N2O, volatile agents, nitroprusside, calcium channel blockers

4. Are there any unrecognized mass lesions?
Blood, air with or without N2O

Table 63-4 Methods for Rapid Reduction of Intracranial Pressure and 
Brain Volume*

Further titration of Paco2 (≥25 mm Hg)
CSF drainage (ventriculostomy, brain needle)
Diuresis (usually mannitol)
CMR suppression (barbiturates, propofol)
MAP reduction (if dysautoregulation)
Surgical control (i.e., removal of bone flap or lobectomy)

*After review of the checklist in Table 63-3.
CMR, cerebral metabolic rate; CSF, cerebrospinal fluid; MAP, mean arterial 
pressure.

CSF drainage was discussed earlier. #e use of additional 
osmotic diuretics is theoretically limited by an upper acceptable 
osmolarity limit of approximately 320 mOsm/L. In extremis, the 
use is frequently empirical, however, and repeated doses (e.g., 
12.5 g) are administered until a clinical response is no longer 
observed. Barbiturates have long been the most widely used drugs 
for inducing a reduction in CMR, with the objective of causing a 
coupled reduction in CBF and CBV. Propofol is gaining popular-
ity for this application. Although the use of barbiturates is sup-
ported by intensive care unit (ICU) experience showing e%cacy 
in ICP control7 (if not outcome), no such experience has been 
accumulated for propofol. A frequently fatal syndrome of meta-
bolic acidosis and rhabdomyolysis has been recognized in patients 
who have received prolonged propofol infusions in the ICU.8,9 
MAP reduction occasionally reduces vascular engorgement and 
reduces total brain bulk, but should be applied with extreme 
caution if patients have compromised intracranial collateral cir-
culation. #is approach is most likely to be relevant in the event 
of dysautoregulation occurring in the context of resection of arte-
riovenous malformations (AVMs) (see the later section on aneu-
rysms and arteriovenous malformations).

Management of PaCO2

At the outset, the anesthesiologist and the surgeon should agree 
on the objectives with respect to Paco2. Induction of hypocapnia 
is a time-honored part of the management of intracranial neuro-
surgical procedures. #e rationale is principally that the concomi-
tant reduction in CBF (see Fig. 13-4) and CBV results in a 
reduction in ICP, or “brain relaxation.” #e rationale is valid.10 
Two considerations should in(uence the clinician’s use of hyper-
ventilation, however. First, the vasoconstrictive e!ect of hypocap-
nia has the potential to cause ischemia in certain situations. 
Second, the CBF-lowering and ICP-lowering e!ect is not 
sustained.11

Hypocapnia-Induced Cerebral Ischemia
At "rst, clinicians were skeptical that hyperventilation could 
result in ischemia, and normal brain seems unlikely to be damaged 
by the typical clinical use of hyperventilation. #is may not be the 
case, however, in certain pathologic conditions.

Normal Brain. Available data12-16 indicate that in normal sub-
jects, ischemia does not occur at a Paco2 greater than 20 mm Hg. 
#is generalization seems also to apply during induced hypoten-
sion.17-19 Physiologic alterations, as evidenced by metabolic and 
electroencephalogram (EEG) abnormalities, have been observed, 
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Detection of Venous Air Embolism
!e monitors employed for the detection of VAE should provide 
(1) a high level of sensitivity, (2) a high level of speci"city, (3) a 
rapid response, (4) a quantitative measure of the VAE event, and 
(5) an indication of the course of recovery from the VAE event. 
!e combination of a precordial Doppler and expired CO2 moni-
toring meet these criteria and are the current standard of care. 
Doppler placement in a le# or right parasternal location between 
the second and third or third and fourth ribs has a very high 
detection rate for gas embolization,100 and when good heart tones 
are obtained, maneuvers to con"rm adequate placement seem to 
be unnecessary. TEE is more sensitive than precordial Doppler to 
VAE (Fig. 63-11),101 and o$ers the advantage of identifying right-
to-le# shunting of air.95,102-104 Its safety during prolonged use 
(especially with pronounced neck %exion) is not well established, 
however. Expired nitrogen analysis is theoretically attractive. !e 
expired nitrogen concentrations involved in anything less than 
catastrophic VAE are very small, however, and push the available 
instrumentation to the limits of its sensitivity (see Fig. 63-11).105

Figure 63-12 shows the physiologic and monitor response 
to an air embolic event. Table 63-6 presents an appropriate man-
agement response to such an event.

Right Heart Catheter
Essentially all patients who undergo sitting posterior fossa pro-
cedures should have a right heart catheter. Although catastrophic, 
life-threatening VAE is relatively uncommon, a catheter that 
permits immediate evacuation of an air-"lled heart occasionally 
is the sine qua non for resuscitation. !e latitudes are much wider 

with the nonsitting positions, and it is frequently appropriate, 
a#er a documented discussion with the surgeon, to omit the right 
heart catheter. !e variables that contribute to this decision are 
the perceived risks of VAE associated with the intended proce-
dure and the patient’s physiologic reserve.

An example of a procedure for which the right heart cath-
eter is usually omitted is microvascular decompression of the "#h 
cranial nerve for tic douloureux or the seventh cranial nerve for 
hemifacial spasm. !e essentially horizontal semilateral position 
and the very limited retromastoid craniectomy these procedures 
require have resulted (at our institution) in a very low incidence 
of Doppler-detectable VAE. One should come to know the local 
surgical practices, however, particularly with respect to the degree 
of head-up posture, before becoming casual about omitting the 
right atrial catheter. With regard to the Janetta procedure, the 
necessary retromastoid craniectomy is performed in the angle 
between the transverse and sigmoid sinuses, and venous sinusoids 
and emissary veins in the suboccipital bone are common. If this 
procedure is performed with any degree of head-up posturing, 
the risk of VAE may still be substantial.

Which Vein Should Be Used for Right Heart Access. 
Although some surgeons may ask that neck veins not be used, a 
skillfully placed jugular catheter is usually acceptable. In a very 
few patients, high ICP may make the head-down posture undesir-
able. In others, unfavorable anatomy with an increased likelihood 
of a di&cult cannulation and hematoma formation also may 
encourage the use of alternative access sites. Access to the brachial 

Figure 63-10 Horizontal (top) and coronal (bottom) MR images of a 
parasagittal meningioma. Resection of meningiomas arising from the dural 
reflection overlying the sagittal sinus or from the dura of the adjacent 
convexity or falx entails a risk of venous air embolism because of the 
proximity of the sagittal sinus (the triangular structure at the superior end of 
the interhemispheric fissure in the bottom panel).

Figure 63-11 The relative sensitivity of various monitoring techniques to the 
occurrence of venous air embolism (VAE). BP, blood pressure; CO, cardiac 
output; CVP, central venous pressure; ECG, electrocardiogram, ET-CO2, end-
tidal carbon dioxide; PAP, pulmonary arterial pressure; physiol, physiological; 
T-echo, transesophageal echo.
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Table 63-6 Management of an Acute Air Embolic Event

Prevent further air entry
Notify surgeon (flood or pack surgical field)
Jugular compression
Lower the head

Treat intravascular Air
Aspirate right heart catheter
Discontinue N2O
Fio2: 1.0
Pressors/inotropes
Chest compression
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about the considerations it creates. N2O can be used, however, 
with the knowledge that it neither increases the incidence of 
VAE126 nor aggravates the hemodynamic response to VAE, pro-
vided that it is eliminated when VAE occurs.127

Monitoring

Neurologic monitoring techniques are discussed in Chapter 46. 
Invasive monitoring is frequently appropriate in neurosurgery 
Table 63-7 lists indications for an arterial catheter.

Patients with increased ICP may be intolerant of the vas-
cular engorgement associated with sudden hypertension occur-
ring as a consequence of light anesthesia. Surgical relief of 
increased ICP may be associated with sudden hypotension as 
brainstem compression is relieved. Beat-by-beat arterial pressure 
monitoring also serves as an important monitor of depth of 
anesthesia and as an early warning system for neurologic injury. 
Much of the brain is insensate. Consequently, the intracranial 
portion of many neurosurgical procedures is not very stimulat-
ing, and to achieve circulatory stability, light anesthesia is o!en 
necessary. "e anesthesiologist should be constantly aware of the 
possibility of sudden arousal (most o!en associated with cranial 
nerve traction or irritation). "is is especially important when 
paralysis is precluded by the use of electromyographic recording 
from facial muscles to monitor cranial nerve integrity. Blood 
pressure responses may reveal imminent arousal. Blood pressure 
responses also may serve to warn a surgeon of excessive or unrec-
ognized irritation, traction, or compression of neurologic tissue. 

Table 63-7 Relative Indications for Intra-arterial Pressure Monitoring

Elevated ICP
Ischemia or incipient ischemia of neurologic tissue

Recent SAH
Recent head injury
Recent spinal cord injury
Intended or potential temporary vessel occlusion

Circulatory instability
Trauma
Spinal cord injury (spinal shock)
Sitting position
Possible barbiturate coma

Possibility of induced hypotension
Possibility of induced hypertension
Anticipated/potential major blood loss

Aneurysm clipping
Arteriovenous malformations
Vascular tumors
Tumors involving major venous sinuses
Craniofacial reconstruction
Extensive craniosynostosis procedures

Anticipated light anesthesia without paralysis
Brainstem manipulation/compression/dissection
Anticipated cranial nerve manipulation (especially CN V)
Advantageous for postoperative intensive care

Hypervolemic therapy
Head injury
Diabetes insipidus

Incidental cardiac disease

CN, cranial nerve; ICP, intracranial pressure; SAH, subarachnoid hemorrhage.

"ese occur most o!en with posterior fossa procedures involving 
brainstem or cranial nerves, and abrupt changes should be 
reported to the surgeon immediately.

"e use of right heart catheters for air retrieval is discussed 
in the section on venous air embolism. "erea!er, anticipated 
blood loss and #uid #ux (including aggressive mannitol use) and 
an evaluation of the patient’s physiologic reserve should deter-
mine the necessity for CVP or pulmonary arterial catheters. "e 
use of the precordial Doppler also is described in the section on 
venous air embolism.

Intravenous Fluid Management

"e general principles of #uid management (see Chapter 54) for 
neurosurgical anesthesia are (1) maintain normovolemia, and (2) 
avoid reduction of serum osmolarity. "e $rst principle is a deriv-
ative of the concept presented in the section on management of 
blood pressure that it is generally ideal to maintain a normal MAP 
in patients undergoing most neurosurgical procedures and neu-
rosurgical critical care. Maintaining normovolemia is simply one 
element of maintaining a normal MAP. "e second principle is a 
derivative of the o!en repeated observation that reducing serum 
osmolarity results in edema of normal and abnormal brain.128 
Administering #uids that provide free water (i.e., #uids that do 
not have su%cient nonglucose solutes to render them iso-osmolar 
with respect to blood) reduces serum osmolarity if the amount 
of free water administered is greater than that required to main-
tain ongoing free water loss.

Normal saline and lactated Ringer’s solution are the #uids 
most o!en used intraoperatively. At 308 mOsm/L, normal saline 
is slightly hyperosmolar with respect to plasma (295 mOsm/L). It 
has the disadvantage that in large volumes it can cause a hyper-
chloremic metabolic acidosis.129 "e physiologic signi$cance of 
this acidosis, which involves the extracellular, but not the intracel-
lular, #uid space, is unclear. At a minimum, it has the potential to 
confuse the diagnostic picture when acidosis is present. As a 
result, many clinicians use predominately lactated Ringer’s solu-
tion. Although lactated Ringer’s solution (273 mOsm/L) theoreti-
cally is not ideal for individual replacement of blood and third 
space loss or insensible losses, it serves as a reasonable compro-
mise for meeting both needs simultaneously and is very suitable 
in most instances. It is a hypo-osmolar #uid, however, and in a 
healthy experimental animal, it is possible to reduce serum osmo-
larity and produce cerebral edema with a large volume of lactated 
Ringer’s solution.128 In the setting of large-volume #uid adminis-
tration (e.g., signi$cant blood loss, multiple trauma), we alternate, 
liter by liter, lactated Ringer’s solution and normal saline.

"e crystalloid versus colloid discussion is a recurrent one. 
"is discussion usually arises in the context of a head injury 
victim. Although there are numerous fervent beliefs regarding 
this issue, there has been only a single demonstration that the 
reduction of colloid oncotic pressure in the absence of a change 
of osmolarity can contribute to an augmentation of cerebral 
edema in the setting of experimental head injury.130 "e transcap-
illary membrane pressure gradients that can be produced by 
reduction of colloid oncotic pressure are very small compared 
with those created by changes in serum osmolarity. Nonetheless, 
it seems that those small gradients have the potential—probably 
in the setting of a blood-brain barrier injury of intermediate 
severity—to augment edema. It seems reasonable then to select a 
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Table 63-8 World Federation of Neurosurgeons (WFNS) Subarachnoid 
Hemorrhage Scale

WFNS Grade GCS Score Motor Deficit

I 15 Absent

II 14-13 Absent

III 14-13 Present

IV 12-7 Present or absent

V 6-3 Present or absent

GCS, Glasgow Coma Scale.

Table 63-9 Hunt-Hess Classification of Neurologic Status after 
Subarachnoid Hemorrhage

Grade Criteria*

I Asymptomatic, or minimal headache and slight nuchal rigidity

II Moderate to severe headache, nuchal rigidity, no deficit other 
than cranial nerve palsy

III Drowsiness, confusion, or mild focal deficit

IV Stupor, moderate to severe hemiparesis, possibly early 
decerebrate rigidity and vegetative disturbances

V Deep coma, decerebrate rigidity, moribund appearance

*Serious systemic diseases, such as hypertension, diabetes, severe arteriosclero-
sis, chronic pulmonary disease, and severe vasospasm seen on arteriography, 
result in placement of the patient in the next less favorable category.

10 to 14 days to be safely beyond the period of maximal vaso-
spasm risk (i.e., days 4 to 10 post-SAH).

!e rationale for early intervention is severalfold. First, the 
sooner the aneurysm is clipped or obliterated, the less likelihood 
of rebleeding (and rebleeding is the principal cause of death for 
patients hospitalized a"er SAH165). Second, the management of 
the ischemia caused by vasospasm involves volume loading and 
induced hypertension. Early occlusion of the aneurysm elimi-
nates the risk of rebleeding associated with this therapy. Vaso-
spasm seems to be related to the presence of blood in the basal 
cisterns in the vicinity of the circle of Willis. Some of this blood 
can be removed at the time of the aneurysm clipping, and intra-
cisternal #brinolytics (for which there is limited proof of e$-
cacy166) can be administered. Early operative clipping not only 
makes the therapy of vasospasm safer, but also may reduce the 
incidence and severity of the problem. Prior surgical practices 
entailed maintaining the patient at bed rest until approximately 
day 14, when the period of spasm risk had passed. Early aneu-
rysm clipping reduces the period of hospitalization and reduces 
the incidence of the medical complications (e.g., deep vein throm-
bosis, atelectasis, pneumonia) associated with a lengthy period of 
enforced bed rest.

Early intervention can make the surgeon’s task more di$-
cult. !e brain in the early post-SAH period is likely to be more 
edematous than a"er a 2-week delay. A mild degree of hydro-
cephalus is common a"er blood contaminates the subarachnoid 
space. Ten percent to 20% of SAH patients may require CSF 
diversion at some point in their course.167 Early intervention also 
may enhance the risk of intraoperative aneurysmal rupture 
because of the shorter period of time for clot to organize over the 
site of the initial bleed. All of this places a substantial premium 
on techniques designed to reduce the volume of the intracranial 
contents (see the section on control of intracranial pressure and 
brain relaxation) to facilitate exposure and minimize retraction 
pressures.

Preoperative Evaluation
Many patients scheduled for intracranial aneurysm clipping come 
directly from the ICU, and elements of their management in the 
ICU may in%uence their immediate preoperative status.

Fluid Management. Some patients develop the syndrome of 
inappropriate secretion of antidiuretic hormone (SIADH) a"er 
SAH and are appropriately managed with %uid restriction. 
However, hyponatremia a"er SAH is more likely to be the result 
of the cerebral salt-wasting syndrome, which probably occurs as 
a result of the release of a natriuretic peptide by the brain (similar 

to that which occurs in the heart).168 Cerebral salt-wasting syn-
drome is characterized by the triad of hyponatremia, volume 
contraction, and high urine sodium concentrations (>50 mmol/
L). !e distinction between this syndrome and SIADH is impor-
tant. SIADH, which is characterized by normovolemia or mild 
hypervolemia, is treated by volume restriction. Cerebral salt 
wasting is associated with a contracted intravascular volume. 
Fluid restriction and further volume contraction may be espe-
cially deleterious in a patient a"er SAH169,170 and should be 
avoided. Although the clinical distinction between these two 
causes of hyponatremia (SIADH and cerebral salt-wasting syn-
drome) may be di$cult, management of both is simple: admin-
istration of isotonic %uids using intravascular normovolemia as 
the end point.

Vasospasm. !e anesthesiologist should determine whether 
vasospasm has occurred, and what, if any, therapies for it have 
been undertaken. Vasospasm is thought to be caused by the 
breakdown products of hemoglobin from the blood that has 
accumulated around the vessels of the circle of Willis a"er SAH. 
A speci#c mechanism/mediator has not been identi#ed, but the 
current focus is on endothelin.171,172 A phase II trial of the endothe-
lin A receptor antagonist clazosentan indicated e&ective reversal 
of established vasospasm and a substantial reduction in the inci-
dence of new infarctions.173 A phase III trial is under way, and a 
preliminary report of drug-related reductions in vasospasm-
related hypoperfusion in those patients has appeared.174

When there is a clinical suspicion of vasospasm (typically 
because of a change in sensorium or new neurologic de#cit), 
surgery is deferred, and TCD, angiography, or other imaging is 
performed.175-177 Con#rmed vasospasm is commonly treated with 
the “triple H” therapy described in the next paragraph and some-
times by balloon angioplasty or intra-arterial vasodilators.

For patients proceeding to surgery, CPP should be main-
tained intraoperatively in a high-normal range. Despite the former 
popularity of induced hypotension, the potential for induced 
hypotension to cause or aggravate cerebral ischemia in a patient 
with some degree of vasospasm is now recognized.178,179 !is 
concern extends even to a patient classi#ed as World Federation 
of Neurosurgeons grade I who may have regions of cerebral 
ischemia41 that are subclinical when the patient is normotensive.

In the ICU, the regimens employed to treat vasospasm 
usually involve some combination of hypervolemia, hemodilu-
tion, and hypertension. !e science behind hypervolemic- 
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Table 63-8 World Federation of Neurosurgeons (WFNS) Subarachnoid 
Hemorrhage Scale

WFNS Grade GCS Score Motor Deficit

I 15 Absent

II 14-13 Absent

III 14-13 Present

IV 12-7 Present or absent

V 6-3 Present or absent

GCS, Glasgow Coma Scale.

Table 63-9 Hunt-Hess Classification of Neurologic Status after 
Subarachnoid Hemorrhage

Grade Criteria*

I Asymptomatic, or minimal headache and slight nuchal rigidity

II Moderate to severe headache, nuchal rigidity, no deficit other 
than cranial nerve palsy

III Drowsiness, confusion, or mild focal deficit

IV Stupor, moderate to severe hemiparesis, possibly early 
decerebrate rigidity and vegetative disturbances

V Deep coma, decerebrate rigidity, moribund appearance

*Serious systemic diseases, such as hypertension, diabetes, severe arteriosclero-
sis, chronic pulmonary disease, and severe vasospasm seen on arteriography, 
result in placement of the patient in the next less favorable category.

10 to 14 days to be safely beyond the period of maximal vaso-
spasm risk (i.e., days 4 to 10 post-SAH).

!e rationale for early intervention is severalfold. First, the 
sooner the aneurysm is clipped or obliterated, the less likelihood 
of rebleeding (and rebleeding is the principal cause of death for 
patients hospitalized a"er SAH165). Second, the management of 
the ischemia caused by vasospasm involves volume loading and 
induced hypertension. Early occlusion of the aneurysm elimi-
nates the risk of rebleeding associated with this therapy. Vaso-
spasm seems to be related to the presence of blood in the basal 
cisterns in the vicinity of the circle of Willis. Some of this blood 
can be removed at the time of the aneurysm clipping, and intra-
cisternal #brinolytics (for which there is limited proof of e$-
cacy166) can be administered. Early operative clipping not only 
makes the therapy of vasospasm safer, but also may reduce the 
incidence and severity of the problem. Prior surgical practices 
entailed maintaining the patient at bed rest until approximately 
day 14, when the period of spasm risk had passed. Early aneu-
rysm clipping reduces the period of hospitalization and reduces 
the incidence of the medical complications (e.g., deep vein throm-
bosis, atelectasis, pneumonia) associated with a lengthy period of 
enforced bed rest.

Early intervention can make the surgeon’s task more di$-
cult. !e brain in the early post-SAH period is likely to be more 
edematous than a"er a 2-week delay. A mild degree of hydro-
cephalus is common a"er blood contaminates the subarachnoid 
space. Ten percent to 20% of SAH patients may require CSF 
diversion at some point in their course.167 Early intervention also 
may enhance the risk of intraoperative aneurysmal rupture 
because of the shorter period of time for clot to organize over the 
site of the initial bleed. All of this places a substantial premium 
on techniques designed to reduce the volume of the intracranial 
contents (see the section on control of intracranial pressure and 
brain relaxation) to facilitate exposure and minimize retraction 
pressures.

Preoperative Evaluation
Many patients scheduled for intracranial aneurysm clipping come 
directly from the ICU, and elements of their management in the 
ICU may in%uence their immediate preoperative status.

Fluid Management. Some patients develop the syndrome of 
inappropriate secretion of antidiuretic hormone (SIADH) a"er 
SAH and are appropriately managed with %uid restriction. 
However, hyponatremia a"er SAH is more likely to be the result 
of the cerebral salt-wasting syndrome, which probably occurs as 
a result of the release of a natriuretic peptide by the brain (similar 

to that which occurs in the heart).168 Cerebral salt-wasting syn-
drome is characterized by the triad of hyponatremia, volume 
contraction, and high urine sodium concentrations (>50 mmol/
L). !e distinction between this syndrome and SIADH is impor-
tant. SIADH, which is characterized by normovolemia or mild 
hypervolemia, is treated by volume restriction. Cerebral salt 
wasting is associated with a contracted intravascular volume. 
Fluid restriction and further volume contraction may be espe-
cially deleterious in a patient a"er SAH169,170 and should be 
avoided. Although the clinical distinction between these two 
causes of hyponatremia (SIADH and cerebral salt-wasting syn-
drome) may be di$cult, management of both is simple: admin-
istration of isotonic %uids using intravascular normovolemia as 
the end point.

Vasospasm. !e anesthesiologist should determine whether 
vasospasm has occurred, and what, if any, therapies for it have 
been undertaken. Vasospasm is thought to be caused by the 
breakdown products of hemoglobin from the blood that has 
accumulated around the vessels of the circle of Willis a"er SAH. 
A speci#c mechanism/mediator has not been identi#ed, but the 
current focus is on endothelin.171,172 A phase II trial of the endothe-
lin A receptor antagonist clazosentan indicated e&ective reversal 
of established vasospasm and a substantial reduction in the inci-
dence of new infarctions.173 A phase III trial is under way, and a 
preliminary report of drug-related reductions in vasospasm-
related hypoperfusion in those patients has appeared.174

When there is a clinical suspicion of vasospasm (typically 
because of a change in sensorium or new neurologic de#cit), 
surgery is deferred, and TCD, angiography, or other imaging is 
performed.175-177 Con#rmed vasospasm is commonly treated with 
the “triple H” therapy described in the next paragraph and some-
times by balloon angioplasty or intra-arterial vasodilators.

For patients proceeding to surgery, CPP should be main-
tained intraoperatively in a high-normal range. Despite the former 
popularity of induced hypotension, the potential for induced 
hypotension to cause or aggravate cerebral ischemia in a patient 
with some degree of vasospasm is now recognized.178,179 !is 
concern extends even to a patient classi#ed as World Federation 
of Neurosurgeons grade I who may have regions of cerebral 
ischemia41 that are subclinical when the patient is normotensive.

In the ICU, the regimens employed to treat vasospasm 
usually involve some combination of hypervolemia, hemodilu-
tion, and hypertension. !e science behind hypervolemic- 
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rates. !ese three techniques probably reduce the bulk of only 
normal brain tissue—hypocapnia via a direct e"ect on CBF, and 
barbiturates and hypothermia via the coupled e"ects of reduction 
of CMR on CBF. Induced hypothermia also is an adjunct to 
minimizing the barbiturate doses. In all of neurosurgery, we  
seek to prevent postoperative hypertension; however, in AVM 
surgery, this should be accomplished with greatest care because 
of the concern that the “dysautoregulating” brain adjacent to the 
resected AVM will develop edema or hemorrhage if hypertension 
occurs.

Head Injury

Intubating a Head-Injured Patient
!e anesthesiologist’s #rst encounter with a patient who has sus-
tained a traumatic brain injury (TBI) may come as a result of a 
request for assistance with airway management. Patients with 
GCS scores of 7 or 8 or less (Table 63-10) require intubation and 
controlled ventilation for ICP or airway control or both. Patients 
with less severe head injuries also may require intubation because 
of trauma-related cardiopulmonary dysfunction or, when unco-
operative, to facilitate diagnostic procedures.

In choosing the intubation technique, the anesthesiologist 
may encounter numerous con$icting constraints (Table 63-11), 
including (1) elevated ICP, (2) a full stomach, (3) uncertain cervi-
cal spine status, (4) uncertain airway status (e.g., presence of 
blood, possible laryngotracheal injury, possible skull base frac-
ture), (5) uncertain volume status, (6) an uncooperative or com-
bative patient, and (7) hypoxemia. !ere is no “correct” way, and 
the “best” approach is determined by the relative weight of these 
various factors along with the degree of urgency. !e anesthesi-
ologist must not become distracted by placing an excessive initial 
emphasis on ICP. !e anesthesiologist needs to keep sight of the 
ABCs of resuscitation: Securing the airway, guaranteeing gas 
exchange, and stabilizing the circulation are higher initial priori-
ties than ICP. One must not risk losing the airway or causing 
severe hypotension for the sake of preventing coughing on the 
tube or brief hypertension with intubation.

Cervical Spine
!e possibility of causing or aggravating an injury to the  
cervical spine is a relevant concern. Approximately 2% of blunt 
trauma victims who survive to reach a hospital and 8% to 10%  
of TBI victims with GCS less than 8 have a fracture of the  
cervical spine.224,225 !is incidence suggests that a “hypnotic-
relaxant-direct laryngoscopy” approach for all patients with a 
closed-head injury might convey a measurable risk of injuring the 
cervical cord. Nonetheless, although the literature contains con-
tradictions, several published series have concluded that a rapid-
sequence induction does not convey signi#cant risk of neurologic 
injury.226-230 It is possible, however, that the incidence of intuba-
tion-related neurologic injury is underreported. An informal 
survey reported by Criswell and colleagues226 indicated that there 
have been more such events than one can infer from the pub-
lished literature.231,232

Nonetheless, the literature argues that we will “get away 
with it” most of the time, and most TBI patients requiring airway 
control are intubated using a hypnotic-relaxant-direct laryngos-
copy sequence. It is our (probably minority) opinion, however, 
that the possibility of devastating spinal cord injury exists, prob-
ably most so with injuries in the atlanto-occipital region, which 
are also di%cult to identify radiologically,233 and that the anesthe-
siologist should identify circumstances in which time latitudes 
allow more detailed examination or radiologic evaluation. When 
there is any uncertainty regarding the airway or the cervical spine, 
direct laryngoscopy (with vigorous atlanto-occipital extension) 
should probably be avoided, unless the exigencies of airway 
control demand it (which o&en is the case). !e nasal route can 
be considered if the clinical context warrants, bearing in mind that 
risk of infection may be increased with skull base fracture and CSF 
leak. !e anesthesiologist needs to use discretion (e.g., in the pres-
ence of an obvious facial smash, the nasal route should be avoided 
because of the possibility of entering the cranium) and be sensitive 
to unusual resistance in passing the endotracheal tube.

When a hypnotic muscle-relaxant sequence is used, the 
standard approach includes the use of cricoid pressure and in-line 
axial stabilization. In-line traction previously was favored, but has 
been supplanted by stabilization because of the perceived risk of 
overdistraction and cord injury in the event of gross instability. 
!e largest of the clinical series that concluded that oral intuba-
tion with anesthesia and relaxation is reasonable227 used in-line 
stabilization with the patient’s occiput held #rmly on the back-
board, limiting the amount of “sni" ” that was feasible (Fig. 63-15). 
!ere is no question that in-line stabilization, properly performed, 
makes laryngoscopy more di%cult, but it decreases the amount 

Table 63-10 Glasgow Coma Scale

Eyes open Never 1
To pain 2
To speech 3
Spontaneously 4

Best verbal responses None 1
Garbled/incomprehensible sounds 2
Inappropriate words 3
Confused but converses 4
Oriented 5

Best motor responses None 1
Extension (decerebrate rigidity) 2
Abnormal flexion (decorticate rigidity) 3
Withdrawal 4
Localizes pain 5
Obeys commands 6

Total 3-15

Table 63-11 Factors That May Be Relevant during Intubation of a 
Head-Injured Patient

Full stomach
Uncertain cervical spine
Uncertain airway

Blood
Airway injury (larynx, cricoarytenoid cartilage)
Skull base fracture

Uncertain volume status
Uncooperative/combative
Hypoxemia
Increased ICP

ICP, intracranial pressure.
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recombinant erythropoietin (Table 65-7) normalizes the hemat-
ocrit, avoids repetitive red blood cell transfusion, reduces the 
requirement for hospitalization, and decreases cardiovascular 
mortality by about 30%.11

Prolongation of the bleeding time because of decreased 
activity of platelet factor 3, abnormal platelet aggregation and 
adhesiveness, and impaired prothrombin consumption contrib-
utes to the clotting defects. !e abnormality in platelet factor 3 
correlates can be corrected by dialysis, although prolongation of 
the bleeding time can be observed in well-dialyzed patients. 
Abnormal bleeding times and coagulopathy in patients with renal 
failure may be managed with desmopressin, cryoprecipitate, con-
jugated estrogens, blood transfusions, and erythropoietin use.10

Effects of Drugs in Patients with Reduced 
Renal Function

Most anesthetic drugs are weak electrolytes and are lipid soluble 
in the un-ionized state; they are extensively reabsorbed by renal 
tubular cells (see Chapters 26 and 29). Termination of their action 
does not depend on renal excretion; redistribution and metabo-
lism produce this effect. A#er biotransformation, these drugs are 
excreted in urine as water-soluble, polar forms of the parent com-
pound. !ey are usually pharmacologically inactive, and their 
retention is harmless.10 Most drugs with prominent central and 
peripheral nervous system activity fall into this category, includ-
ing most narcotics, barbiturates, phenothiazines, butyrophenone 
derivatives, benzodiazepines, ketamine, and local anesthetics.12 
Several drugs are lipid insoluble or are highly ionized in the 

Table 65-6 Metabolic Acidosis in Chronic Renal Failure

PaCO2 (mm Hg) pH HCO3
− (mEq/L) K+ (mEq/L)

Preoperative 32 7.32 17 5

Intraoperative 40 7.25 18 5.3

Postoperative 44 7.21 19 5.6
48 7.18 19 5.9

The patient is a 36-year-old man with severe diabetic nephropathy and end-stage 
renal failure undergoing cadaver renal transplantation. Preoperatively, the patient 
has a chronic metabolic acidosis (HCO3

− 17 mEq/L) with partial respiratory 
compensation (PaCO2 32 mm Hg; pH 7.32). Potassium is high normal at 5 mEq/L. 
Intraoperatively, he is given “standard” mechanical minute ventilation, and with 
“normal” PaCO2 (40 mm Hg), the metabolic acidosis is unmasked (pH 7.25), and 
potassium increases to 5.3 mEq/L. His trachea is extubated at the end of the 
procedure, but graft function is sluggish, and the metabolic acidosis remains 
unchanged. With residual opioid-induced narcosis, moderate CO2 retention occurs 
(PaCO2 44 mm Hg and 48 mm Hg), pH decreases further to 7.18, and a dangerous 
degree of hyperkalemia develops (K+ 5.9 mEq/L).

Table 65-7 Management Guidelines for Correction of Anemia of Chronic 
Renal Disease

Erythropoietin

Starting dosage 50-150 U/kg/wk IV or SC (once, twice, or 
three times per week)

Target hemoglobin 11-12 g/dL

Optimal rate of correction Increase hemoglobin by 1-2 g/dL over 4 wk

Darbepoetin alfa

Starting dosage 0.45 µg/kg administered as single IV or SC 
injection once weekly

0.75 µg/kg administered as a single IV or 
SC injection once every 2 wk

Target hemoglobin 12 g/dL

Optimal rate of correction Increase hemoglobin by 1-2 g/dL over 4-wk 
period

Iron
Monitor iron stores by TSat and serum ferritin
If patient is iron-deficient (TSat <20%; serum ferritin <100 g/L), administer 

iron, 50-100 mg IV twice per week for 5 wk; if iron indices are still low, 
repeat the same course

If iron indices are normal but hemoglobin is still inadequate, administer IV 
iron as outlined above; monitor hemoglobin, TSat, and ferritin.

Withhold iron therapy when TSat >50% or ferritin >800 ng/mL (>800 g/L)

IV, intravenously; SC, subcutaneously; TSat, percent transferrin saturation.

Hyperkalemia
!e approximate daily filtered load of K+ is 700 mmol. Most of 
this filtered load is reabsorbed in tubule segments, and most of 
the K+ excreted in the final urine reflects events governing K+ 
handling at the level of the cortical collecting tubule and beyond. 
K+ excretion in the gastrointestinal tract is augmented in patients 
with CRF. Hyperkalemia may be precipitated, however, in numer-
ous clinical situations, including protein catabolism, hemolysis, 
hemorrhage, transfusion of stored red blood cells, metabolic aci-
dosis, and exposure to various medications that inhibit K+ entry 
into cells or K+ secretion in the distal nephron.

Cardiac and Pulmonary Manifestations
Hypertension is a common complication of CRF and ESRD. 
Because hypervolemia is the major cause of hypertension in 
uremia, normotension is usually restored by the use of diuretics 
in predialysis patients or by dialysis in ESRD patients. Despite 
therapy, patients continue to be hypertensive because of the 
vasodilators required for the management of overwhelming 
hyperreninemia. Patients generally have le# ventricular hypertro-
phy and accelerated atherosclerosis (disordered glucose and fat 
metabolism). Pericarditis can be observed in underdialyzed 
patients versus patients with CRF who undergo regular dialysis.

A unique form of pulmonary congestion and edema may 
occur even in the absence of volume overload and is associated 
with normal or mildly elevated intracardiac and pulmonary capil-
lary wedge pressure. !is entity, characterized radiologically by 
peripheral vascular congestion giving rise to a “butterfly wing” 
distribution, is due to increased permeability of alveolar capillary 
membranes. !is “low-pressure” pulmonary edema and the car-
diopulmonary abnormalities associated with circulatory overload 
usually respond promptly to vigorous dialysis.9

Hematologic Manifestations
CRF usually causes a normochromic, normocytic anemia. Anemia 
is generally observed when the GFR decreases to less than 30 mL/
min and is due to insufficient production of erythropoietin by the 
diseased kidneys. Other factors are iron deficiency, either related 
to or independent of blood loss from repeated laboratory testing, 
blood retention in the dialyzer, or gastrointestinal bleeding.10 
Treatment of anemia with iron, darbepoetin alfa, and human 
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Table 63-14 Common Pediatric Neurosurgical Disorders and Anesthetic Considerations

Age Group Lesion Pathogenesis Anesthetic Considerations

Neonates Intraventricular hemorrhage Subependymal vascular rupture Associated problems of prematurity
Depressed skull fracture Forceps injury Associated cerebral edema

Infants Hydrocephalus Varied Increased ICP, especially dangerous in shunt-dependent 
revisions

Meningocele Outpouching of meninges through skull defect Large size creates airway management problems
Prone or lateral position
Substantial blood loss
Repair may increase ICP

Encephalocele Outpouching of meninges through skull defect 
with brain tissue enclosed

Myelomeningocele Protrusion of spinal meninges and roots 
through spina bifida

Prone or lateral position
Substantial blood loss
Respiratory restriction after covering large defects

Arnold-Chiari malformation Impaction of posterior fossa contents into 
foramen magnum

Brainstem compression with head flexion

With or without hydrocephalus Increased ICP
Latex allergy

With or without myelomeningocele Postoperative respiratory depression
Craniosynostosis Premature cranial suture fusion Substantial blood loss

Air embolism
Supine or prone position

Craniofacial dysostosis Developmental abnormality Lengthy procedures
Substantial blood loss
Brain retraction
Air embolism
Endotracheal tube damage

Vascular malformations Varied Congestive heart failure
Large blood loss
Elective hypotension

Subdural hematoma/effusion Trauma Associated injuries

Older children Posterior fossa tumors Ependymoma Malnutrition/dehydration
Astrocytoma Hydrocephalus

Increased ICP
Prone or sitting position
Air embolism
Brainstem compression
Postoperative cranial nerve dysfunction or brainstem 

swelling or compression

ICP, intracranial pressure.

Table 63-15 Anesthetic Considerations and Position Requirements Associated with Various Spinal Surgical Procedures

Spinal Segment and Surgical Condition Problems/Considerations Positions Used and Comments

Thoracolumbar region: degenerative 
disease, spinal stenosis, trauma

Major position change Prone, lateral, or knee-chest position
Awake intubation and position If unstable after trauma and major position change required
Blood loss Especially with redos, instrumentation, and spinal stenosis; risk 

of occult aortoiliac or major venous injury
Air embolism Infrequent; perhaps increased with knee-chest position and 

Relton-Hall frame
Postoperative visual loss Etiology unclear; associated with long prone procedures, low 

hematocrit, large estimated blood loss, and hypotension. 
Patient variables may contribute

See Section on Positioning, Prone
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Speci!c diseases are commonly associated with obesity, 
and obesity is o"en accompanied by multiple comorbid states.7 
Such states frequently include insulin resistance, type 2 diabetes 
mellitus, obstructive sleep apnea (OSA), hypoventilation, cardio-
vascular disease, hypertension, certain malignancies, and osteo-
arthritis.7-14 Virtually all organ systems can be included in the 
extended list of health risks associated with having an increased 
BMI. A listing of the most common speci!c disease states along 
with their obesity-associated risk is detailed in Table 64-3. As a 
result of these concomitant conditions, obesity is also associated 
with early death.6 Of the health risks listed in Table 64-3, meta-
bolic syndrome and OSA merit additional attention because they 
pose special concerns for the anesthetic care of the obese 
population.

Metabolic Syndrome

#e clustering of a group of de!ned metabolic and physical 
abnormalities is now referred to as “metabolic syndrome.”15 
Patients with metabolic syndrome commonly have abdominal 
obesity, reduced levels of high-density lipoprotein (HDL), hyper-
insulinemia, glucose intolerance, hypertension, and other charac-
teristic features (Box 64-1).15 Clinical criteria for diagnosing 
metabolic syndrome require at least three of the following: 
abdominal obesity, elevated fasting glucose, hypertension, low 
HDL levels, and hypertriglyceridemia. Speci!c diagnostic criteria 
are presented in Table 64-4. Weight gain with visceral obesity is a 
major predictor of metabolic syndrome. #e clinical approach 
uses waist circumference rather than BMI to de!ne the adipose 
mass component contributing to metabolic syndrome because 
BMI has been shown to be a relatively insensitive indicator of the 
risk for obesity-associated metabolic and cardiovascular disease. 
Waist circumference, but not BMI, re$ects abdominal subcutane-
ous adipose tissue, as well as abdominal visceral adipose tissue, 
and is therefore a better index of central, or truncal, fat mass.

In the United States, nearly 50 million people have meta-
bolic syndrome, for an age-adjusted prevalence of almost 24%. Of 
such people, more than 83% meet the criterion of abdominal 
obesity. #e incidence of metabolic syndrome increases with age, 
with more than 40% of the U.S. population a%ected by the age of 
60 years.15 Men are a%ected more commonly than women, and 
Hispanics and south Asians appear to be particularly susceptible. 
Its frequency is lower in African American than in white men. 
Metabolic syndrome may result from the use of some commonly 
prescribed drugs, including corticosteroids, antidepressants, and 
antipsychotic agents. #e protease inhibitors used to treat human 
immunode!ciency virus infection can induce metabolic syn-
drome secondary to insulin resistance.

Table 64-1 Levels of Risk Associated with Increasing Body Mass Index

Classification BMI (kg/m2) Risk of Health Problems Developing

Underweight <18.5 Increased

Normal weight 18.5-24.9 Least

Overweight 25.0-29.9 Increased

Obese
 Class 1 30.0-34.9 High
 Class 2 35.0-39.9 Very high
 Class 3 40.0-49.9 Extremely high

Superobese ≥50 Exceedingly high

Table 64-2 Waist Circumference and Risk

Waist 
Circumference

Body Mass Index (kg/m2)

Normal Weight Overweight Obese Class 1

<102 cm (!) Least risk Increased risk High risk
<88 cm (")

≥102 cm (!) Increased risk High risk Very high risk
≥88 cm (")

34
36

57 59 61 63 65 67 69 71 79 8173 75 77

145 150155 160 165 170175 180 185 190195 200 205

40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130
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Figure 64-1 A family of iso-BMI curves for BMI ranging from 13 to 50 and 
mapped on axes for height (in both centimeters and inches) and weight (in 
both kilograms and pounds). BMI, body mass index.

shows a family of iso-BMI curves for BMI ranging from 13 to 50 
and mapped on axes for height (in both centimeters and inches) 
and weight (in both kilograms and pounds). Using this system, 
patients are classi!ed according to BMI, and the associated risk 
of health problems developing is shown in Table 64-1. Patients 
are considered to be overweight with a BMI between 25 and 
29.9 kg/m2 and obese with a BMI between 30 and 49.9 kg/m.2 #e 
obese classi!cation is further subdivided into class 1 (BMI range 
of 30 to 34.9 kg/m2), class 2 (35 to 39.9 kg/m2), and class 3 (40 to 
49.9 kg/m2). Patients with a BMI of 50 kg/m2 or greater are con-
sidered superobese. As BMI increases beyond normal weight, the 
risk of serious health problems developing rises greatly (Table 
64-2). Malnourishment and malnutrition are commonly o%ered 
as explanations for the fact that underweight patients are also at 
increased risk for contracting illnesses.
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Speci!c diseases are commonly associated with obesity, 
and obesity is o"en accompanied by multiple comorbid states.7 
Such states frequently include insulin resistance, type 2 diabetes 
mellitus, obstructive sleep apnea (OSA), hypoventilation, cardio-
vascular disease, hypertension, certain malignancies, and osteo-
arthritis.7-14 Virtually all organ systems can be included in the 
extended list of health risks associated with having an increased 
BMI. A listing of the most common speci!c disease states along 
with their obesity-associated risk is detailed in Table 64-3. As a 
result of these concomitant conditions, obesity is also associated 
with early death.6 Of the health risks listed in Table 64-3, meta-
bolic syndrome and OSA merit additional attention because they 
pose special concerns for the anesthetic care of the obese 
population.

Metabolic Syndrome

#e clustering of a group of de!ned metabolic and physical 
abnormalities is now referred to as “metabolic syndrome.”15 
Patients with metabolic syndrome commonly have abdominal 
obesity, reduced levels of high-density lipoprotein (HDL), hyper-
insulinemia, glucose intolerance, hypertension, and other charac-
teristic features (Box 64-1).15 Clinical criteria for diagnosing 
metabolic syndrome require at least three of the following: 
abdominal obesity, elevated fasting glucose, hypertension, low 
HDL levels, and hypertriglyceridemia. Speci!c diagnostic criteria 
are presented in Table 64-4. Weight gain with visceral obesity is a 
major predictor of metabolic syndrome. #e clinical approach 
uses waist circumference rather than BMI to de!ne the adipose 
mass component contributing to metabolic syndrome because 
BMI has been shown to be a relatively insensitive indicator of the 
risk for obesity-associated metabolic and cardiovascular disease. 
Waist circumference, but not BMI, re$ects abdominal subcutane-
ous adipose tissue, as well as abdominal visceral adipose tissue, 
and is therefore a better index of central, or truncal, fat mass.

In the United States, nearly 50 million people have meta-
bolic syndrome, for an age-adjusted prevalence of almost 24%. Of 
such people, more than 83% meet the criterion of abdominal 
obesity. #e incidence of metabolic syndrome increases with age, 
with more than 40% of the U.S. population a%ected by the age of 
60 years.15 Men are a%ected more commonly than women, and 
Hispanics and south Asians appear to be particularly susceptible. 
Its frequency is lower in African American than in white men. 
Metabolic syndrome may result from the use of some commonly 
prescribed drugs, including corticosteroids, antidepressants, and 
antipsychotic agents. #e protease inhibitors used to treat human 
immunode!ciency virus infection can induce metabolic syn-
drome secondary to insulin resistance.

Table 64-1 Levels of Risk Associated with Increasing Body Mass Index

Classification BMI (kg/m2) Risk of Health Problems Developing

Underweight <18.5 Increased

Normal weight 18.5-24.9 Least

Overweight 25.0-29.9 Increased

Obese
 Class 1 30.0-34.9 High
 Class 2 35.0-39.9 Very high
 Class 3 40.0-49.9 Extremely high

Superobese ≥50 Exceedingly high

Table 64-2 Waist Circumference and Risk
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Normal Weight Overweight Obese Class 1

<102 cm (!) Least risk Increased risk High risk
<88 cm (")

≥102 cm (!) Increased risk High risk Very high risk
≥88 cm (")
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Figure 64-1 A family of iso-BMI curves for BMI ranging from 13 to 50 and 
mapped on axes for height (in both centimeters and inches) and weight (in 
both kilograms and pounds). BMI, body mass index.

shows a family of iso-BMI curves for BMI ranging from 13 to 50 
and mapped on axes for height (in both centimeters and inches) 
and weight (in both kilograms and pounds). Using this system, 
patients are classi!ed according to BMI, and the associated risk 
of health problems developing is shown in Table 64-1. Patients 
are considered to be overweight with a BMI between 25 and 
29.9 kg/m2 and obese with a BMI between 30 and 49.9 kg/m.2 #e 
obese classi!cation is further subdivided into class 1 (BMI range 
of 30 to 34.9 kg/m2), class 2 (35 to 39.9 kg/m2), and class 3 (40 to 
49.9 kg/m2). Patients with a BMI of 50 kg/m2 or greater are con-
sidered superobese. As BMI increases beyond normal weight, the 
risk of serious health problems developing rises greatly (Table 
64-2). Malnourishment and malnutrition are commonly o%ered 
as explanations for the fact that underweight patients are also at 
increased risk for contracting illnesses.
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Patients requiring anesthesia for renal and genitourinary surgery 
are frequently at the extremes of age. In addition to the physio-
logic changes of aging in elderly patients, concomitant cardiovas-
cular and respiratory comorbidity is common. A medical history, 
physical examination, and appropriate laboratory tests are neces-
sary to evaluate concomitant disease. In pediatric urologic 
patients, a careful history should exclude other nonurologic con-
genital lesions.

Urologic procedures are performed mostly on the kidneys, 
adrenals, ureters, urinary bladder, prostate, urethra, penis, scrotum, 
testis, and spermatic cord. Because their sensory nerve supply is 
primarily thoracolumbar and sacral outflow (Table 65-1), these 
structures are well adapted for regional anesthesia.

Innervation of the  
Genitourinary System

!e parts of the genitourinary system that are in the abdomen 
receive their nerve supply from the autonomic nervous system by 
means of sympathetic and parasympathetic pathways. !e pelvic 
urinary organs and genitalia are supplied by somatic and auto-
nomic nerves. Table 65-1 summarizes the pain conduction path-
ways and spinal levels of the genitourinary system.

Kidney and Abdominal Ureter

Sympathetic nerves to the kidney originate as preganglionic fibers 
from the eighth thoracic through the first lumbar segments and 
converge at the celiac plexus and aorticorenal ganglia (Fig. 65-1). 
Postganglionic fibers to the kidney arise mainly from the celiac 
and aorticorenal ganglia. Some sympathetic fibers may reach the 
kidney via the splanchnic nerves. Parasympathetic input is from 
the vagus nerve.1 Sympathetic fibers to the ureter originate from 
the 10th thoracic through the 2nd lumbar segments and synapse 
with postganglionic fibers in the aorticorenal and superior and 
inferior hypogastric plexuses. Parasympathetic input is from the 
second through fourth sacral spinal segments.1 Nociceptive fibers 
travel along the sympathetics to the same spinal segments. Pain 
from the kidney and ureter is referred mainly to the somatic  

Table 65-1 Pain Conduction Pathways and Spinal Segment Projection of Pain of the Genitourinary System

Organ Sympathetics, Spinal Segments Parasympathetics Spinal Levels of Pain Conduction

Kidney T8-L1 CN X (vagus) T10-L1

Ureter T10-L2 S2-4 T10-L2

Bladder T11-L2 S2-4 T11-L2 (dome), S2-4 (neck)

Prostate T11-L2 S2-4 T11-L2, S2-4

Penis L1 and L2 S2-4 S2-4

Scrotum NS NS S2-4

Testes T10-L2 NS T10-L1

NS, not significant for nociceptive function.

Figure 65-1 Autonomic and sensory innervation of the kidney and ureters. 
Solid line indicates preganglionic fibers; dashed line indicates postganglionic 
fibers; and dotted line indicates sensory fibers. (From Gee WF, Ansell JF: 
Pelvic and perineal pain of urologic origin. In Bonica JJ [ed]: The Management 
of Pain, 2nd ed. Philadelphia, Lea & Febiger, 1990, pp 1368-1378.)
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Table 65-3 Clinical Abnormalities in Chronic Renal Failure and Their Response to Dialysis and Erythropoietin Treatment

Improved by Dialysis
Improved by Adding 
Erythropoietin Variable Response Not Improved

Develop after Dialysis 
Therapy

Volume expansion and 
contraction

Fatigue Secondary 
hyperparathyroidism

Increased lipoprotein 
level

Adynamic osteomalacia
Impaired mentation β2-Microglobulinemia

Hypernatremia and 
hyponatremia

Lethargy Hyperuricemia Decreased high-density 
lipoprotein level

Muscle cramps
Pallor Hypertriglyceridemia Dialysis dysequilibrium syndrome

Hyperkalemia and 
hypokalemia

Anemia Protein-calorie malnutrition Impaired growth and 
development

Hypotension and arrhythmias
Bleeding diathesis

Metabolic acidosis Headache Infertility and sexual 
dysfunction

Hepatitis
Hyperphosphatemia Peripheral neuropathy
Hypocalcemia Restless legs syndrome Idiopathic ascites

Vitamin D–deficient 
osteomalacia

Paralysis Amenorrhea Peritonitis
Seizures Amenorrhea Leukopenia

Carbohydrate intolerance Myopathy Sleep disorders Hypocomplementemia

Hypothermia Arterial hypertension Pruritus

Asterixis Cardiomyopathy Lymphocytopenia

Muscular irritability Accelerated atherosclerosis Splenomegaly and 
hypersplenismMyoclonus

Coma Vascular calcification

Congestive heart failure or 
pulmonary edema

Hyperpigmentation
Peptic ulcer

Pericarditis Gastrointestinal bleeding

Uremic lung Increased susceptibility to 
infection

Ecchymoses

Uremic frost

Anorexia

Nausea and vomiting

Uremic fetor

Gastroenteritis

Table 65-4 Conditions Affecting Blood Urea Nitrogen (BUN) Independently of 
Glomerular Filtration Rate

Increased BUN
Reduced effective circulating blood volume (prerenal azotemia)
Catabolic states (gastrointestinal bleeding, corticosteroid use)
High-protein diets
Tetracycline

Decreased BUN
Liver disease
Malnutrition
Sickle cell anemia
SIADH

SIADH, syndrome of inappropriate secretion of antidiuretic hormone.

Tubular Function

Concentration
Urinary specific gravity is an index of the kidney’s concentrating 
ability, specifically, renal tubular function. Determination of 
urinary osmolality (i.e., measurement of the number of moles of 
solute [osmoles] per kilogram of solvent) is a similar, more spe-
cific test. Excretion of concentrated urine (specific gravity 1.030; 
1050 mOsm/kg) is indicative of excellent tubular function, 
whereas a urinary osmolality fixed at that of plasma (specific 
gravity 1.010; 290 mOsm/kg) indicates renal disease. !e urinary 
dilution mechanism persists a"er concentrating defects are 
present, so a urinary osmolality of 50 to 100 mOsm/kg still may 
be consistent with advanced renal disease.

Protein
Patients without renal disease may excrete 150 mg of protein per 
day; greater amounts may be present a"er strenuous exercise or 
a"er standing for several hours. Massive proteinuria (i.e., 

2.5 mg/100 mL). !e serum creatinine concentration and clear-
ance are better indicators of general kidney function and GFR 
than similar measurements of urea nitrogen (Table 65-4). !ere 
are disease states, however, in which even the serum creatinine 
may be affected independent of the GFR (Table 65-5).
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>750 mg/day) is always abnormal and usually indicates severe 
glomerular damage.

Glucose
Glucose is freely filtered at the glomerulus and is subsequently 
reabsorbed in the proximal tubule. Glycosuria signifies that the 
ability of the renal tubules to reabsorb glucose has been exceeded 
by an abnormally heavy glucose load and is usually indicative of 
diabetes mellitus. Glycosuria also may be present in hospitalized 
patients without diabetes who are receiving intravenous glucose 
infusions.

Additional Diagnostic Tests

Urinalysis and Appearance
Gross and microscopic observation of urine and its sediment, 
along with determination of urinary pH, specific gravity, protein 
content, and glucose content, is one of the most readily availa-
ble, inexpensive, and informative laboratory tests. !e gross 
appearance of urine may indicate the presence of bleeding or 
infection in the genitourinary tract. Microscopic examination of 
urinary sediment may reveal casts, bacteria, and various cell 
forms, supplying diagnostic information in patients with renal 
disease.

Serum and Urine Electrolytes
pH and Blood Gases. Sodium, potassium, chloride, and 
bicarbonate concentrations should be determined if impairment 
in renal function is suspected. !e results of these tests usually 
remain normal until frank renal failure is present, however, and 
hyperkalemia does not occur until patients are uremic.5 Measur-
ing urinary sodium or chloride excretion is especially useful 
when attempting to differentiate between causes of hyponatremia, 
as seen in volume contraction (whether a decrease in total circu-
latory volume or a decrease in effective arterial blood volume), 
versus conditions associated with increased salt loss, such as the 
syndrome of inappropriate secretion of antidiuretic hormone, 
salt-losing nephropathy, or adrenal insufficiency.6 If significant 

renal disease is present, patients consuming a diet high in animal 
protein may have metabolic acidosis.

Electrocardiogram. !e electrocardiogram (see Chapter 34) 
reflects the toxic effects of potassium excess more closely than 
determination of the serum potassium concentration.

Imaging Studies
Computed Tomography Scan of Kidneys. A stone proto-
col computed tomography (CT) scan of the kidneys, ureter, and 
bladder has become the study of choice for the detection of kidney 
stones because of its ability to detect stones of all kinds, including 
uric acid stones and nonobstructing stones in the ureter. Masses 
in the kidney can be evaluated using either contrast-enhanced CT 
or renal ultrasound.6

Computed Tomography Angiography. CT angiography is 
used for the evaluation of renal artery stenosis and is emerging 
rapidly as a useful study. Although it is comparable to magnetic 
resonance angiography as a noninvasive tool, it requires the use 
of iodinated contrast material, which may cause renal dysfunction 
in patients with chronic kidney disease.7

Magnetic Resonance Imaging with Magnetic Resonance 
Angiography !e use of magnetic resonance imaging (MRI) 
with magnetic resonance angiography has revolutionized the 
evaluation of renovascular disease. !e test is highly sensitive, but 
tends to overestimate the degree of stenosis. Its accuracy in 
detecting fibromuscular dysplasia causing renal artery stenosis 
has not been well validated. MRI also can be used to evaluate 
renal masses. Its main advantages of MRI are that it is a nonin-
vasive test and does not require iodinated contrast material.

Important Pathophysiologic Manifestations 
of Chronic Renal Failure (see also Chapter 96)

Hypervolemia
Total-body contents of Na++ and H2O are increased in chronic 
renal failure (CRF),4 although this increase may not be clinically 
apparent until the GFR is reduced to very low levels. Weight gain 
is usually associated with volume expansion and is offset by the 
concomitant loss of lean body mass. !e combination of loop 
diuretics with metolazone, which acts by inhibiting the Na-Cl 
cotransporter of the distal convoluted tubule, can overcome diu-
retic resistance.

Acidemia
Although urine can be acidified normally in most patients  
with CRF, these patients have a reduced ability to produce 
ammonia. In the early stages, the accompanying organic anions 
are excreted in urine, and the metabolic acidosis is of the  
non–anion gap variety. With advanced renal failure, a fairly  
large “anion gap” may develop (to approximately 20 mmol/L), 
however, with a reciprocal decrease in plasma HCO3

− concentra-
tion. !is acidemia is usually corrected by hemodialysis. Although 
acidemia is well compensated in moderate CRF, patients can 
become acidemic and hyperkalemic8 in the postoperative period 
(Table 65-6).

Table 65-5 Conditions Affecting Serum Creatinine Independently of 
Glomerular Filtration Rate

Condition Mechanism

Conditions Causing Elevation

Ketoacidosis Noncreatinine chromogen

Cephalothin, cefoxitin Noncreatinine chromogen

Flucytosine Noncreatinine chromogen

Other drugs—aspirin, cimetidine, 
probenecid, trimethoprim

Inhibition of tubular creatinine 
secretion

Conditions Causing Decrease

Advanced age Physiologic decrease in muscle mass

Cachexia Pathologic decrease in muscle mass

Liver disease Decreased hepatic creatine synthesis 
and cachexia
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physiologic pH range, however, and are eliminated unchanged in 
urine. !eir duration of action may be extended in patients with 
impaired renal function. Drugs in this category include muscle 
relaxants, cholinesterase inhibitors, thiazide diuretics, digoxin, 
and many antibiotics (Table 65-8).13

Opioids
Renal failure has implications of major clinical importance with 
respect to morphine and meperidine (see Chapter 27). For the 
fentanyl congeners, the clinical importance of renal failure is less 
marked.14

Morphine is an opioid with active metabolites that depend 
on renal clearance mechanisms for elimination. Morphine  
is principally metabolized by conjugation in the liver, and  
the water-soluble glucuronides (morphine-3-glucuronide and  
morphine-6-glucuronide) are excreted via the kidney. !e kidney 
also plays a role in the conjugation of morphine, accounting for 
nearly 40% of its metabolism.15 Patients with renal failure can 
develop very high levels of morphine-6-glucuronide and life-
threatening respiratory depression.14 In view of these changes 
induced by renal failure, morphine may not be a good choice in 
patients with severely altered renal clearance mechanisms.

!e clinical pharmacology of meperidine also is signifi-
cantly altered by renal failure. Normeperidine, the chief metabo-
lite, has analgesic and central nervous system (CNS) excitatory 
effects.16 Because the active metabolites are subject to renal excre-
tion, this potential CNS toxicity secondary to normeperidine 
accumulation is especially a concern in patients in renal failure.

!e clinical pharmacology of the fentanyl congeners is not 
grossly altered by renal failure, although a decrease in plasma 
protein binding potentially may alter the free fraction of the fen-
tanyl class of opioids.14 Fentanyl clearance is not altered by renal 
failure. As with fentanyl, sufentanil pharmacokinetics are not 
altered in any consistent fashion by renal disease, although greater 
variability exists in the clearance and elimination half-life of suf-
entanil when patients have impaired renal function.17 An increased 
clinical effect is likely with alfentanil in renal failure because of a 
decreased initial volume of distribution and an increased free 
fraction of alfentanil.18 No delay in recovery a#er alfentanil 
administration should be expected, however. Neither the phar-

macokinetics nor the pharmacodynamics of remifentanil are 
altered by impaired renal function.18

Hydromorphone,19 as the parent drug, does not substan-
tially accumulate in hemodialysis patients. Conversely, an active 
metabolite, hydromorphone-3-glucuronide, quickly accumulates 
between dialysis treatments, but seems to be effectively removed 
during hemodialysis. With careful monitoring, hydromorphone 
may be used safely in dialysis patients. It should be used with 
caution, however, in patients with a GFR less than 30 mL/min 
who have yet to start dialysis or who have withdrawn from 
dialysis.

Inhaled Anesthetics
All inhaled anesthetics (see Chapters 20, 21, and 24) are biotrans-
formed to some extent, with the nonvolatile products of metabo-
lism eliminated almost entirely by the kidney.20 Reversal of the 
CNS effects of inhaled anesthetics depends on pulmonary excre-
tion, however, so impaired kidney function would not alter the 
response to these anesthetics. From the viewpoint of selecting an 
anesthetic that would not be harmful to patients with mild or 
moderate impairment of renal function, all the modern potent 
anesthetics are suitable. Enflurane is biotransformed to inorganic 
fluoride, but levels a#er 2 to 4 hours of anesthesia average only 
19 µM in patients with mild to moderate kidney disease, signifi-
cantly lower than the nephrotoxic threshold of 50 µM, which is 
frequently reported a#er the administration of methoxyflu-
rane.21,22 !is level of fluoride should not cause further renal 
impairment. Fluoride levels a#er isoflurane increase by only 3 to 
5 µM,23 and by only 1 to 2 µM a#er halothane,22 so these anesthet-
ics have no nephrotoxic potential.

Desflurane and sevoflurane, two newer inhaled anesthetics, 
are remarkably different in their molecular stability and biotrans-
formation. Desflurane is highly stable and resists degradation by 
soda lime24 and the liver. !e mean inorganic fluoride concentra-
tion a#er 1 minimum alveolar concentration (MAC)–hour expo-
sure to desflurane was less than 1 µmol/L.25 !e safety of 
desflurane in renal failure patients has been confirmed.26 In addi-
tion, more sensitive indices of renal function—urine retinol-
binding protein and β-N-acetylglucosaminidase—showed no 
evidence of renal damage. Prolonged exposure to desflurane (7 
MAC-hours) has been associated with normal renal function.26

Sevoflurane is not very stable. Soda lime causes it to decom-
pose,27 and it is biotransformed by the liver. Plasma inorganic 
fluoride concentrations approaching nephrotoxic levels (50 µmol/
L)28 have been reported a#er prolonged inhalation of sevoflurane. 
No evidence of gross changes in renal function was found in 
humans, however.29 In one study, sevoflurane was used at low flow 
(1 L/min), and there was no relationship to compound A and 
renal function.

Inhaled anesthetics cause a transient reversible depression 
in renal function. GFR, renal blood flow, urine output, and urinary 
excretion of sodium are decreased (Table 65-9). Probable mecha-
nisms include reduced renal blood flow, loss of renal autore-
gulation, neurohumoral factors (e.g., antidiuretic hormone, 
vasopressin, renin), and neuroendocrine responses. Although 
most inhaled anesthetics have been shown to reduce GFR and 
urinary excretion of sodium, their effects on renal blood flow 
have yielded conflicting results, which can be explained by differ-
ences in experimental methodology. Data suggest that renal 
blood flow is maintained with halothane, isoflurane, and desflu-
rane,30,31 but it is decreased with enflurane and sevoflurane.32,33

Table 65-8 Drugs Used or Encountered in Anesthesia Practice That 
Significantly Depend on Renal Elimination

Completely Dependent Partially Dependent

Digoxin, inotropes (used 
frequently; monitoring of 
blood levels indicated in 
chronic renal failure)

IV anesthetics—barbiturates

Others—aminoglycosides, 
vancomycin, 
cephalosporins, and 
penicillins

Muscle relaxants—pancuronium

Anticholinergics—atropine, glycopyrrolate
Cholinesterase inhibitors—neostigmine, 

edrophonium
Others—milrinone, hydralazine, 

cycloserine, sulfonamides, and 
chlorpropamide
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Table 65-12 Perioperative Causes of Oliguria

Prerenal
Hypovolemia
Dehydration
Low cardiac output states
Aortic/renal artery clamping
Thromboembolic phenomena
Hemorrhage
Transfusion reaction

Renal
Ischemic injury from shock (cardiogenic, septic, hemorrhagic)
Nephrotoxins
Antibiotics
Chemotherapeutic agents
Radiocontrast dyes
Free hemoglobin and myoglobin
Cellular debris
Acute interstitial nephritis
Hypersensitivity reactions
Acute glomerulonephritis

Postrenal
Calculi
Tumors
Clot retention
Surgical ligation
Edema

From Patafio O: Acute renal failure and perioperative oliguria. In Malhotra V (ed): 
Anesthesia for Renal and Genitourinary Surgery. New York, McGraw-Hill, 1996,  
p 38.

matized or postsurgical patients); a decrease in serum sodium 
and calcium; a decrease in serum proteins, particularly albumin; 
a consistent increase in total reducing substance in serum, fre-
quently occurring with true hyperglycemia, which may be either 
sensitive or resistant to insulin; elevation of total lipids, choles-
terol, phosphorus, and neutral fats; and metabolic acidosis.65,66 
!e kidney functions as an endocrine and as an excretory organ. 
Disorders of renin-angiotensin and aldosterone secretion occur 
and contribute to the hypertension that develops in patients with 
severe renal disease. Reduced erythropoietin production leads to 
anemia. Heart failure and abnormalities in liver function and 
blood coagulation also may occur in patients with renal shut-
down. Infection is common and difficult to treat because the 
altered excretion of antibiotics leads to the rapid development of 
toxic levels of these drugs.

When established, oliguria is usually present for 10 to 18 
days, but may persist for 30 to 45 days. During this period, hemo-
dialysis is required every 2 to 4 days. When diuresis occurs, the 
beginning of the recovery phase is signaled. During the diuretic 
phase, urine volume gradually increases until 5 to 6 L of urine is 
produced daily. Management of the patient is directed at main-
taining fluid and electrolyte balance in the face of these large 
losses. Finally, concentrating ability gradually returns toward 
normal. Complete return of all measurable parameters of renal 
function occurs in approximately two thirds of patients who 
survive. Fi#y percent to 60% of patients with ARF do not survive 
long enough for recovery or the development of CRF, however.67 
Arrhythmias, bleeding, and infection are the most frequent causes 
of death.

Outcome analysis indicates that the overall mortality rate 
from ARF has not been significantly reduced in recent years 
despite earlier and more frequent dialysis. It is likely that there 
has been an increase in the survival rate of some categories of 
patients without any change in the overall rate because of an 
increase in the proportion of seriously ill patients who are now 
treated in dialysis units. !is conclusion is suggested by the steady 
improvement in mortality data of obstetric patients with renal 
failure. !e low (15%) mortality rate for this group emphasizes 
that the most significant feature determining survival is the physi-
cal status of the patient before the onset of renal failure.

As noted earlier, many patients with ARF have normal or 
high urinary flow rates. In these patients, the antecedent cause of 
renal failure may be the same as that in patients with classic oligu-
ric renal failure, but an oliguric or anuric phase is not identifiable. 
Patients are unable to alter urinary volume and content appropri-
ately, with an average daily output o#en greater than 2.5 L/day. 
!e more frequent incidence of nonoliguric and polyuric renal 
failure in recent years compared with the 1940s and 1950s is 
thought to be due, in part, to more vigorous early treatment of 
patients with incipient oliguric renal failure.

Hemodialysis
!e steady improvement in hemodialysis techniques (see  
Chapter 67) from the first artificial kidney developed in 1944 by 
Kolf and Berk68 to the current practice of home dialysis has 
resulted in additional years of productive life for patients with 
CRF. !is improvement, coupled with the 1976 federal legislation 
extending Medicare coverage to renal failure patients, has resulted 
in a large increase in the number of hemodialysis patients. Dialy-
sis improves most of the signs and symptoms of uremia (e.g., 
volume overload, acid-base and electrolyte imbalance, abnormal 
mental function, peripheral neuropathy, muscle weakness, and 
defective coagulation). Hypertension is improved except in 
patients with high renin levels. Some patients have been undergo-
ing hemodialysis for more than 10 years. !e 3-year survival rate 
for U.S. patients 20 to 25 years old treated by hemodialysis is 85%; 
for patients 60 to 65 years old, 3-year survival is 60%.

Presently, two basic dialysis techniques are used: peritoneal 
dialysis and hemodialysis. Peritoneal dialysis can be either  

Table 65-13 Urinary Composition of Oliguria

Physiologic 
Oliguria

Prerenal 
Failure

Acute Tubular 
Necrosis

Urinary sodium <10 mEq/L <25 mEq/L >35 mEq/L

Urinary specific 
gravity

>1.024 >1.015 1.010-1.015

Urinary osmolality >700 mOsm/kg >500 mOsm/kg <350 mOsm/kg

Urinary/plasma 
osmolality

>2.5 : 1 >1.8 : 1 ≤1.1 : 1

Urinary/plasma 
urea

>100 : 1 >20 : 1 3 : 1, rarely >10 : 1

Urinary/plasma 
creatinine

>60 : 1 >30 : 1, rarely 
<10 : 1

<10 : 1

Fractional sodium 
excretion

<1 >1 >0.5
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Low cardiac output states
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Thromboembolic phenomena
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Transfusion reaction
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Ischemic injury from shock (cardiogenic, septic, hemorrhagic)
Nephrotoxins
Antibiotics
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Free hemoglobin and myoglobin
Cellular debris
Acute interstitial nephritis
Hypersensitivity reactions
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From Patafio O: Acute renal failure and perioperative oliguria. In Malhotra V (ed): 
Anesthesia for Renal and Genitourinary Surgery. New York, McGraw-Hill, 1996,  
p 38.

matized or postsurgical patients); a decrease in serum sodium 
and calcium; a decrease in serum proteins, particularly albumin; 
a consistent increase in total reducing substance in serum, fre-
quently occurring with true hyperglycemia, which may be either 
sensitive or resistant to insulin; elevation of total lipids, choles-
terol, phosphorus, and neutral fats; and metabolic acidosis.65,66 
!e kidney functions as an endocrine and as an excretory organ. 
Disorders of renin-angiotensin and aldosterone secretion occur 
and contribute to the hypertension that develops in patients with 
severe renal disease. Reduced erythropoietin production leads to 
anemia. Heart failure and abnormalities in liver function and 
blood coagulation also may occur in patients with renal shut-
down. Infection is common and difficult to treat because the 
altered excretion of antibiotics leads to the rapid development of 
toxic levels of these drugs.

When established, oliguria is usually present for 10 to 18 
days, but may persist for 30 to 45 days. During this period, hemo-
dialysis is required every 2 to 4 days. When diuresis occurs, the 
beginning of the recovery phase is signaled. During the diuretic 
phase, urine volume gradually increases until 5 to 6 L of urine is 
produced daily. Management of the patient is directed at main-
taining fluid and electrolyte balance in the face of these large 
losses. Finally, concentrating ability gradually returns toward 
normal. Complete return of all measurable parameters of renal 
function occurs in approximately two thirds of patients who 
survive. Fi#y percent to 60% of patients with ARF do not survive 
long enough for recovery or the development of CRF, however.67 
Arrhythmias, bleeding, and infection are the most frequent causes 
of death.

Outcome analysis indicates that the overall mortality rate 
from ARF has not been significantly reduced in recent years 
despite earlier and more frequent dialysis. It is likely that there 
has been an increase in the survival rate of some categories of 
patients without any change in the overall rate because of an 
increase in the proportion of seriously ill patients who are now 
treated in dialysis units. !is conclusion is suggested by the steady 
improvement in mortality data of obstetric patients with renal 
failure. !e low (15%) mortality rate for this group emphasizes 
that the most significant feature determining survival is the physi-
cal status of the patient before the onset of renal failure.

As noted earlier, many patients with ARF have normal or 
high urinary flow rates. In these patients, the antecedent cause of 
renal failure may be the same as that in patients with classic oligu-
ric renal failure, but an oliguric or anuric phase is not identifiable. 
Patients are unable to alter urinary volume and content appropri-
ately, with an average daily output o#en greater than 2.5 L/day. 
!e more frequent incidence of nonoliguric and polyuric renal 
failure in recent years compared with the 1940s and 1950s is 
thought to be due, in part, to more vigorous early treatment of 
patients with incipient oliguric renal failure.

Hemodialysis
!e steady improvement in hemodialysis techniques (see  
Chapter 67) from the first artificial kidney developed in 1944 by 
Kolf and Berk68 to the current practice of home dialysis has 
resulted in additional years of productive life for patients with 
CRF. !is improvement, coupled with the 1976 federal legislation 
extending Medicare coverage to renal failure patients, has resulted 
in a large increase in the number of hemodialysis patients. Dialy-
sis improves most of the signs and symptoms of uremia (e.g., 
volume overload, acid-base and electrolyte imbalance, abnormal 
mental function, peripheral neuropathy, muscle weakness, and 
defective coagulation). Hypertension is improved except in 
patients with high renin levels. Some patients have been undergo-
ing hemodialysis for more than 10 years. !e 3-year survival rate 
for U.S. patients 20 to 25 years old treated by hemodialysis is 85%; 
for patients 60 to 65 years old, 3-year survival is 60%.

Presently, two basic dialysis techniques are used: peritoneal 
dialysis and hemodialysis. Peritoneal dialysis can be either  

Table 65-13 Urinary Composition of Oliguria

Physiologic 
Oliguria

Prerenal 
Failure

Acute Tubular 
Necrosis

Urinary sodium <10 mEq/L <25 mEq/L >35 mEq/L

Urinary specific 
gravity

>1.024 >1.015 1.010-1.015

Urinary osmolality >700 mOsm/kg >500 mOsm/kg <350 mOsm/kg

Urinary/plasma 
osmolality

>2.5 : 1 >1.8 : 1 ≤1.1 : 1

Urinary/plasma 
urea

>100 : 1 >20 : 1 3 : 1, rarely >10 : 1

Urinary/plasma 
creatinine

>60 : 1 >30 : 1, rarely 
<10 : 1

<10 : 1

Fractional sodium 
excretion

<1 >1 >0.5
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foam tape placed to secure the epidural catheter was frequently 
in the blast path of the shock waves and could absorb 80% of the 
shock wave energy.

Except when piezoelectric lithotripters or lithotripters with 
very low shock wave energy are used, the procedure is painful and 
requires some form of anesthesia. Shock waves produce sharp 
stinging pain at the entry site in the flank along with a sensation 
of deep visceral pressure discomfort.

Although shock waves pass through most tissues relatively 
unimpeded, they do cause tissue injury, the extent of which 
depends on the tissue exposed and the shock wave energy at the 
tissue level. Skin bruising and flank ecchymoses are common at 
the entry site. Painful hematoma in the flank muscles may occur. 
Hematuria is almost always present at the end of the procedure 
and results from shock wave–induced endothelial injury to the 
kidney and ureter. Adequate hydration is necessary to prevent clot 
retention. A decrease in postoperative hematocrit should arouse 
suspicion of a large perinephric hematoma. Punctate hemor-
rhages have been observed in the stomach and bowel, and this 
injury might be responsible for abdominal distention, nausea, and 
vomiting in some patients.

Lung tissue is especially susceptible to injury by shock 
waves. Air trapped in alveoli presents the classic water (tissue)-air 
interface to the shock wave and causes dissipation of energy with 
alveolar rupture and hemoptysis. Massive hemoptysis and death 
from pulmonary damage have been reported in laboratory 
animals a!er a single exposure of the thorax to a shock wave.118 
Shock wave–induced hemoptysis in a child and a pulmonary 
contusion with life-threatening hypoxemia in an adult have been 
reported.119,120 Children are more likely to sustain pulmonary 
damage from shock waves because of the shorter distance of the 
lung bases from the kidneys than in adults. It is recommended 
that a Styrofoam sheet or Styrofoam board be placed under the 
back in children to shield the lung bases from shock waves during 
ESWL.119,120

Shock wave–induced cardiac arrhythmias previously 
reported in 10% to 14% of patients undergoing lithotripsy are 
extremely rare nowadays.121,122 "ese arrhythmias are believed to 
be due to mechanical stress on the conduction system exerted by 
the shock waves. "e intricate grounding system of the litho-
tripter ensures that any current-induced arrhythmias are unlikely. 
Atrial and ventricular premature complexes, atrial fibrillation, 
and supraventricular and ventricular tachycardia have been 
reported.121,122 Artifacts on electrocardiogram also are common. 
Artifacts and arrhythmias usually disappear when the lithotripsy 
is stopped. Arrhythmias occasionally may persist and require 
treatment, however.

Physiologic Changes During Immersion Lithotripsy
Water immersion with the Dornier HM-3 lithotripter produces 
significant changes in the cardiovascular and respiratory systems 
(Table 65-16). Cardiovascular changes include an increase in 
central blood volume with an increase in central venous and 
pulmonary artery pressure.123,124 Weber and colleagues123 observed 
that increases in central venous pressure and pulmonary arterial 
pressure were directly correlated with the depth of immersion. 
"e sitting position, together with general or epidural anesthesia, 
would tend to cause peripheral pooling and decreased venous 
return. A decrease in cardiac output and an increase in systemic 
vascular resistance during immersion lithotripsy under general 
anesthesia has been documented.124 Respiratory changes with 

immersion up to the clavicles are significant; functional residual 
capacity and vital capacity are reduced by 20% to 30%, pulmonary 
blood flow has been shown to increase,125,126 and tight abdominal 
straps and the hydrostatic pressure of water on the thorax impart 
a characteristic shallow, rapid breathing pattern.126 Ventilation-
perfusion mismatch and hypoxemia are more likely. "e renal 
effects of immersion include diuresis, natriuresis, and kaliuresis. 
A decrease in antidiuretic hormone and renal prostaglandins 
occurs. "e temperature of the bath water can cause profound 
changes in the patient’s temperature. "is heat transfer is aug-
mented further by the vasodilation produced by general or epi-
dural anesthesia. Hypothermia and hyperthermia have been 
reported.127

Anesthetic Choices for Lithotripsy
Anesthetic regimens used successfully for lithotripsy include 
general anesthesia, epidural anesthesia, spinal anesthesia, flank 
infiltration with or without intercostal blocks, and analgesia- 
sedation, including patient-controlled analgesia.128-136 General 
anesthesia offers the advantages of rapid onset and control of 
patient movement. Ventilatory parameters can be controlled to 
decrease stone movement with respiration. Disadvantages include 
a likelihood of positional injury and difficulty in transporting an 
anesthetized patient to other locations if adjunctive procedures 
become necessary.

Epidural anesthesia offers the advantage that an awake 
patient can help with transfers, reducing the likelihood of injury. 
With epidural anesthesia using loss of resistance to air to identify 
the epidural space, only the smallest amount of air necessary 
should be injected. Air in the epidural space provides an interface 
and causes dissipation of shock wave energy and local tissue 
injury. Korbon and associates137 found a decrease in epidural 
compliance and pain on injection with repeat epidurals for sub-
sequent lithotripsies in their patients. In animal experiments, they 
were able to show epidural tissue damage a!er injection of air and 
exposure to shock waves.138 It is reassuring, however, that in most 
lithotripsies performed under epidural anesthesia worldwide, 
neurologic injury has not been a problem.139

"e main disadvantage of epidural anesthesia is its slow 
onset. Spinal anesthesia offers a reasonable alternative with its 
rapid onset. "e incidence of hypotension (the patient is in a 
sitting position for treatment) is higher, however. In one  
series, the incidence of hypotension with general, epidural, and 
spinal anesthesia was 13%, 18%, and 27%.140 Local anesthetic 
infiltration of the flank with or without intercostal blocks pro-
vides adequate anesthesia when combined with intravenous seda-
tion and avoids hypotension.128 Intravenous analgesia-sedation 
in various combinations has been used successfully by many 
anesthesiologists.130,131

Table 65-16 Changes on Immersion during Lithotripsy

Cardiovascular Increased Central blood volume
Increased Central venous pressure
Increased Pulmonary artery pressure

Respiratory Increased Pulmonary blood flow
Decreased Vital capacity
Decreased Functional residual capacity
Decreased Tidal volume
Increased Respiratory rate
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Newer Lithotripters
Newer lithotripters have no water bath, and they tend to use 
multifunctional tables that allow other procedures, such as cys-
toscopy and stent placement, to be accomplished without moving 
the patient off the table. "e shock waves are tightly focused, so 
they cause less pain at the entry site, and intravenous analgesia-
sedation is the mainstay of anesthesia with these newer litho-
tripters. Other incidental interventions, such as cystoscopy, stone 
manipulation, or stent placement, alter anesthetic requirements. 
Many of these newer lithotripters have a much smaller focal zone 
for the shock waves. It is even more imperative that adequate 
analgesia and sedation be provided, so that stone excursion with 
respiration is limited to the focal zone. Most analgesia-sedation 
combinations are adequate. Even patient-controlled analgesia 
with alfentanil and a combination of propofol and alfentanil has 
been used.141,142 Many centers routinely use general anesthesia 
with short-acting inhaled or intravenous anesthetics and employ 
laryngeal mask airway for ventilation.

Contraindications
Pregnancy and untreated bleeding disorders are the only con-
traindications to lithotripsy. Women of childbearing age must 
have a pregnancy test that is documented to be negative before 
lithotripsy. Standard tests of coagulation, such as the platelet 
count, prothrombin time, and partial thromboplastin time,  
should be obtained. Pacemakers, automatic implanted  
cardioverter-defibrillators (AICDs), abdominal aortic aneurysm,  
orthopedic prostheses, and obesity are no longer considered 
contraindications.

Patients with pacemakers can be treated safely if the pace-
maker is pectorally placed and the following precautions are 
observed (see Chapter 43).143-145 Pacemaker programmability 
should be established before the treatment, and the pacemaker 
should be switched to a nondemand mode in case the shock 
waves interfere with pacemaker function. Alternative means of 
pacing should be available. Although most pacemakers located 
pectorally are at a safe distance from the blast path, some may be 
damaged. Weber and coworkers143 examined 43 different pace-
makers and found that 3 were affected. Dual-chamber pacemak-
ers tend to be more sensitive to interference. Treatment must be 
started at a low energy level and gradually increased while observ-
ing pacemaker function.

Manufacturers of AICDs and lithotripters generally con-
sider an AICD a contraindication for lithotripsy. Patients with 
AICDs have been treated successfully with lithotripsy, however.144 
Transvenous AICDs are less of a concern than the older abdomi-
nally implanted defibrillators. AICD devices should be shut off 
immediately before lithotripsy and then reactivated immediately 
a#er treatment.146

Patients with small aortic aneurysms have been treated 
safely, provided that the stone is not close to the aneurysm. Ortho-
pedic prostheses, such as hip prostheses and even Harrington 
rods, are not a problem if they are not in the blast path, which is 
usually the case. Positioning of obese patients may be problematic 
at times. Not only do extremely obese patients present anesthetic 
challenges related to obesity, but also focusing of the stone may 
be extremely difficult in the very obese, and it is common for the 
procedure to be abandoned in these patients because of an inabil-
ity to bring the kidney stone into the F2 focal zone. It is prudent 
for focusing of the stone to be attempted before administering 
any anesthetic in this high-risk population. With the newer 

lithotripters, some of these patients may have to be placed prone, 
a position that they may not be able to tolerate safely.

Radical Surgery in Urology

Radical surgery is becoming common in the urologic suite with 
the introduction of radical nephrectomy, radical cystectomy, and 
radical retropubic prostatectomy. Common features include 
lengthy procedures, associated sudden and significant blood loss, 
and attention to renal function preservation. With radical 
nephrectomy, significant cardiorespiratory changes attendant to 
the flank position are a concern. Respiratory changes include 
decreases in thoracic compliance, tidal volume, vital capacity, and 
functional residual capacity. Dependent atelectasis is common 
and may lead to hypoxemia. Pneumothorax may occur and can 
have significant respiratory and hemodynamic consequences 
intraoperatively. It is common to see a decrease in blood pressure 
when the kidney rest is raised. "is decrease is usually due to 
compression of the inferior vena cava. In addition, hepatic 
encroachment on the vena cava and mediastinal shi# may reduce 
venous return and stroke volume further. Cervical plexus, bra-
chial plexus, and common peroneal neuropathies may occur as a 
result of stretch or compression of nerves in the lateral position.

Radical Nephrectomy for Renal Cell Carcinoma
"e most common malignancy of the kidney is renal cell  
carcinoma; 85% to 90% of all solid renal masses are renal cell 
carcinoma.147 Because renal cell carcinoma is refractory to chemo-
therapy and radiation therapy, surgical resection or ablation can 
offer curative treatment of localized disease (Table 65-17). More 
recently, resection of the ipsilateral adrenal gland has been 
reserved for patients with large upper pole lesions or when the 
adrenal gland is enlarged or appears abnormal.148 Partial nephrec-
tomy (nephron-sparing surgery) is considered for patients with 
small lesions or bilateral tumors or for patients at risk because of 
other diseases, such as diabetes or hypertension.147-150

In 5% to 10% of patients, the tumor extends into the renal 
vein and the inferior vena cava and right atrium. Tumor extension 
into the inferior vena cava and atrium occurs more frequently 
with right-sided renal cell carcinoma. Several problems can occur 

Table 65-17 Anesthetic Implications of Radical Nephrectomy for Tumors

85%-90% are for renal cell cancer

5%-10% extension to the IVC and right atrium

Large-bore IV access, A-line, IJV line (preferably on left side if IVC is 
involved)

Paraneoplastic syndrome

Hypercalcemia, eosinophilia; increased prolactin, erythropoietin, and 
glucocorticoids

Men > women

Chronic smoking history usually associated

CAD, COPD

Renal failure

CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; IJV, 
internal jugular vein; IVC, inferior vena cava.
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in these patients, ranging from circulatory failure as a result of 
complete occlusion of the vena cava by tumor to acute pulmonary 
embolization of tumor fragments during surgery. To operate on 
these patients safely, the extent of the lesion must be defined 
preoperatively. Cardiopulmonary bypass is o!en required in 
these cases to prevent tumor embolization, and necessary with 
tumor thrombus extension into the upper portion of the hepatic 
vena cava or when venous return is significantly compromised. 
Right heart catheterization is potentially hazardous because of the 
danger that a part of the tumor may be dislodged and embolize. 
Some anesthesiologists use a central venous pressure catheter 
inserted through le! internal jugular or external jugular vein so 
as not to place it beyond the superior vena cava. Central venous 
pressure in such cases may not reflect intravascular volume accu-
rately because venous return through the inferior vena cava is 
impaired by the thrombus, and transesophageal echocardiogra-
phy may be of value.151 "is decrease in venous return also pre-
disposes the patient to hypotension during induction of anesthesia. 
Venous obstruction leads to dilation of the epidural veins and the 
development of abdominal wall and retroperitoneal collaterals. 
"e emphasis is on appropriate preoperative preparation, which 
is possible only when the full extent of the lesion has been 
defined.150

Radical Prostatectomy
Localized prostate cancer is treated by either radiation therapy or 
radical prostatectomy (Table 65-18). Radical prostatectomy has 
become more commonly performed because of routine prostate-
specific antigen testing in men older than 50 years and populari-
zation of the nerve-sparing surgery to reduce the risk of impotence. 
Although originally described in 1905 via the transperineal 
approach, the retropubic approach is mostly used now. "e pros-
tate, the ejaculatory ducts, the seminal vesicles, and part of the 
bladder neck are removed along with the pelvic lymph nodes.

Generally, the procedure is performed by open laparotomy, 
but laparoscopic and robotic surgery are being used more fre-

quently. "e most common intraoperative problem is hemor-
rhage and massive blood loss requiring blood transfusion. 
Autologous predonation, preoperative recombinant erythropoie-
tin therapy, intraoperative isovolemic hemodilution, and cell 
salvage are commonly practiced to reduce the patient’s exposure 
to allogeneic blood. "e routine use of these practices, their indi-
cations, and the need for transfusion in these patients have been 
questioned by some. Early postoperative complications, including 
deep vein thrombosis, pulmonary embolism, hematoma, seroma, 
and wound infection, occur in 0.5% to 2% of cases.152 Death 
within 30 days has been reported by several centers to occur in 
approximately 0.2%.152 Late complications include incontinence, 
impotence, and bladder neck contracture.153 Patients undergoing 
radical prostatectomy are placed supine in the Trendelenburg 
position with the back extended, which places the pubis above the 
head. Air embolism from the prostatic fossa as a result of a gravi-
tational gradient between the prostatic veins and the heart has 
been reported.154

Comparison of Anesthetic Techniques for  
Radical Prostatectomy
Epidural anesthesia, spinal anesthesia, general anesthesia, and 
combined epidural and general anesthesia have been used for this 
surgery. For the epidural component of combined techniques, a 
thoracic or a lumbar approach to anesthesia or analgesia has  
been used, and spontaneous ventilation or intermittent positive-
pressure ventilation (IPPV) has been used for the general anesthe-
sia component. Many investigators have reported their findings 
in comparing the three anesthetic techniques for radical retropu-
bic prostatectomy,155-158 and certain trends emerge.

Intraoperative blood loss is significantly less if epidural 
anesthesia or a combined epidural and general anesthetic with 
spontaneous ventilation is used. In one study, blood loss in the 
general anesthesia and the combined anesthesia group with IPPV 
was significantly more than in the epidural anesthesia group 
despite little difference in arterial pressure among the three 
groups.155 It was postulated that the increased venous pressure as 
a result of IPPV was the most likely cause of increased bleeding 
in the general and the combined anesthesia groups during radical 
prostatectomy. Previous studies had shown that central and 
peripheral venous pressure was lower in patients during sponta-
neous ventilation under epidural anesthesia or combined  
epidural-general anesthesia than in patients receiving IPPV 
during general anesthesia.159 Epidural anesthesia alone or when 
added to a general anesthetic decreases postoperative hyperco-
agulability, decreasing the risk of thromboembolism.160 "e 
preemptive analgesia provided by the epidural block decreases 
postoperative pain and analgesic requirements.161 Homeostasis of 
neuroendocrine responses may be better maintained with regional 
block than with general anesthesia. Recovery of bowel function 
occurs faster with epidural anesthesia than with general anesthe-
sia, although it does not result in earlier hospital discharge of the 
patient.162

"e length of stay and the cost of hospitalization can be 
decreased with the judicial use of epidural anesthesia and estab-
lished clinical pathways.163,164 In one study, 80% of patients were 
satisfactorily discharged a!er 1 day, and the mean length of stay 
was 1.34 days.165

Although some studies report better outcomes with epi-
dural anesthesia than with general anesthesia, others fail to 
support such results. "e divergent findings in these studies com-

Table 65-18 Anesthetic Implications of Radical Prostatectomy

Disease of the elderly

CAD, COPD, and renal dysfunction

Significant blood loss

Wide-bore IV access and invasive monitoring

Acute normovolemic hemodilution versus autologous blood donation

Hyperextended position

Nerve injuries, soft tissue injury, joint dislocations

Venous air embolism

Anesthesia

Benefits of regional anesthesia versus general anesthesia debated

Not known to influence mortality

Epidural anesthesia with spontaneous ventilation decreases blood loss

General or combined anesthesia with IPPV increases blood loss

CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; IPPV, 
intermittent positive-pressure ventilation.
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routine laboratory screening.109 Liver biopsy confirmed the diag-
nosis of steatosis in 64% of these patients, most of whom were 
obese or diabetic or had a history of excessive alcohol use. In a 
subsequent study, Hay and colleagues108 demonstrated a 21% inci-
dence of steatohepatitis in a similar patient population. Both 
studies concluded that chronic hepatitis or cirrhosis cannot be 
differentiated from steatosis or steatohepatitis based solely on 
clinical laboratory or noninvasive radiologic or ultrasonographic 
criteria. In a retrospective analysis of 135 patients who underwent 
hepatic resection, Behrns110 noted an increased incidence of post-
operative liver failure and mortality when the histopathology 
revealed hepatocytes with greater than 30% fatty infiltration. 
Brolin and associates111 noted a 6% incidence of biopsy-proven 
nonalcoholic steatohepatitis and subclinical cirrhosis in patients 
undergoing gastric bypass surgery; postoperative mortality was 
higher in affected patients than in those with normal hepatic 
histology. Despite recommendations to the contrary,112 steatosis 
and steatohepatitis should probably be considered significant risk 
factors for postoperative complications, especially a"er abdomi-
nal procedures. For this reason, patients with asymptomatic, 
chronic (>6 months) elevations in hepatic enzyme levels should 
be thoroughly evaluated before elective surgery.

Chronic Hepatitis

#e extent of anesthetic or surgical risk imposed by chronic forms 
of hepatitis primarily relates to the severity of associated hepatic 
synthetic dysfunction. Runyon113 retrospectively studied 20 
asymptomatic patients who had chronic hepatitis B or C and were 
undergoing general or spinal anesthesia for a total of 34 surgical 
procedures, most of which were at operative sites distant from the 
liver. Liver enzyme test results did not worsen postoperatively, nor 
did any patient experience postoperative liver failure or death. 
Subsequently, Higashi and colleagues114 assessed the postopera-
tive outcomes of 119 patients with chronic hepatitis who were 
undergoing liver resection for primary hepatocellular carcinoma 
(HCC). Patients with the most impaired liver enzyme test results 
had a higher incidence of hepatic failure, recurrent HHC, and 
death.115

#ese observations suggest that asymptomatic patients 
with any form of chronic hepatitis should be screened before 
elective surgery for evidence of hepatic dysfunction, with the INR 
being the most sensitive indicator of the severity of hepatocellular 
dysfunction. When surgery cannot be avoided, meticulous care 
should be taken perioperatively to maintain hepatic perfusion 
and avoid factors that might precipitate liver failure, hepatic 
encephalopathy, or both (see later).

Cirrhosis as a Perioperative Risk Factor

Cirrhosis is a syndrome of end-stage liver disease pathologically 
characterized by severe fibrosis and nodular regeneration of the 
liver parenchyma (see Chapter 67). Alcohol abuse remains the 
most common cause of cirrhosis. Other causes include chronic 
hepatitis, primary biliary cirrhosis, hemochromatosis, Wilson’s 
disease, and idiopathic cirrhosis. In the past, the Child-Turcotte-
Pugh (CTP) scoring system was the most frequently used tool to 
predict perioperative risk in cirrhosis patients undergoing 
abdominal surgery, exclusive of portosystemic shunt procedures 

(Table 66-1).116 #is scoring system assigned points based on 
levels of serum albumin and bilirubin, the INR, the degree of 
ascites, and the presence and grade of encephalopathy and strati-
fied risk in order of severity as class A, B, or C. A number of 
studies have used this system to predict perioperative outcome in 
cirrhosis patients undergoing a variety of surgeries.

Garrison and coworkers117 retrospectively evaluated out-
comes in 100 patients with histologically proven cirrhosis who 
were undergoing surgery predominantly for biliary tract proce-
dures (cholecystectomy, choledochotomy), as well as for gas-
troduodenal repair, colon and small bowel resection, and open 
liver biopsy. An overall operative mortality of 30% and an addi-
tional perioperative morbidity of 30% were noted, with sepsis-
mediated multiorgan system failure being the major cause of 
death (87%). When stratified to CTP classes A, B, or C, mortality 
was 10%, 31%, and 76%, respectively. Excluding the CTP classifi-
cation, the authors also performed a multivariate analysis of other 
perioperative variables and concluded that preoperative prolon-
gation of the prothrombin time, decreased serum albumin, and a 
total leukocyte count greater than 10,000/cm3 predicted increased 
mortality. Finally, operative mortality was considerably more fre-
quent in patients requiring urgent versus elective surgery (57% 
versus 10%). Over a decade later, Mansour and associates118 ret-
rospectively analyzed 92 cirrhotic patients undergoing abdominal 
procedures and described nearly identical results, with mortality 
rates of 10%, 30%, and 82% in patients with CTP classes A, B, and 
C, respectively. Other retrospective studies have also shown that 
perioperative risk is exceedingly high when performing major 
abdominal surgery, especially under emergency circumstances 
and in CTP class C cirrhotic patients.119-122

In contrast, Rice and colleagues,123 described the lack of 
predictability of the CTP classification in patients with chronic 
liver failure undergoing not only abdominal surgery but also 
coronary bypass gra"ing, orthopedic procedures, as well as other 
peripheral surgeries. In this retrospective analysis of 40 patients, 
perioperative prolongation of the INR and clinical evidence of 
encephalopathy were the only variables most associated with 

Table 66-1 Modified Child-Turcotte-Pugh Scoring System

Parameters Modified Child-Turcotte-Pugh Score*

1 2 3

Albumin (g/dL) >3.5 1.8-3.5 <2.8

Prothrombin time
 Seconds prolonged <4 4-6 >6
 International normalized ratio <1.7 1.7-2.3 >2.3

Bilirubin (mg/dL)† <2 2-3 >3

Ascites Absent Slight-moderate Tense

Encephalopathy None Grade I-II Grade III-IV

*Class A = 5.6 points, B = 7 to 9 points, and C = 10 to 15 points.
†For cholestatic diseases (e.g., primarily biliary cirrhosis), the bilirubin level is dis-
proportionate to the impairment in hepatic function and an allowance should be 
made. For these conditions, assign 1 point for a bilirubin level less than 4 mg/dL, 2 
points for a bilirubin level of 4 to 10 mg/dL, and 3 points for a bilirubin level over 
10 mg/dL.
From Pugh RNH, Murray-Lyon IM, Dawson JL, et al: Transection of oesophagus for 
bleeding of oesophageal varices. Br J Surg 60:646-649, 1973.
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CPB, Koizumi and colleagues146 noted a decrease in PBF and 
HABF without a concomitant change in hepatic oxygen metabo-
lism. Normothermic CPB was associated with a similar decline in 
PBF, but HABF was maintained. Increasing the dose of fentanyl 
from 10 to 50 µg/kg/hr significantly suppressed HABF and 
impaired hepatic oxygen metabolism in normothermic and 
hypothermic CPB, suggesting the possibility of fentanyl-medi-
ated peripheral venous pooling and subsequent lowering of 
cardiac output. More recently, Okano and coworkers147 assessed 
hepatosplanchnic oxygenation in 25 patients with no history of 
hepatic dysfunction who were undergoing elective coronary 
artery bypass gra!ing with either normothermic (>35°C) or 
hypothermic (<32°C) CPB. Hepatic venous desaturation and 
functional impairment of hepatic sinusoidal endothelial cells 
occurred in both groups, but hepatocellular dysfunction was not 
observed.

In addition to the possible effects of hepatic artery and 
portal venous perfusion, other potential determinants of hepatic 
dysfunction a!er CPB include hypotension, low cardiac output 
syndrome, hypoxemia, microembolism or macroembolism, 
cytokine and oxygen-free radical formation, and the influence of 
vasoactive and anesthetic drugs. Small retrospective studies have 
shown 11% to 30% mortality rates in CTP class A and B patients 
undergoing nonemergency cardiac surgery.143-145 Although more 
deaths occurred in the CTP class B group, significant morbidity, 
particularly in the form of postoperative hemorrhage and infec-
tion, was seen in the CTP class A patients. Finally, noncardiac, 
thoracic surgery may be a risk factor for postoperative mortality 
in patients with cirrhosis, although the basis for this association 
remains speculative.124

Postoperative Jaundice

Postoperative jaundice occurs as a result of overproduction and 
underexcretion of bilirubin, direct hepatocellular injury, or extra-
hepatic obstruction.148 Most causes of postoperative jaundice 
manifest within 3 weeks of surgery and can be classified as either 
mild (<4 mg/dL) or severe (>4 mg/dL). Table 66-2 lists the most 
common causes of postoperative jaundice based on the nature of 
the pathophysiology.148 If jaundice is secondary to hemolysis, the 
liver’s capacity to conjugate bilirubin (normal rate of production, 
250 to 300 mg/day) has been exceeded. Hemolysis-induced 
anemia is therefore associated with unconjugated (indirect) 
hyperbilirubinemia and, in the perioperative period, can usually 
be attributed to either drug-induced or mechanically induced 
erythrocyte destruction. #e primary mechanisms by which 
certain drugs cause hemolysis and subsequent jaundice are (1) 
the drug adsorption type, whereby an antibody (IgG) reacts with 
a drug bound to the red blood cell membrane; (2) the neoantigen 
type (so-called innocent bystander), whereby the drug combines 
with the erythrocyte membrane and an antibody reacts with the 
newly formed antigenic site to activate the complement cascade; 
and (3) the autoimmune type caused by an autoantibody (IgG) 
to erythrocytes. Medications commonly used perioperatively and 
associated with one or more forms of hemolytic anemia are listed 
in Table 66-3.149

#e degree of associated jaundice is related to the rate of 
hemolysis and excess production of bilirubin, with the neoantigen 
mechanism most likely to cause acute anemia, hemoglobinuria, 

and renal failure. #e diagnosis is made by the laboratory constel-
lation of anemia, indirect hyperbilirubinemia, positive direct anti-
globulin test, low serum haptoglobin, and the presence of 
fragmented erythrocytes and reticulocytosis on the peripheral 
blood smear. Mechanical destruction of erythrocytes can also 
occur from surgically implanted prosthetic heart valves or from 
intrinsically diseased valves.150

Multiple blood transfusions can increase levels of uncon-
jugated bilirubin because approximately 10% of stored whole 
blood undergoes hemolysis within 24 hours of transfusion (see 
Chapter 55). Each 0.5-L unit of blood stored in citrate-phosphate-
dextrose-adenine (CPDA-1) yields 7.5 g of hemoglobin, which is 
then converted to approximately 250 mg of bilirubin.151 Multiple 
units of blood may therefore overwhelm the liver’s ability to con-
jugate and excrete bilirubin. Finally, reabsorption of extravasated 
blood, as occurs with retroperitoneal or intra-abdominal hemato-
mas, may increase the bilirubin load and cause postoperative 
jaundice. #is etiology is not uncommon a!er major trauma or 
repair of ruptured aortic aneurysms.

Hepatocellular injury can cause postoperative jaundice (as 
previously discussed) by drug, ischemia, or virally mediated 
mechanisms. In addition to potential anesthetic-induced hepato-
toxicity, a number of commonly prescribed drugs can cause hepa-
tocellular injury that mimics either hepatitis or cholestasis based 
on liver test abnormalities (Tables 66-4 and 66-5152-199). With the 

Table 66-2 Etiology of Postoperative Jaundice by Time Course

Immediate Postoperative Jaundice (<3 wk)
Hemolysis
Anesthesia
Hypotension/hypovolemia
Drugs
Infection/sepsis
Bleeding/resorption of hematoma
Bile duct ligation/stricture/surgical injury
Hepatic artery ligation
Retained common duct stone
Postoperative pancreatitis/cholecystitis
Acute viral hepatitis
Gilbert’s syndrome/Dubin-Johnson syndrome
Inflammatory bowel syndrome
Heart failure
Pulmonary postoperative jaundice
Blood transfusion
Delayed Postoperative Jaundice (>3 wk)
Drugs
Blood transfusion
Post–intestinal bypass status
Total parenteral nutrition

Table 66-3 Medications Associated with Hemolysis

Acetaminophen
Cephalosporins
Hydralazine
Ibuprofen and other NSAIDs (e.g., diclofenac, tolmetin)
Insulin
Intravenous contrast media
Penicillin and all derivatives (e.g., ampicillin, methicillin)
Procainamide
Ranitidine
Sodium thiopental
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CPB, Koizumi and colleagues146 noted a decrease in PBF and 
HABF without a concomitant change in hepatic oxygen metabo-
lism. Normothermic CPB was associated with a similar decline in 
PBF, but HABF was maintained. Increasing the dose of fentanyl 
from 10 to 50 µg/kg/hr significantly suppressed HABF and 
impaired hepatic oxygen metabolism in normothermic and 
hypothermic CPB, suggesting the possibility of fentanyl-medi-
ated peripheral venous pooling and subsequent lowering of 
cardiac output. More recently, Okano and coworkers147 assessed 
hepatosplanchnic oxygenation in 25 patients with no history of 
hepatic dysfunction who were undergoing elective coronary 
artery bypass gra!ing with either normothermic (>35°C) or 
hypothermic (<32°C) CPB. Hepatic venous desaturation and 
functional impairment of hepatic sinusoidal endothelial cells 
occurred in both groups, but hepatocellular dysfunction was not 
observed.

In addition to the possible effects of hepatic artery and 
portal venous perfusion, other potential determinants of hepatic 
dysfunction a!er CPB include hypotension, low cardiac output 
syndrome, hypoxemia, microembolism or macroembolism, 
cytokine and oxygen-free radical formation, and the influence of 
vasoactive and anesthetic drugs. Small retrospective studies have 
shown 11% to 30% mortality rates in CTP class A and B patients 
undergoing nonemergency cardiac surgery.143-145 Although more 
deaths occurred in the CTP class B group, significant morbidity, 
particularly in the form of postoperative hemorrhage and infec-
tion, was seen in the CTP class A patients. Finally, noncardiac, 
thoracic surgery may be a risk factor for postoperative mortality 
in patients with cirrhosis, although the basis for this association 
remains speculative.124

Postoperative Jaundice

Postoperative jaundice occurs as a result of overproduction and 
underexcretion of bilirubin, direct hepatocellular injury, or extra-
hepatic obstruction.148 Most causes of postoperative jaundice 
manifest within 3 weeks of surgery and can be classified as either 
mild (<4 mg/dL) or severe (>4 mg/dL). Table 66-2 lists the most 
common causes of postoperative jaundice based on the nature of 
the pathophysiology.148 If jaundice is secondary to hemolysis, the 
liver’s capacity to conjugate bilirubin (normal rate of production, 
250 to 300 mg/day) has been exceeded. Hemolysis-induced 
anemia is therefore associated with unconjugated (indirect) 
hyperbilirubinemia and, in the perioperative period, can usually 
be attributed to either drug-induced or mechanically induced 
erythrocyte destruction. #e primary mechanisms by which 
certain drugs cause hemolysis and subsequent jaundice are (1) 
the drug adsorption type, whereby an antibody (IgG) reacts with 
a drug bound to the red blood cell membrane; (2) the neoantigen 
type (so-called innocent bystander), whereby the drug combines 
with the erythrocyte membrane and an antibody reacts with the 
newly formed antigenic site to activate the complement cascade; 
and (3) the autoimmune type caused by an autoantibody (IgG) 
to erythrocytes. Medications commonly used perioperatively and 
associated with one or more forms of hemolytic anemia are listed 
in Table 66-3.149

#e degree of associated jaundice is related to the rate of 
hemolysis and excess production of bilirubin, with the neoantigen 
mechanism most likely to cause acute anemia, hemoglobinuria, 

and renal failure. #e diagnosis is made by the laboratory constel-
lation of anemia, indirect hyperbilirubinemia, positive direct anti-
globulin test, low serum haptoglobin, and the presence of 
fragmented erythrocytes and reticulocytosis on the peripheral 
blood smear. Mechanical destruction of erythrocytes can also 
occur from surgically implanted prosthetic heart valves or from 
intrinsically diseased valves.150

Multiple blood transfusions can increase levels of uncon-
jugated bilirubin because approximately 10% of stored whole 
blood undergoes hemolysis within 24 hours of transfusion (see 
Chapter 55). Each 0.5-L unit of blood stored in citrate-phosphate-
dextrose-adenine (CPDA-1) yields 7.5 g of hemoglobin, which is 
then converted to approximately 250 mg of bilirubin.151 Multiple 
units of blood may therefore overwhelm the liver’s ability to con-
jugate and excrete bilirubin. Finally, reabsorption of extravasated 
blood, as occurs with retroperitoneal or intra-abdominal hemato-
mas, may increase the bilirubin load and cause postoperative 
jaundice. #is etiology is not uncommon a!er major trauma or 
repair of ruptured aortic aneurysms.

Hepatocellular injury can cause postoperative jaundice (as 
previously discussed) by drug, ischemia, or virally mediated 
mechanisms. In addition to potential anesthetic-induced hepato-
toxicity, a number of commonly prescribed drugs can cause hepa-
tocellular injury that mimics either hepatitis or cholestasis based 
on liver test abnormalities (Tables 66-4 and 66-5152-199). With the 

Table 66-2 Etiology of Postoperative Jaundice by Time Course

Immediate Postoperative Jaundice (<3 wk)
Hemolysis
Anesthesia
Hypotension/hypovolemia
Drugs
Infection/sepsis
Bleeding/resorption of hematoma
Bile duct ligation/stricture/surgical injury
Hepatic artery ligation
Retained common duct stone
Postoperative pancreatitis/cholecystitis
Acute viral hepatitis
Gilbert’s syndrome/Dubin-Johnson syndrome
Inflammatory bowel syndrome
Heart failure
Pulmonary postoperative jaundice
Blood transfusion
Delayed Postoperative Jaundice (>3 wk)
Drugs
Blood transfusion
Post–intestinal bypass status
Total parenteral nutrition

Table 66-3 Medications Associated with Hemolysis

Acetaminophen
Cephalosporins
Hydralazine
Ibuprofen and other NSAIDs (e.g., diclofenac, tolmetin)
Insulin
Intravenous contrast media
Penicillin and all derivatives (e.g., ampicillin, methicillin)
Procainamide
Ranitidine
Sodium thiopental
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organ procurement organizations, ultimately with the goal to 
increase transplantable organs from deceased donors. One recog-
nized need is the identification of beneficial interventions in 
donors a!er determination of neurologic death.

"e success of organ transplantation is based on a highly 
specialized team approach, including the cooperation of procure-
ment organizations, transplant coordinators, and nurses, and phy-
sicians from many specialties. Except for kidney transplantation, 
most solid organ transplantations are performed at tertiary 
medical centers, which can provide all the needed medical, logis-
tic, and technical expertise necessary to support a successful 
transplant program. Increasingly, medical subspecialties are pro-
viding physicians dedicated to the field of transplantation. In 
addition to transplant surgeons, most major centers rely on dedi-
cated transplant hepatologists and nephrologists.

Anesthesia for kidney and pancreas transplantation is per-
formed by most anesthesiologists, whereas most major centers 
have a dedicated liver transplant anesthesia team. Smaller centers 
may not have enough transplant volume or personnel, however, 
to staff a separate liver transplant anesthesia team. As a result, 
anesthesiologists who have experience in major hepatic surgery 
or cardiothoracic surgery are frequently called on to provide 
anesthesia for these complex and challenging cases. New guide-
lines regarding perioperative anesthesia coverage are currently 
being considered by the American Society of Anesthesiologists 
and United Network for Organ Sharing (UNOS).

"is chapter reviews anesthetic considerations for kidney, 
liver, pancreas, and intestinal transplantation in adult recipients. 
Solid organ transplantation in pediatric patients is not addressed 
in this chapter (see Chapter 82).

Care of Organ Donors after 
Neurologic Determination  
of Death

Most potential deceased donors are previously healthy or rela-
tively healthy individuals who have experienced brain death and 
do not have an extracranial malignancy or untreatable infection. 
Less than 5% of deaths satisfy these criteria, and only 10% to 20% 
of these eligible subjects actually become organ donors. In addi-
tion, a significant proportion of potential organ donors are lost 
because of medical exclusion (e.g., sepsis, malignancy, incurable 
infection) or inability to obtain consent for donation.6,7 Histori-
cally, organs from older donors ( 60 years old) have inferior sur-
vival rates than gra!s from younger donors, but if proper selection 
criteria are applied, long-term gra! survival reaches those of 
younger donors.8

In an attempt to fulfill the need for more organs, organs are 
being transplanted from extended criteria donors—donors who 
are considered not ideal because of underlying demographics or 
medical conditions (e.g., age, hypertension) or subsequent pro-
longed ischemia times. Outcomes data for all solid organs are not 
consistent with studies performed in kidney transplantation, 
reporting either similar or inferior post-transplant gra! quality.

Nonetheless, significant ethical conflicts surrounding the 
definition of brain death in different social and cultural settings 
have been an obstacle in transplantation.9 In the United States and 
Western Europe, a consensus has been reached among the scien-

tific community with regard to the definition of brain death. 
"ere is, and will continue to be, considerable discussion, however, 
about concepts and definitions of death and the legal definition 
of death.10 "ese issues are colored by the effects of cultural dif-
ferences; concepts and definitions of death are not equally 
accepted from one culture to another. Many Western cultures 
have committed to deceased organ donation, and the emphasis 
of discussion is quite different from that in Japan or Taiwan, for 
example.

Determination and Declaration of Brain 
(Neurologic) Death

"ere is uniform agreement on the neurologic examination of 
adult brain-dead subjects, also called donors a!er determination 
of neurologic death, with the exception of the apnea test (see 
Chapter 98). Standardization of the procedures for diagnosing 
brain death is quite different among countries, however.11 Criteria 
promulgated by the American Academy of Neurology in 1995 are 
generally applied in North, Central, and South America.11,12 "ese 
standards grew out of the landmark Harvard Criteria published 
in 1968.12 In Europe, criteria for the clinical evaluation of brain 
death also are fairly uniform, with the principal difference being 
the number of physicians needed to confirm the diagnosis.

Several requirements need to be met to declare brain death. 
At the time of examination, the patient must be comatose with 
neither spontaneous movement nor response to painful stimuli. 
A lack of brainstem activity should be confirmed by assessment 
of brainstem reflexes (Table 67-1) and the apnea test. Possible 
causes of reversible cerebral dysfunction should be excluded  
(e.g., hypothermia, residual drug effects). For the apnea test, the 
patient breathes 100% oxygen for 10 minutes, during which time 
the P2 is confirmed to be in the normal range (35 to 45 mm Hg). 
Subsequently, mechanical ventilation is terminated, and blow-by 
oxygen is administered with a T-piece. A!er 7 to 10 minutes, an 
analysis of arterial blood gases is performed. A P2 value greater 
than 60 mm Hg confirms lack of brainstem control of ventilation 
and represents a positive apnea test. No signs of spontaneous 
respiratory effort should be observed during this procedure. Con-
firmatory tests, such as transcranial Doppler, electroencephalog-
raphy, and auditory evoked potentials, also may be used.

Intraoperative Management

Organ retrieval is not performed solely at major medical centers. 
Most organ retrievals are performed at community hospitals 

Table 67-1 Brainstem Reflexes That Should Be Absent in Brain Death

Pupillary response to light

Corneal reflex

Oculocephalic reflex (doll’s eye response)

Oculovestibular reflex (caloric response)

Gag and cough reflex

Facial motor response
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begin in the first few weeks a!er transplantation, and chronic 
rejection can occur months to years a!er transplantation.277,278

Immunosuppressive drugs are used for the prevention or 
treatment of acute and chronic rejection of a transplanted organ. 
"e growing success of organ transplantation is closely linked to 
the evolution of immunosuppressive therapy. "e first immuno-
suppressive drug, azathioprine, was introduced in 1962 and 
increased the possibilities for successful human transplants, 
earning a Nobel Prize for innovative pharmacologic progress. In 
the last 20 years, important medical breakthroughs, such as tissue 
typing and the introduction of calcineurin inhibitor–based 
immunosuppression, have dramatically improved the survival 
rate of transplant recipients. In 1983, the “calcineurin inhibitors 
era” was ushered in a!er the discovery of cyclosporine (1979). 
Transplantation of extrarenal organs became routine, with excel-
lent outcomes for liver, pancreas, heart, and lung transplants.279

Immunosuppressive therapy is increasingly being tailored 
to the specific organs transplanted and their individual risk 
factors. Patients who are presensitized or who receive a blood 
group–incompatible organ are, from an immunologic point of 
view, considered to be high-risk patients. "ey are likely to require 
more potent, aggressive immunosuppressive therapy than needed 
for other transplant patients.280 Frequently, the type of immuno-
suppressive drug (e.g., calcineurin inhibitors) or increased doses 
of immunosuppressive drugs are linked, however, to increased 
end-organ toxicity, such as neurotoxicity or nephrotoxicity. In 
patients with delayed renal gra! function a!er transplantation, 
initial omission of calcineurin inhibitors is crucial to avoid further 
renal damage. Immunosuppressive drugs are frequently com-
bined to take advantage of additive or synergistic immunosup-
pressive interaction and to limit drug-specific toxicity (Table 
67-2).281

"erapy must be maintained lifelong, although isolated 
cases without gra! loss a!er complete withdrawal of all immu-
nosuppressive drugs have been reported. A typical regimen con-
sists of different phases, starting with the induction phase, therapy 
during hospitalization, the maintenance phase, and, if necessary, 
antirejection treatment. Each phase may consist of different drugs 
or doses and is constantly adjusted as dictated by the medical 
condition of the patient. "e major limitation of current immu-
nosuppressive drugs is that no currently available therapy is 
entirely effective in preventing rejection.280 "e use of multiple 
immunosuppressive drugs predisposes patients to a host of infec-
tious and malignant complications. Long-term survival of patients 
a!er solid organ transplantation has improved with adequate 
immunosuppressive therapy. Modification of the immune system 
also has increased the risk of malignancy, however, especially 
types of malignancy involving viruses.282 Azathioprine has been 
associated with a significant increase in skin cancer, and pro-
longed cyclosporine administration has been associated with 
Kaposi’s sarcoma. Malignancy is now responsible for substantial 
morbidity and mortality in this patient population.

With many different available immunosuppressant combi-
nations, acute rejection rates are acceptable, and the focus of 
interest in transplantation has significantly shi!ed and expanded 
toward tolerability and long-term gra! and patient survival. "e 
goals of therapy for new immunosuppressants drugs should 
include (1) prevention of the immune response (i.e., acute and 
chronic rejection and vascular remodeling); (2) prevention of the 
complications of immunodeficiency, such as opportunistic infec-

Table 67-2 Immunosuppressive Drugs Used in Solid Organ Transplantation 
and Their Side Effects

Mechanism of Action Side Effects

Inhibition of T-cell interaction
 Prednisolone As with all steroids: osteoporosis, 

diabetes mellitus, glaucoma, infections
 Muromonab-CD3 

(Orthoclone OKT3)
Fever, lymphoproliferative disease, 

pulmonary edema, anaphylactic 
reaction, neoplasia

 15-Deoxyspergualin Bone marrow suppression, 
gastrointestinal syndromes, paresthesia

Inhibition of adhesion 
molecules

 Rabbit/horse antithymocyte 
globulin

Fever, nausea, anaphylactic reaction, 
higher incidence of cytomegalovirus 
and Epstein-Barr virus infection

 Antilymphocyte globulin Fever
 Enlimomab Fever, hypertension, chills, nausea, 

vomiting
 OKT4A Unknown

Inhibition of cytokine synthesis
 Cyclosporine Nephrotoxicity, hepatotoxicity, 

neurotoxicity, hypertension, 
hyperlipidemia, hirsutism, tremor, 
gingival hyperplasia, diabetes

 Tacrolimus (FK506) Nephrotoxicity, neurotoxicity, 
hypertension, hyperlipidemia, 
hyperglycemia

 Sirolimus (rapamycin) Hyperlipidemia, myelosuppression, 
infections

 SDZ-RAD (everolimus) Hyperlipidemia, myelosuppression, 
infections

 Inolimomab Headache, leukopenia, thrombocytopenia
 Basiliximab No major adverse effects
 Daclizumab No major adverse effects

Inhibition of DNA synthesis
 Azathioprine Myelosuppression, hepatotoxicity, 

development of malignancy
 Mycophenolate mofetil Leukopenia, gastrointestinal syndromes

tions and malignancies; and (3) minimization of drug-induced 
toxicity. Many new trials are under way to identify the best immu-
nosuppressant regimen.

Because the therapeutic range of most immunosuppressive 
drugs is narrow, perioperative monitoring of drug levels is impor-
tant. Several immunosuppressives (e.g., cyclosporine, tacrolimus, 
and sirolimus) are substrates or modulators (or both) of cyto-
chrome P4503A and P-glycoprotein.283,284 P-glycoprotein is a 
member of the ABC (adenosine triphosphate [ATP]–binding  
cassette) transport protein family. It is found in various tissues, 
including the blood-brain barrier, gastrointestinal tract, kidneys, 
adrenal cortex, and several more. One of the functions of P-glyco-
protein is the energy-dependent transport of drug acquired from 
the cytoplasm or plasma membrane into the extracellular space.285 
Several other drug classes (e.g., antifungals, calcium channel 
blockers, HIV protease inhibitors) administered to transplant 
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provided with unidirectional valve resistant to IAPs used during 
pneumoperitoneum. In case of glaucoma, the effects on intraocu-
lar pressure do not seem to be clinically significant but deserve 
further confirmation.122

In patients with heart disease, cardiac function should be 
evaluated in light of the hemodynamic changes induced by pneu-
moperitoneum and patient position, particularly in case of com-
promised ventricular function (Table 68-1). Patients with severe 
congestive heart failure and terminal valvular insufficiency are 
more prone to develop cardiac complications than patients with 
ischemic cardiac disease during laparoscopy. Whether laparo s-
copy is more dangerous than laparotomy in these patients has not 
yet been explored directly but deserves careful consideration. For 
these patients, the postoperative benefits of laparoscopy must be 
balanced against the intraoperative risks when the choice of 
laparoscopy versus laparotomy is discussed. Gasless laparoscopy 
may represent an alternative for these patients.

Because of the side effects of increased IAP on renal func-
tion, patients with renal failure deserve special care to optimize 
hemodynamics during pneumoperitoneum, and the concomitant 
use of nephrotoxic drugs should be avoided.

In patients with respiratory disease, laparoscopy appears 
preferable to laparotomy because of reduced postoperative respi-
ratory dysfunction. #is positive effect counterbalances the risk 
of pneumothorax during pneumoperitoneum and the risk of 
inadequate gas exchange from ! !V Q mismatching.

Because of venous stasis in the legs during laparoscopy, 
prophylaxis of deep vein thrombosis should be the same as for 
laparotomy.

Premedication should be adapted to the duration of  
the laparoscopy and to the necessity for quick recovery in the 
outpatient setting. Preoperative administration of NSAIDs may 
be helpful in reducing postoperative pain and opiate require-
ments. Preoperative clonidine and dexmedetomidine decrease 

the intraoperative stress response and improve hemodynamic 
stability.71,95-97

Patient Positioning and Monitoring

Patients must be positioned (see Chapter 36) with great care to 
prevent nerve injuries; padding should protect from nerve com-
pression, and shoulder braces, if needed, should be placed overly-
ing the coracoid process. Patient tilt should be reduced as much 
as possible and should not exceed 15 to 20 degrees. Tilting must 
be slow and progressive to avoid sudden hemodynamic and res-
piratory changes. #e position of the endotracheal tube must  
be checked a$er any change in patient position. Induction and 
release of the pneumoperitoneum must be smooth and progres-
sive. Mask ventilation before intubation can inflate the stomach 
with gas, which must be aspirated before trocar placement to 
avoid gastric perforation, particularly for supramesocolic laparo s-
copy. #e bladder should be emptied before pelvic laparoscopy or 
prolonged procedures.

During laparoscopy, arterial blood pressure, heart rate, 
electrocardiography, capnometry, and pulse oximetry must be 
continuously monitored. Although this level of monitoring is 
valuable for detection of cardiac arrhythmias, gas embolism, CO2 
subcutaneous emphysema, and pneumothorax, it provides only 
indirect evidence of the hemodynamic changes induced by  
the pneumoperitoneum. Although more invasive hemodynamic 
monitoring may be necessary in patients with cardiac diseases, 
increased intrathoracic pressure complicates the interpretation of 
measured central venous and pulmonary artery pressures. Trans-
esophageal echocardiography may be more helpful in patients 
with severe cardiac disease (see Table 68-1). P2 and Sp2 
reliably reflect Pa2 and arterial oxygen saturation (Sa2). 
However, the ∆a-ETCO2 may vary from patient to patient and 
during the course of laparoscopy in the same patient. P2 
must be monitored carefully to avoid hypercapnia and to detect 
gas embolism. Because ∆a-ETCO2 may increase more in patients 
with cardiac and pulmonary diseases, cannulation of a radial 
artery may be helpful to allow direct measurement of Pa2 from 
an arterial blood sample.

Anesthetic Techniques

General, local, and regional anesthesia have all been used success-
fully and safely for laparoscopy.

General Anesthesia
General anesthesia with endotracheal intubation and controlled 
ventilation is certainly the safest and most commonly used  
technique and therefore is recommended for inpatients and for 
long laparoscopic procedures. During pneumoperitoneum, con-
trolled ventilation must be adjusted to maintain P2 between 
35 and 40 mm Hg. In our experience, this requires no more than 
a 15% to 25% increase of minute ventilation, except when CO2 
subcutaneous emphysema develops. Increase of respiratory rate 
rather than of tidal volume may be preferable in patients  
with COPD and in patients with a history of spontaneous pneu-
mothorax or bullous emphysema to avoid increased alveolar 
inflation and reduce the risk of pneumothorax. Infusion  
of vasodilating drugs, such as nicardipine,89,132 α2-adrenergic 

Table 68-1 Management of Patients with Cardiac Disease for Laparoscopy

Preoperative Evaluation: Echocardiography

If left ventricular ejection fraction < 30%:

 Intraoperative monitoring
  Intra-arterial line
  Pulmonary artery catheter?
  Transesophageal echocardiography
  Continuous ST-segment analysis?
 Gasless laparoscopy?
 Laparotomy?

Intraoperative Management

Slow insufflation
Low intra-abdominal pressure
Hemodynamic optimization before pneumoperitoneum (preload 
augmentation)
Patient tilt after insufflation
Anesthesia: remifentanil, vasodilating anesthetic and drugs (nicardipine, 
nitroglycerin), cardiotonic agents
Experienced surgeon

Postoperative Care

Slow recovery from anesthesia (benefit of clonidine)
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Systemic vascular resistance was reported to be increased in 
studies where no decrease in cardiac output was found.73,76 
Although the normal heart tolerates increases in a!erload under 
physiologic conditions, the increases in a!erload produced by the 
presence of a pneumoperitoneum can be deleterious to patients 
with cardiac disease.87

"e increase in systemic vascular resistance is affected  
by patient position. "e Trendelenburg position attenuates  
this increase; the head-up position aggravates it.65,69,76,83 "e 
increase in systemic vascular resistance can be corrected by the 
administration of vasodilating anesthetic agents, such as isoflu-
rane,82 or direct vasodilating drugs, such as nitroglycerin88 or 
nicardipine.89

"e increase in systemic vascular resistance is thought to 
be mediated by mechanical and neurohumoral factors.90 "e 
return of hemodynamic parameters to baseline values is gradual, 
taking several minutes, suggesting the involvement of neuro-
humoral factor(s).68,82,87 Catecholamines, the renin-angiotensin 
system, and especially vasopressin are all released during the pres-
ence of the pneumoperitoneum and may contribute to increasing 
the a!erload.70,71,81,83,91,92 However, only the time course of vaso-
pressin release parallels that of the increase in systemic vascular 
resistance.70,71,92 Increases in plasma vasopressin concentrations 
correlate with changes in intrathoracic pressure and transmural 
right atrial pressure.81 Mechanical stimulation of peritoneal recep-
tors also results in increased vasopressin release,93 systemic vas-

Figure 68-5 Changes in the cardiac index and systemic vascular resistance during laparoscopy in two groups of patients. For group 1 (controls, n = 10, yellow 
bars), pneumoperitoneum was induced with patients in a 10-degree head-up position. Group 2 (volume loaded, n = 10, blue bars) patients received 500 mL of 
lactated Ringer’s solution before anesthesia induction and were insufflated in the supine position. Data are presented as the mean ± SEM.
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Figure 68-4 Schematic representation of the different mechanisms leading to decreased cardiac output during pneumoperitoneum for laparoscopy.
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Appreciation of the roles of the obstetrician, anesthesiolo-
gist, pediatrician, and other personnel who care for the mother 
and child will facilitate the highest level of care. Communication 
between the various members of the labor and delivery team is 
paramount. !is chapter provides an overview of the principles 
and techniques that can be used by the anesthesiologist in the 
labor and delivery suite.

Physiologic Changes of 
Pregnancy

Maternal physiologic changes in pregnancy occur as a result of 
hormonal alterations, mechanical effects of the gravid uterus, 
increased metabolic and oxygen requirements, metabolic demands 
of the fetoplacental unit, and hemodynamic alterations associated 
with the placental circulation. Such changes become more signifi-
cant as pregnancy progresses, and they have major implications 
for anesthetic management, especially in high-risk parturients.

Cardiovascular System

!e cardiovascular system adjusts throughout pregnancy to meet 
the changes that occur. Hemodynamic and maternal cardiovas-
cular changes in pregnancy are outlined in Table 69-1. Although 
the physiologic changes in the cardiovascular system appear to 
begin in the first trimester, these changes continue into the second 
and third trimesters, when cardiac output increases by approxi-
mately 40% of nonpregnant values. Cardiac output increases from 
the fi#h week of pregnancy and reaches its maximum levels at 
approximately 32 weeks, a#er which there is only a slight increase 
until labor, delivery, and the postpartum period.5 Approximately 
50% of the increase in cardiac output has occurred by the eighth 
week of pregnancy.6 Although this increase in cardiac output is 
due to an increase in both stroke volume and heart rate, the more 
important factor is stroke volume, which increases by 20% to 50% 
at term from nonpregnant values. Changes in heart rate are 
extremely difficult to reliably quantify, but it is thought that the 
approximately 20% increase in heart rate is present by the fourth 
week of pregnancy. Although the normal variability in heart rate 
does not change in pregnancy, there does appear to be a reduction 
in the sympathetic component.7 Tachyarrhythmias are more 
common, especially later in pregnancy as a result of both hormo-
nal and autonomic factors.8

Because of the decrease in peripheral vascular resistance, 
arterial blood pressure does not change in a normal pregnant 
woman. Cardiac output decreases during the third trimester due 
to effects of the supine position in the patient at term.9 Ueland 
and colleagues found that the decrease in cardiac output was due 
to obstruction of the inferior vena cava by the gravid uterus, 
which did not occur when women were placed in the lateral posi-
tion.10 A venogram performed before and a#er cesarean delivery 
(Fig. 69-1) demonstrates this phenomenon. Despite the increase 
in blood volume and cardiac output, parturients at term are sus-
ceptible to hypotension, especially when in the supine position. 
Up to 10% of pregnant patients at term show signs of severe 
hypotension when assuming the supine position. !is phenome-
non has been termed the syndrome of supine hypotension. To 

compensate, collateral routes of venous return develop, including 
the paravertebral veins to the azygos vein. Unlike compression of 
the vena cava, compression of the aorta is generally not associated 
with maternal symptoms in a healthy parturient but it may be 
associated with decreased uteroplacental perfusion.11 Anesthetics 
and drugs that cause vasodilation or anesthetic techniques that 
cause sympathectomy (e.g., neuraxial techniques) may exacerbate 
the impact of aortocaval compression. In the operating room, a 
small pillow or “wedge” should be used to provide le# uterine 
displacement of 15 to 20 degrees. !is angle can be increased as 
necessary by increasing the wedge or tilting the table. Although 
tilting the table will also accomplish uterine displacement, the 
amount of tilt necessary may prove too anxiety provoking to 
parturients and staff.

!e changes in blood volume and cardiac output are o#en 
associated with clinically significant implications in parturients 
who have concomitant cardiac disease, but they may also have an 
impact on healthy parturients. Many pregnant patients will com-
plain of symptoms suggestive of cardiovascular disease at term, 
including shortness of breath, palpitations, dizziness, edema, and 
poor exercise tolerance.12 Physical examination of the term preg-
nant woman may also be abnormal when compared with the 
prepregnant state, with auscultation commonly revealing a wide, 
loud, split first heart sound, an S3 sound, and a so# systolic ejec-
tion murmur. As illustrated in Table 69-2, pregnancy has numer-
ous effects on cardiac evaluation, including changes in the 
electrocardiogram, chest radiograph, and echocardiogram. 
Although these minor changes occur in healthy pregnant women 
at term, symptoms and signs such as chest pain, syncope, severe 
arrhythmias, systolic murmur more than grade 3, or diastolic 
murmur suggest severe disease and warrant further investiga-
tion.13 A gradual return to the prepregnancy blood volume occurs 
at 6 to 9 weeks post partum.

Table 69-1 Cardiovascular Changes in Pregnancy

Parameter Change Amount (%)

Heart rate Increased 20-30

Stroke volume Increased 20-50

Cardiac output Increased 30-50

Contractility Variable ±10

Central venous pressure Unchanged

Pulmonary capillary wedge 
pressure

Unchanged

Systemic vascular 
resistance

Decreased 20

Systemic blood pressure Slight decrease Midtrimester 
10-15 mm Hg, 
then rises

Pulmonary vascular 
resistance

Decreased 30

Pulmonary artery pressure Slight decrease

From Birnbach DJ, Gatt SP, Datta S (eds): Textbook of Obstetric Anesthesia. New 
York, Churchill Livingstone, 2000, p 34.
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Maternal blood volume begins to increase early in pregnancy as 
a result of changes in osmoregulation and the renin-angiotensin 
system, causing sodium retention and increasing total body water 
to 8.5 L.14 By term, blood volume increases by up to 45% whereas 

red cell volume increases by only 30%. !is differential increase 
leads to the “physiologic anemia” of pregnancy with an average 
hemoglobin and hematocrit of 11.6 g/dL and 35.5%, respec-
tively.15 However, oxygen transport is not impaired by this relative 
anemia because the mother’s body compensates for it by increased 
cardiac output, increased Pa2, and a rightward shi$ in the oxy-
hemoglobin dissociation curve.

A state of hypercoagulability exists in pregnancy, with 
increased levels of most coagulation factors (Table 69-3). Fibrino-
gen and factor VII are markedly increased, whereas the other 
factors increase to a lesser extent. !is increase in coagulation 
factors has been verified by thromboelastography16 and is proba-
bly a protective adaptation to lessen the risks associated with the 
acute hemorrhage that occurs at delivery. !is hypercoagulable 
state, however, may lead to thromboembolism, which remains a 
leading cause of maternal mortality. !e platelet count remains 
unchanged throughout most of pregnancy, but it may be slightly 
reduced in the third trimester with increased activity in vivo. !e 
platelet count increases in the postpartum period, probably 
because of activation of hemostasis at the time of delivery. !e 
incidence of low platelet counts in normal pregnancy is approxi-

Figure 69-1 A, Venogram in a term patient in 
the supine position before cesarean section. 
Radiopaque dye injected into the femoral veins 
fails to reach the inferior vena cava (IVC) but 
reaches the paravertebral veins. B, After 
cesarean section, blood is seen in the IVC. (From 
Kerr MG, Scott DB, Samuel E: Studies of the 
inferior vena cava in late pregnancy. BMJ 1:532, 
1964.)

A B

Table 69-2 Effect of Pregnancy on Cardiovascular Investigations

Investigation Findings

Chest radiography Apparent cardiomegaly
Enlarged left atrium (lateral views)
Increased vascular markings
Straightening of left-sided heart border
Postpartum pleural effusion

Electrocardiography Right-axis deviation
Right bundle branch block
ST-segment depression of 1 mm on left precordial 

leads
Q waves in lead III
T-wave inversion in leads III, V2, and V3

Small decrease in PR and QT interval (heart rate 
dependent)

Rotation ± 15 degrees (QRS axis)

Echocardiography Trivial tricuspid regurgitation (up to 43%-93% at 
term)

Pulmonary regurgitation (up to 94% at term)
Increased left atrial size by 12%-14%
Increased left ventricle end-diastolic dimensions 

by 6%-10%
Inconsistent increase in left ventricle thickness
Mitral regurgitation (28% at term)
Pericardial effusion (40% postpartum)

Modified from Gei AF, Hankins GDV: Cardiac disease and pregnancy. Obstet 
Gynecol Clin North Am 28:465-512, 2001.

Table 69-3 Coagulation Factors in Pregnancy

Factor Change

II Unchanged

VII Increased +++

VIII, IX, X, XII Increased

XI Reduced

Fibrinogen Increased +++

Platelets Stable

From Birnbach DJ, Gatt SP, Datta S (eds): Textbook of Obstetric Anesthesia. New 
York, Churchill Livingstone, 2000, p 41.
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mately 8%.17 However, thrombocytopenia during the latter part 
of pregnancy is not associated with adverse sequelae. Obstetric 
management of parturients with stable platelet counts above 
50,000 × 109/L should be no different from that of normal partu-
rients.18 In addition, although the cutoff for initiation of neuraxial 
blocks was considered to be 100,000 × 109/L in the past, this level 
is no longer considered absolute. Currently, most anesthesiolo-
gists feel comfortable initiating a regional technique with platelet 
counts above 75,000 × 109/L and with counts between 50,000 and 
75,000 if the level is stable and clinical laboratory abnormalities 
or signs of a coagulopathic state are absent.

Respiratory System

To accommodate the increased oxygen demand and requirement 
for carbon dioxide elimination, pregnancy is associated with an 
increase in the respiratory minute volume and work of breathing. 
Because of difficulties in performing clinical research on pregnant 
women, few investigations of respiratory changes in pregnancy 
have been conducted. Unfortunately, many of the findings  
quoted in the literature are inconsistent and o#en based on older 
techniques that were applied to a very limited number of 
subjects.19

$e most impressive change in maternal lung dynamics is 
a decrease in functional residual capacity (FRC), which at term 
may have changed by as much as 20% of prepregnancy values. 
Minute ventilation increases by 45%, primarily as a result of an 
increase in tidal volume because the respiratory rate is essentially 
unchanged. Hormonal changes and an increase in the rate of 
carbon dioxide production are responsible for the increase in 
ventilation. Progesterone sensitizes the respiratory center to 
carbon dioxide. Pa2 falls to approximately 30 mm Hg by the 
12th week of gestation, and it remains at this level for the remain-
der of pregnancy. Tidal volume increases by 50%, with half of this 
increase occurring during the first trimester. $e parturient’s 
breathing pattern changes; it becomes more diaphragmatic as 
pregnancy progresses because of the effects of the gravid uterus 
and limitation of thoracic cage movement. Closing capacity (CC), 
however, remains unchanged. $e resulting decrease in the FRC/
CC ratio causes faster small-airway closure when lung volume is 
reduced; thus, parturients can desaturate at a much faster rate as 
compared with nonpregnant women. $e rapid development of 
hypoxia as a result of decreased FRC, increased oxygen consump-
tion, and airway closure may be minimized by administration of 
100% oxygen for 3 to 5 minutes before the induction of anesthe-
sia. In an emergency setting, four maximal capacity breaths with 
100% oxygen should be sufficient.

Other changes in the respiratory tract and oropharynx 
during pregnancy may have profound anesthetic implications. 
Capillary engorgement of the mucosa and edema of the orophar-
ynx, larynx, and trachea may result in a difficult intubation. Any 
manipulation of the upper airway such as suctioning, insertion 
of airways, or laryngoscopy may cause edema, bleeding, and 
upper airway trauma. Because of the particularly friable mucosa 
of the nasopharynx, instrumentation of the nose should be 
avoided if at all possible. In performing intubation of a pregnant 
patient, a smaller than usual endotracheal tube (size 6.0 to 7.0) 
should be used and repeated attempts at laryngoscopy minimized. 
Management of a difficult airway is discussed later in the 
chapter.

Gastrointestinal System

Gastrointestinal function in pregnancy and during labor is a topic 
that continues to be controversial. However, there is no doubt that 
the gastrointestinal tract undergoes significant anatomic and 
physiologic changes that increase the risk of aspiration associated 
with general anesthesia. Progesterone relaxes smooth muscle; 
consequently, it impairs esophageal and intestinal motility during 
pregnancy. Whether gastric emptying is delayed during preg-
nancy is controversial. Wong and coworkers suggest that the 
ingestion of 300 mL of water may actually enhance gastric empty-
ing in healthy, term, nonobese, nonlaboring parturients.20 
However, the risk of pulmonary aspiration of gastric contents 
remains real in parturients, especially when undergoing an emer-
gency cesarean delivery under general anesthesia. Even if gas-
trointestinal motility has not been affected during pregnancy, 
established labor and the administration of parenteral opioids 
delay gastric emptying.21,22

Epidural analgesia using local anesthetics without opioids 
does not affect gastric emptying, and the use of small doses of 
epidural fentanyl also has no effect on gastric function.23-25 Large 
doses of fentanyl, however, may slow gastric emptying.

$e pain of labor, however, may delay gastric emptying and 
promote emesis. $ese changes may be caused by the effects of 
placentally derived gastrin.26 Because of the gastrointestinal alter-
ations associated with pregnancy, the use of endotracheal intuba-
tion is warranted to reduce the risk of aspiration of gastric 
contents if general anesthesia is required.

Renal System

$e renal system undergoes major changes in pregnant patients, 
mainly because of the effects of progesterone and the mechanical 
effects of compression of the enlarging uterus. Urea, creatinine, 
and uric acid clearance all rise in pregnancy (as illustrated in 
Table 69-4). Renal plasma flow and the glomerular filtration rate 
(GFR) both increase rapidly in pregnancy as a result of the 
increase in cardiac output. $e GFR rises by almost 50%; this 
increase, accompanied by the dilutional effect of plasma volume 
expansion, accounts for the decrease in plasma creatinine and 
urea. Hence, “normal” renal indices in pregnancy are lower than 
in the nonpregnant state. $erefore, blood urea nitrogen and cre-
atinine levels that would be considered marginally elevated in 

Table 69-4 Values for Renal Function

Parameter Pregnant Nonpregnant

Creatinine clearance 140-160 mL/min 90-110 mL/min

Urea 2.0-4.5 mmol/L 6-7 mmol/L

Creatinine 25-75 µmol/L 100 µmol/L

Uric acid 0.2 mmol/L 0.35 mmol/L

pH 7.44 7.40

Bicarbonate 18-22 mmol/L 23-26 mmol/L

From Birnbach DJ, Gatt SP, Datta S (eds): Textbook of Obstetric Anesthesia. New 
York, Churchill Livingstone, 2000, p 37.
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deferred for 10 to 12 hours in a parturient who has received pre-
operative LMWH or 24 hours for parturients receiving higher 
doses of LMWH (e.g., enoxaparin, 1 mg/kg twice daily).242

Complicated Obstetric Conditions

Preeclampsia and Eclampsia

Preeclampsia complicates up to 8% of pregnancies.243 It is the 
most common condition seen by obstetric anesthesiologists in 
which an otherwise healthy parturient can become critically ill. 
!e classic triad of preeclampsia includes hypertension, proteinu-
ria, and edema. Certain conditions predispose a woman to pre-
eclampsia. In order of risk ratio, these conditions include 
homozygous angiotensin T-235, chronic renal disease, antiphos-
pholipid syndrome, chronic hypertension, a family history of 
preeclampsia, multiple gestation, nulliparity, maternal age older 
than 40 years, diabetes, and African American race.244 Preeclamp-
sia has been defined as hypertension occurring a"er 20 weeks’ 
gestation or in the early postpartum period and returning to 
normal within 3 months a"er delivery or onset a"er 20 weeks’ 
gestation and at least one of the following245:

 Proteinuria higher than 300 mg/24 hr
 Oliguria or a serum-plasma creatinine ratio greater than 

0.09 mmol/L
 Headaches with hyperreflexia, eclampsia, clonus, or visual 

disturbances
 Increased liver enzymes, plasma glutathione S-transferase-

alpha 1-1, or serum alanine aminotransferase or right 
abdominal quadrant pain

 !rombocytopenia, increased lactate dehydrogenase 
(LDH), hemolysis, disseminated intravascular coagulation 
(DIC)

 Intrauterine growth retardation

Preeclampsia may be classified as mild or severe according 
to the severity of symptoms and signs as illustrated in Table 69-8. 
It is misleading to assume a smooth progression from mild disease 
to severe preeclampsia to eclampsia, because 25% to 40% of 
patients will have normal blood pressure at the time of their first 
eclamptic seizure.246

In the most recent U.K. report “Why Mothers Die 2000-
2002,” hypertensive disease is now the fourth leading cause of 
direct deaths being surpassed by thromboembolic disease, hem-
orrhage, and deaths associated with early pregnancy, respectively. 
!e report reiterates that “intra-cranial hemorrhage as the single 
largest cause of death indicates a failure of effective anti-hyper-
tensive therapy.”

Key recommendations from this report advocate the use of 
written guidelines for severe preeclampsia, effective treatment  
of severe life-threatening hypertension, and early involvement of 
senior obstetricians and intensive care specialists in the care of 
women with severe preeclampsia.247

Pathophysiology
Despite intensive research, the precise cause of preeclampsia 
remains unknown, thus making it “the disease of theories.” Preec-

lampsia may be associated with abnormal placentation and failure 
of the normal invasion of trophoblast cells, thereby leading to 
maladaptation of maternal spiral arteries.248 !is aberration can 
result in abnormal villus development and potentially cause pla-
cental insufficiency. It has recently been proposed that the sec-
ondary pathology in preeclampsia is also linked to endothelial 
dysfunction and excessive activation of coagulation. !is abnor-
mality is accompanied by high circulating levels of fibronectin 
and endothelin, increased coagulation and fibrinolysis with 
increased platelet activation, and platelet consumption.249 Figure 
69-13 compares the balance in the biologic actions of prostacyclin 
and thromboxane in normal pregnancy with the imbalance of 
increased thromboxane and decreased prostacyclin in a preec-
lamptic patient. Based on this proposed mechanism, investigators 
have focused on various treatments to modulate this imbalance. 
!e Collaborative Low-Dose Aspirin Study in Pregnancy (CLASP) 
trial involved pregnant women randomized to receive aspirin or 
placebo. Aspirin was not found to confer significant benefit in 
reducing the incidence of preeclampsia, but it did appear to delay 
the onset until a later gestational stage.250

Several studies have focused on the possible genetic basis 
of preeclampsia. It is thought that a single preeclampsia gene is 
unlikely, but that there are probably many modifier genes in con-
junction with environmental factors.251

Clinical Features
!e upper airway may become edematous in a preeclamptic 
woman and result in the potential for airway compromise or dif-
ficulty in intubation, which may be required for induction of 
general anesthesia, protection of the airway, or treatment of res-
piratory distress. Pulmonary edema occurs in up to 3% of these 
patients.252 Its etiology is multifactorial, with high le" atrial and 

Table 69-8 Factors That Differentiate Mild from Severe Preeclampsia*

Mild Severe

Systolic arterial pressure <160 mm Hg ≥160 mm Hg

Diastolic arterial pressure <110 mm Hg ≥110 mm Hg

Urinary protein <5 g/24 hr ≥5 g/24 hr
Dipstick + or 2+ Dipstick 3+ or 4+

Urine output >500 mL/24 hr ≤500 mL/24 hr

Headache No Yes

Visual disturbances No Yes

Epigastric pain No Yes

Right upper quadrant abdominal 
pain

No Yes

Pulmonary edema No Yes

Cyanosis No Yes

HELLP syndrome No Yes

Platelet count >100,000/mm3 <100,000/mm3

HELLP, hemolysis, elevated liver enzymes, and low platelet count.
*Not all features need be present in the same patient.
From Birnbach DJ, Gatt SP, Datta S (eds): Textbook of Obstetric Anesthesia. New 
York, Churchill Livingstone, 2000, p 543.
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pulmonary capillary wedge pressure, low plasma colloid and 
osmotic pressure, and increased capillary permeability o!en 
seen.

"e cardiovascular effects of preeclampsia may vary. Cotton 
and colleagues253 described three subsets of cardiovascular 
changes in women with severe untreated preeclampsia:

1. Hyperdynamic circulation, high cardiac output, normal to 
increased systemic vascular resistance (SVR), and normal 
or slightly decreased blood volume and filling pressures

2. Normal cardiac output and lower filling pressures, but 
increased SVR

3. Highly elevated SVR, but reduced blood volume and 
decreased le! ventricular function

Figure 69-14 illustrates these hemodynamic subsets in untreated 
severe preeclampsia.

In preeclampsia, increased uric acid results from decreased 
renal excretion and reflects tissue ischemia and oxidative stress. 
Acute renal failure is rare, but it may occur, especially with HELLP 
syndrome (hemolysis, elevated liver enzymes, and low platelets) 

and placental abruption. Hepatic impairment may also occur, but 
it is usually associated with HELLP syndrome. Liver rupture is a 
known, rare complication of preeclampsia. High levels of uric 
acid, LDH, or aminotransferases can be indicative of severe 
maternal disease.

HELLP Syndrome
As stated, this condition consists of hemolysis, elevated liver 
enzymes, and low platelets. Its severity ranges from a mild self-
limiting condition to a fulminant process leading to multiorgan 
failure. Considerable debate, however, has centered around the 
definition, incidence, etiology, and management of this syndrome. 
Patients with HELLP syndrome may have various signs and 
symptoms, none of which is diagnostic and all of which may be 
found in patients with severe preeclampsia/eclampsia without 
HELLP syndrome.254 Sibai, noting the lack of consensus regarding 
the diagnostic features of HELLP syndrome, recommended  
the following criteria: hemolysis (defined by an abnormal  
peripheral blood smear and an increased bilirubin level), increased 
liver enzymes (defined as an aspartate aminotransferase level 
≥70 U/L and LDH >600 U/L), and a low platelet count 
(<100,000/mm3).255

Assuming no other coagulopathy, hemostasis is typically 
not problematic unless the platelet count decreases below 40,000/
mm3.256 "e rate of fall in the platelet count is also of clinical sig-
nificance, and regional anesthesia may be contraindicated if the 
platelet count has dramatically fallen over a short period. "e 

Figure 69-13 Comparison of the normal equilibrium and actions of 
thromboxane and prostacyclin in normal pregnancy with the dysequilibrium 
associated with preeclampsia. (Redrawn from Walsh SW: Preeclampsia: An 
imbalance in placental prostacyclin and thromboxane production. Am J 
Obstet Gynecol 152:335, 1985.)
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platelet count usually returns to normal within 72 hours of deliv-
ery, but thrombocytopenia may persist for longer periods.

Once preeclampsia is diagnosed, the goal of therapy is pre-
vention and reduction of further complications by taking into 
account both maternal and fetal factors. Although the only defini-
tive cure is delivery, management of maternal hemodynamics and 
prevention of the development of eclampsia are key to a favorable 
outcome for the mother and infant. !ere is now international 
consensus that magnesium is the treatment of choice for preec-
lampsia to prevent eclampsia, but the mechanism underlying its 
salutary effect remains debatable. Although magnesium is a direct 
smooth muscle relaxant at relatively high concentrations, it does 
not significantly reduce systemic blood pressure at the serum 
concentrations that are efficacious in treating preeclampsia.257

Treatment
!e mainstay of therapy in preeclampsia is control of hyperten-
sion, prevention of seizures, and delivery of the fetus. Hydralazine 
and labetalol are commonly used as antihypertensives (Table 
69-9). Other agents include nitroglycerin, nifedipine, and esmolol. 
Sodium nitroprusside may also be used, but only in the short 
term because of a risk of cyanide toxicity in the fetus.

Magnesium sulfate is the drug of choice for seizure control 
and prevention of recurrent eclamptic seizures.258,259 !e recently 
published Magpie trial demonstrated the efficacy of MgSO4 in 
seizure prophylaxis. It reduced seizures by more than 50% and 
without any serious maternal morbidity.260 A beneficial secondary 
effect in some patients may be vasodilatation and an increase in 
cardiac output by reducing SVR. Initial dosing is 4 g MgSO4 given 
intravenously over a 10-minute period, followed by a mainte-
nance infusion at 1 g/hr. In the presence of renal failure, the rate 
of infusion should be modified by evaluating serum magnesium 
levels. Magnesium has a narrow therapeutic index, with serum 
levels between 2 and 3.5 mmol/L being safe and effective. Levels 
should be monitored in conjunction with clinical signs to observe 
for toxicity (respiratory depression and reduced or absent tendon 
reflexes). If toxicity is present, 10 mL of 10% calcium gluconate 
given by slow intravenous injection should counteract its 
effects.

Anesthetic Considerations
Anesthetic management of a preeclamptic patient includes a 
detailed preanesthetic assessment that focuses on the severity of 
the condition, associated features and systemic involvement, 
evaluation of the airway, fluid status, and blood pressure control. 
Investigations should include a complete blood cell count, renal 
profile, and liver function tests. Routine coagulation screening is 
not recommended by all authors,261 but if coagulopathy is sus-
pected clinically, coagulation studies should be performed. 
However, before considering neuraxial analgesia or anesthesia, a 
recent platelet count should be evaluated. DIC may require the 
administration of whole blood, platelets, fresh frozen plasma, and 
cryoprecipitate. Initiation of neuraxial analgesia during DIC is 
contraindicated.

Although preeclampsia is accompanied by exaggerated 
retention of water and sodium, hypovolemia may be present 
because of a shi$ of fluids and proteins into the extravascular 
compartment. An inverse relationship between intravascular 
volume and the severity of hypertension has been demonstrated, 
and patients with very elevated diastolic pressure can be expected 
to have negative central venous pressure readings (Fig. 69-15).

Figure 69-15 Initial central venous pressure (CVP.) readings (three or more recordings of maternal diastolic pressure) and intravascular volume replacement 
required to attain the range of 6 to 8 cm H2O in five groups of women with preeclampsia classified according to the severity of the disease (by diastolic blood 
pressure). LR, lactated Ringer’s solution. (Redrawn from Joyce TH III, Debnath KS, Baker EA: Preeclampsia: Relationship of CVP and epidural analgesia. 
Anesthesiology 51[Suppl]:294, 1979.)
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Table 69-9 Comparison of Properties of Hydralazine and Labetalol for 
Treatment of Hypertension

Drug Hydralazine Labetalol

Mode of action Vasodilator α- and β-blocker (1 : 3)

Speed of onset Gradual Quick

Dose 5-10 mg IV slowly 10-20 mg IV slowly

Interval Repeat after 20 min Titrate to effect

Infusion rate 2 mg/hr up to 
20 mg/hr

20 mg/hr to maximum 
of 160 mg/hr

Effect on heart rate Compensatory 
tachycardia

No effect
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Table 70-1 Gurd’s Diagnosis of Fat Embolism Syndrome

Major Features (at least one)
Respiratory insufficiency
Cerebral involvement
Petechial rash
Minor Features (at least four)
Pyrexia
Tachycardia
Retinal changes
Jaundice
Renal changes
Laboratory Features
Fat microglobulinemia (required)
Anemia
Thrombocytopenia
High erythrocyte sedimentation rate

From Gurd AR, Wilson RI: The fat embolism syndrome. J Bone Joint Surg Br 56:408-
416, 1974.

Table 70-2 Schonfeld Fat Embolism Syndrome Index*

Sign Score

Petechial rash 5

Diffuse alveolar infiltrates 4

Hypoxemia PaO2<70 mm Hg, FIO2 100% 3

Confusion 1

Fever >38°C (>100.4°F) 1

Heart rate >120 beats/min 1

Respiratory rate >30 1

*Score >5 required for diagnosis of fat embolism syndrome.
From Schonfeld SA, Ploysongsang Y, DiLisio R, et al: Fat embolism prophylaxis with 
corticosteroids: A prospective study in high risk patients. Ann Int Med 99:438-443, 
1983.

complication seen in elderly patients a!er orthopedic surgery.  
In 2004, $69 billion from Medicare was spent on the treatment  
of hospital-acquired delirium. Delirium is associated with an 
increased length of hospital stay, poor functional recovery, pro-
gression to dementia, and increased mortality.24,25 Postoperative 
delirium manifests as attention and awareness deficits, including 
acute confusion, reduced ability to focus, change in cognition, 
irritability, anxiety, paranoia, and hallucinations. Delirium  
develops acutely, but generally has a fluctuating course over 
several days (see Chapter 71).26 Some patients manifest a hypoac-
tive form of delirium, confused but quiet and nondisruptive, 
which can be difficult to diagnose. #e major risk factors for 
postoperative delirium are advanced age, alcohol use, preopera-
tive dementia or cognitive impairment, psychotropic medica-
tions, and multiple medical comorbid conditions. Perioperative 
events that may trigger delirium include hypoxemia, hypoten-
sion, hypervolemia, abnormal electrolytes, infection, sleep depri-
vation, pain, and administration of benzodiazepines and 
anticholinergic medications.

Aging alters the pharmacokinetics and pharmacodynamics 
of most medications, including anesthetics and analgesics. #e 
“usual” adult doses of these medications may have longer and 
more profound central nervous system (CNS) effects on elderly 
patients. Strategies used to reduce the incidence of postoperative 
delirium include identifying risk factors, and vulnerable and 
affected patients early; preserving orientation; early mobilization; 
adequate pain control; maintenance of normal sleep cycles; and 
avoidance of psychotropic medications.

Fat Embolism Syndrome

Fat embolization is a well-known complication of skeletal trauma 
and surgery involving instrumentation of the femoral medullary 
canal.28 Fat embolism syndrome (FES) is a physiologic response 
to fat within the systemic circulation. Fat embolization and FES 
are not synonymous. #e embolization of fat can be detected in 
almost all patients who sustain a pelvic or femoral fracture, but 
the incidence of FES is less than 1%.

#e clinical manifestations of FES include respiratory, neu-
rologic, hematologic, and cutaneous signs and symptoms. #e 
presentation of FES can be gradual, developing over 12 to 72 
hours, or fulminant leading to acute respiratory distress and 
cardiac arrest. Gurd and Wilson29 in 1974 suggested major and 
minor criteria to be used for the diagnosis of FES (Table 70-1). 
#e presence of any one major finding plus four minor criteria 
and evidence of fat macroglobulinemia was required for the diag-
nosis of FES. #e requirement for fat droplets in the circulation 
has been criticized, however, because fat droplets can be detected 
in the blood of healthy volunteers, and their presence in trauma 
patients is not always associated with FES. In addition, Gurd and 
Wilson29 recommended the daily assessment of fat droplets in 
blood, hypothesizing that a change in the quantity of fat would 
correlate with symptoms. More recent investigations have indi-
cated that the quantity of fat in the circulation does not correlate 
with the severity of FES symptoms or the development of acute 
respiratory distress syndrome.30

A petechial rash is pathognomonic of FES, with the rash 
usually present on the conjunctiva, oral mucosa, and skin folds of 
the neck and axillae. #is is reflected in the Schonfeld FES index, 
which ranks signs and symptoms of FES in relation to their inci-

dence of presentation (Table 70-2).31 Respiratory signs also are 
common in FES; approximately 75% of patients present with mild 
hypoxemia and radiologic evidence of bilateral alveolar infiltrates, 
but less than 10% progress to acute respiratory distress syndrome. 
Neurologic manifestations of FES range from drowsiness and 
confusion to obtundation and coma. CNS symptoms have devel-
oped in the absence of significant pulmonary complications and 
may represent the passage of fat droplets across an atrial septal 
defect or other atrioventricular shunt.32 Magnetic resonance 
imaging of the brain of these patients has revealed characteristic 
lesions of fat embolization (Fig. 70-1).

#e pathophysiology of FES is unclear, but it probably 
involves two processes: the embolization of fat and “bone marrow 
debris,” which can mechanically obstruct the capillaries of end 
organs, and the triggering of a systemic inflammatory response.28 
Using transesophageal echocardiography during total hip arthro-
plasty (THA), embolization of bone marrow debris has been 
detected in the right heart at the time of insertion of the cemented 
femoral prosthesis (Fig. 70-2).33,34 In some patients, this emboliza-
tion resulted in segmental wall motion abnormalities, elevated 
pulmonary arterial pressures, decreased right ventricular func-
tion, and, in one case, cardiac arrest and death.34,35

In most cases, the embolic events during THA were clini-
cally benign, but some patients still progressed to FES. #e fat 
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Table 70-1 Gurd’s Diagnosis of Fat Embolism Syndrome

Major Features (at least one)
Respiratory insufficiency
Cerebral involvement
Petechial rash
Minor Features (at least four)
Pyrexia
Tachycardia
Retinal changes
Jaundice
Renal changes
Laboratory Features
Fat microglobulinemia (required)
Anemia
Thrombocytopenia
High erythrocyte sedimentation rate

From Gurd AR, Wilson RI: The fat embolism syndrome. J Bone Joint Surg Br 56:408-
416, 1974.

Table 70-2 Schonfeld Fat Embolism Syndrome Index*

Sign Score

Petechial rash 5

Diffuse alveolar infiltrates 4

Hypoxemia PaO2<70 mm Hg, FIO2 100% 3

Confusion 1

Fever >38°C (>100.4°F) 1

Heart rate >120 beats/min 1

Respiratory rate >30 1

*Score >5 required for diagnosis of fat embolism syndrome.
From Schonfeld SA, Ploysongsang Y, DiLisio R, et al: Fat embolism prophylaxis with 
corticosteroids: A prospective study in high risk patients. Ann Int Med 99:438-443, 
1983.

complication seen in elderly patients a!er orthopedic surgery.  
In 2004, $69 billion from Medicare was spent on the treatment  
of hospital-acquired delirium. Delirium is associated with an 
increased length of hospital stay, poor functional recovery, pro-
gression to dementia, and increased mortality.24,25 Postoperative 
delirium manifests as attention and awareness deficits, including 
acute confusion, reduced ability to focus, change in cognition, 
irritability, anxiety, paranoia, and hallucinations. Delirium  
develops acutely, but generally has a fluctuating course over 
several days (see Chapter 71).26 Some patients manifest a hypoac-
tive form of delirium, confused but quiet and nondisruptive, 
which can be difficult to diagnose. #e major risk factors for 
postoperative delirium are advanced age, alcohol use, preopera-
tive dementia or cognitive impairment, psychotropic medica-
tions, and multiple medical comorbid conditions. Perioperative 
events that may trigger delirium include hypoxemia, hypoten-
sion, hypervolemia, abnormal electrolytes, infection, sleep depri-
vation, pain, and administration of benzodiazepines and 
anticholinergic medications.

Aging alters the pharmacokinetics and pharmacodynamics 
of most medications, including anesthetics and analgesics. #e 
“usual” adult doses of these medications may have longer and 
more profound central nervous system (CNS) effects on elderly 
patients. Strategies used to reduce the incidence of postoperative 
delirium include identifying risk factors, and vulnerable and 
affected patients early; preserving orientation; early mobilization; 
adequate pain control; maintenance of normal sleep cycles; and 
avoidance of psychotropic medications.

Fat Embolism Syndrome

Fat embolization is a well-known complication of skeletal trauma 
and surgery involving instrumentation of the femoral medullary 
canal.28 Fat embolism syndrome (FES) is a physiologic response 
to fat within the systemic circulation. Fat embolization and FES 
are not synonymous. #e embolization of fat can be detected in 
almost all patients who sustain a pelvic or femoral fracture, but 
the incidence of FES is less than 1%.

#e clinical manifestations of FES include respiratory, neu-
rologic, hematologic, and cutaneous signs and symptoms. #e 
presentation of FES can be gradual, developing over 12 to 72 
hours, or fulminant leading to acute respiratory distress and 
cardiac arrest. Gurd and Wilson29 in 1974 suggested major and 
minor criteria to be used for the diagnosis of FES (Table 70-1). 
#e presence of any one major finding plus four minor criteria 
and evidence of fat macroglobulinemia was required for the diag-
nosis of FES. #e requirement for fat droplets in the circulation 
has been criticized, however, because fat droplets can be detected 
in the blood of healthy volunteers, and their presence in trauma 
patients is not always associated with FES. In addition, Gurd and 
Wilson29 recommended the daily assessment of fat droplets in 
blood, hypothesizing that a change in the quantity of fat would 
correlate with symptoms. More recent investigations have indi-
cated that the quantity of fat in the circulation does not correlate 
with the severity of FES symptoms or the development of acute 
respiratory distress syndrome.30

A petechial rash is pathognomonic of FES, with the rash 
usually present on the conjunctiva, oral mucosa, and skin folds of 
the neck and axillae. #is is reflected in the Schonfeld FES index, 
which ranks signs and symptoms of FES in relation to their inci-

dence of presentation (Table 70-2).31 Respiratory signs also are 
common in FES; approximately 75% of patients present with mild 
hypoxemia and radiologic evidence of bilateral alveolar infiltrates, 
but less than 10% progress to acute respiratory distress syndrome. 
Neurologic manifestations of FES range from drowsiness and 
confusion to obtundation and coma. CNS symptoms have devel-
oped in the absence of significant pulmonary complications and 
may represent the passage of fat droplets across an atrial septal 
defect or other atrioventricular shunt.32 Magnetic resonance 
imaging of the brain of these patients has revealed characteristic 
lesions of fat embolization (Fig. 70-1).

#e pathophysiology of FES is unclear, but it probably 
involves two processes: the embolization of fat and “bone marrow 
debris,” which can mechanically obstruct the capillaries of end 
organs, and the triggering of a systemic inflammatory response.28 
Using transesophageal echocardiography during total hip arthro-
plasty (THA), embolization of bone marrow debris has been 
detected in the right heart at the time of insertion of the cemented 
femoral prosthesis (Fig. 70-2).33,34 In some patients, this emboliza-
tion resulted in segmental wall motion abnormalities, elevated 
pulmonary arterial pressures, decreased right ventricular func-
tion, and, in one case, cardiac arrest and death.34,35

In most cases, the embolic events during THA were clini-
cally benign, but some patients still progressed to FES. #e fat 
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surgery is inappropriate in a patient with significant ipsilateral 
shoulder arthritis. Although the operative site would be com-
pletely anesthetized, the patient may complain of painful shoulder 
movement during the procedure. !e appropriate regional anes-
thetic would include the arthritic shoulder; an appropriate anes-
thetic might be an interscalene block.

Rheumatoid Arthritis
Rheumatoid arthritis (RA) is a chronic inflammatory form of 
arthritis, which affects about 1% of adults, with a prevalence two 
to three times higher in women than in men. RA is characterized 
by persistent joint synovial tissue inflammation leading to bone 
erosion, destruction of cartilage, and loss of joint integrity. RA 
also is a systemic disease, affecting multiple organ systems.40 It 
o#en progresses through multiple exacerbations and remissions, 
but 20% to 30% of affected individuals become permanently disa-
bled within 3 years of diagnosis.

!e diagnosis of RA is primarily clinical. Patients com-
monly present with pain and stiffness in multiple joints. RA is 
characterized by morning stiffness o#en lasting more than 1 hour 
a#er initiating activity. Usually the wrists and metacarpophalan-
geal joints are involved; this distinguishes RA from osteoarthritis, 
which o#en affects distal interphalangeal joints. !e symptoms 
may emerge over weeks and months, progressing from one joint 
to multiple joints, and may be accompanied by symptoms of 
anorexia, fatigue, and weakness. !e rheumatoid joints are usually 
boggy, tender to the touch, and warm. Patients may have promi-
nent epitrochlear, axillary, and cervical lymph node enlargement. 
Subcutaneous nodules (rheumatoid nodules) may surround 
joints, extensor surfaces, and bony prominences.

No single diagnostic laboratory test confirms the diagnosis 
of RA, but rheumatoid factor, an anti-immunoglobulin antibody, 
is elevated in 90% of patients with RA. In addition, C-reactive 
protein and erythrocyte sedimentation rate are elevated in patients 
with RA and are o#en used to monitor the course of the disease. 
RA also must be differentiated from other diseases that manifest 
as polyarthropathies, including seronegative spondylarthropa-
thies, connective tissue diseases (scleroderma, lupus), fibromyal-
gia, hemochromatosis, polyarticular gout, polymyalgia rheumatica, 
and sarcoidosis.

Because joint destruction begins early with RA, disease-
modifying antirheumatic drugs should be initiated immediately 
with the therapeutic goal of preservation of function and qualify 
of life. !e most commonly used disease-modifying antirheu-
matic drugs include methotrexate, hydroxychloroquine, sulfa-
salazine, leflunomide, infliximab (Remicade), and etanercept 
(Enbrel). All of these medications are associated with an increased 
risk of infection, which is a significant concern in patients with 
joint replacements. Pharmacotherapy also usually involves a non-
steroidal anti-inflammatory drug (NSAID) and oral or intra-
articular glucocorticoids. RA patients taking NSAIDs should be 
assessed for gastrointestinal side effects and renal complications. 
Glucocorticoids, although highly effective at relieving symptoms, 
should be used at low doses and sparingly because of their side 
effects, which include osteoporosis, cataracts, cushingoid symp-
toms, and hyperglycemia. Patients taking significant quantities of 
glucocorticoids need stress-dose steroids for their operations.

Because of the myriad systemic problems associated with 
RA and the side effects of the medications administered to manage 
RA, the anesthetic considerations can be complex (Table 70-3). 
Airway management can be particularly challenging in RA 

Table 70-3 Anesthetic Considerations for Patients with Rheumatoid Arthritis

Airway Limited TMJ movement
Narrow glottic opening

Cervical spine Atlantoaxial instability

Cardiac Pericarditis
Cardiac tamponade

Eyes Sjögren’s syndrome

Gastrointestinal Gastric ulcers secondary to ASA, steroids

Pulmonary Diffuse interstitial fibrosis

Renal Renal insufficiency secondary to NSAIDs

ASA, acetylsalicylic acid; NSAIDs, nonsteroidal anti-inflammatory drugs; TMJ, 
temporomandibular joint.

patients and requires pre-planning even in patients receiving 
regional anesthesia because of the complexity of their airways 
(see later). Synovitis of the temporomandibular joint may signifi-
cantly limit mandibular motion and mouth opening in these 
patients. Arthritic damage to the cricoarytenoid joints may result 
in diminished movement of the vocal cords, resulting in a nar-
rowed glottic opening; this is manifested preoperatively as hoarse-
ness and stridor. During laryngoscopy, the vocal cords may 
appear erythematous and edematous, and the reduced glottic 
opening may interfere with passage of the endotracheal tube.41 
!ere also is an increased risk of cricoarytenoid dislocation with 
traumatic endotracheal intubations.

Arthritis of the cervical spine is common in patients with 
RA. Anterior subluxation of C1 on C2 (atlantoaxial subluxation) 
may occur in 40% of patients with RA, with symptoms of progres-
sive neck pain, headaches, and myelopathy (Fig. 70-3). Posterior 
and vertical migration of the odontoid process is less common. 
Flexion of the head in the presence of atlantoaxial instability 
could result in the displacement of the odontoid process into the 
cervical spine and medulla and compression of the vertebral 
arteries (Fig. 70-4). !is may precipitate quadriparesis, spinal 
shock, and death. Preoperative cervical flexion-extension radio-
graphs should be evaluated in RA patients with limited neck 
movement and neurologic symptoms. If the distance from the 
anterior arch of the atlas to the odontoid process exceeds 3 mm, 
the patient should undergo an awake fiberoptic tracheal intuba-
tion, and the cervical spine should be protected with a cervical 
collar during the procedure. !ese patients require postoperative 
monitoring with pulse oximetry and judicious administration of 
narcotic analgesics because emergent airway management, 
including tracheotomy, is extremely difficult.

!e anesthesiologist also should be aware of several extra-
articular manifestations of RA, which could potentially result in 
significant perioperative morbidity. RA patients frequently are 
affected with acute pericarditis. Restrictive pericarditis is charac-
terized by dyspnea, right heart failure, fever, chest pain, pericar-
dial friction rub, and pulsus paradoxus. RA patients with these 
symptoms should be evaluated by echocardiography. Pleural 
disease and intrapulmonary nodules can occur in RA, but are 
usually symptomatic. Some RA patients may have diffuse inter-
stitial fibrosis with pneumonitis, producing symptoms of progres-
sive dyspnea and a chronic cough. Pulmonary function tests show 
a restrictive ventilatory pattern. !is pattern can progress to res-
piratory insufficiency, pulmonary hypertension, and right heart 
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individuals undergo numerous orthopedic (spinal) procedures, 
including suboccipital craniotomy for foramen magnum stenosis, 
correction or stabilization of kyphoscoliosis, and laminectomies 
for spinal nerve root compressions.

Conventional laryngoscopy and tracheal intubation can be 
difficult and dangerous in achondroplastic dwarfs. Laryngeal 
exposure via direct visualization may be difficult in dwarfs with 
cervical kyphosis, and neck flexion should be avoided in dwarfs 
with atlantoaxial instability or foramen magnum stenosis. Awake 
fiberoptic tracheal intubation is the safest approach to securing 
the airway in these patients. Intravenous sedation should be 
administered judiciously during the preparation of the airway 
because many of these patients experience central sleep apnea 
owing to brainstem compression. Severe episodes of sleep apnea 
also can occur in these patients without any other clinical evi-
dence of cord compression.

When the airway is secured, dwarfs can still represent an 
anesthetic challenge because of restrictive lung disease and pul-
monary hypertension. Pulmonary hypertension develops from 
chronic hypoxemia and hypercarbia secondary to airway obstruc-
tion, sleep apnea, and thoracic kyphoscoliosis. Preoperative 
spirometry can be difficult to interpret in a dwarf, with successive 
changes in measurements more useful than absolute values.45 An 
echocardiogram should be obtained before major surgery to 
assess the degree of pulmonary hypertension and intracardiac 
shunts. Pulmonary hypertension leading to cor pulmonale is the 
most common and devastating cardiovascular complication that 
develops in dwarfs. In these patients, the anesthetic must avoid 
aggravating pulmonary hypertension (hypoxemia and acidosis) 
and ensure adequate cardiac output and end-organ perfusion. In 
many cases, it is safer to allow the patient to remain intubated and 
monitored in the intensive care unit (ICU) until fully awake and 
spontaneously ventilating.

Orthopedic Procedures in Children with 
Special Conditions

"e anesthetic management of pediatric patients undergoing 
orthopedic surgery is beyond the scope of this chapter (see Chap-
ters 81 and 82). In most cases, care of pediatric patients would be 
similar as for other surgical procedures except that in many cases 
regional anesthesia might be a preferred alternative to general 
anesthesia. "ere are, however, a few pediatric diseases that pre-
dispose children to multiple orthopedic procedures.

Juvenile Idiopathic Arthritis
Juvenile idiopathic arthritis (JIA) is inflammation of the syn-
ovium of the joints that occurs before 16 years of age. JIA is clas-
sified into five types, as follows: (1) Oligoarthritis accounts for 
50% of JIA and involves fewer than five joints; o#en these patients 
also have uveitis. (2) Polyarthritis involves arthritis in five or more 
joints. (3) Systemic arthritis accounts for 10% to 20% of JIA and 
is characterized by associated high fevers, rash, and nonarticular 
organ involvement. (4) Enthesitis-related arthritis affects the 
spine, hips, and attachment points of tendons to bones. (5) Pso-
riatic arthritis includes psoriasis and arthritis.

As in adult RA, the disease is chronic with quiescent periods 
interspersed with acute exacerbations. Also as in adult RA, airway 
issues can make tracheal intubation difficult and potentially dan-

gerous. In most cases, fiberoptic intubation should be performed, 
and this can be done a#er the child has been anesthetized and is 
breathing spontaneously. Muscle relaxants should be reserved 
until the airway is secured. In contrast to adult RA, pulmonary 
disease is uncommon, but JIA patients can have associated pleu-
ritis, pleural effusions, and pneumonitis. Pericarditis is common 
in patients with JIA, and it responds to steroid therapy. Some  
JIA patients also have myocarditis and conducting system abnor-
malities. In addition, vascular access in JIA patients can be 
extremely difficult because of fragile veins and a tendency to 
bruise and bleed easily. As with adult RA, JIA patients are managed 
with similar groups of medications with similar potential 
complications.

Osteogenesis Imperfecta
Osteogenesis imperfecta is a rare autosomal dominant inherited 
disease that results in extremely brittle bones because of a defect 
or deficiency in type I collagen production.46,47 Repeated and 
multiple bone fractures are the most significant clinical manifes-
tation of this disease (Table 70-4). In the most extreme form, 
multiple fractures occur during delivery, which are o#en fatal. In 
the milder variations, the individual is affected by multiple frac-
tures produced with seemingly inconsequential force or trauma. 
Fractures are more common in the lower extremity, with the 
femur being the most commonly broken bone. Fracture deformi-
ties of the pelvis can lead to acetabular protrusions into the 
abdomen. Kyphoscoliosis is common secondary to decreased 
ligamentous stability. Affected children usually have a blue sclera 
because of defective collagen production. Impaired platelet func-
tion with increased perioperative bleeding also occurs.

Although osteogenesis imperfecta has been associated with 
malignant hyperthermia, this has not been verified by muscle 
biopsy (see Chapter 37).48 Hyperthermia and metabolic acidosis 
can, however, be common intraoperative clinical manifestations 
of osteogenesis imperfecta. Associated cardiac abnormalities 
include patent ductus arteriosus, septal defects, and acquired 
aortic regurgitation and cystic degeneration of the proximal aorta 
(see Chapters 82 and 83).

"e fragility of connective tissue and bones in osteogenesis 
imperfecta demands extreme care in positioning and padding 
during anesthesia. "e area under the blood pressure cuff must 
be padded, and for longer procedures insertion of an arterial 
catheter avoids the repeated inflation of the cuff and the risk of a 

Table 70-4 Anesthetic Considerations for Patients with 
Osteogenesis Imperfecta

Airway Risk of fractures of the mandible, maxillary surface, 
and cervical spine

Bleeding Platelet abnormalities

Cardiac Congenital and valvular heart disease; cystic 
degeneration of proximal aorta

Eyes Exophthalmos—prone positioning

Hyperthermia Malignant hyperthermia; hydration; possible cooling

Positioning Risk of repeated fractures

Pulmonary Kyphoscoliosis—restrictive lung disease

Regional anesthesia Fractures; intraosseous injections
A
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the femoral vein. !e hypotensive events that follow should be 
treated with epinephrine. Some of these hemodynamic conse-
quences can be ameliorated through high-pressure pulsatile 
lavage of the femoral canal and drilling a vent hole in the femur 
before prosthesis insertion. Risk factors for this complication 
include revision surgery, a long-stem femoral prosthesis, THA for 
a pathologic fracture, preexisting pulmonary hypertension, and 
the quantity of cement used. !ese patients should be monitored 
with arterial and central venous catheters.

TKA also is becoming a major orthopedic procedure in the 
aging population, and these patients require the same preopera-
tive medical evaluation as outlined for THA patients. !e inner-
vation of the knee includes the tibial nerve, the common peroneal 
nerve, the posterior branch of the obturator nerve, and the femoral 
nerve. Although general anesthesia can be safely provided for 
TKA, a prospective case-controlled study found general anesthe-
sia and endotracheal intubation to be a major risk for nonsurgical 
complications a"er TKA.50 Regional anesthesia in the form of a 
neuraxial block (spinal or epidural) or a combination of a femoral 
and sciatic block can be provided for the surgery. Sciatic nerve 
blocks may be a particular problem, however, in valgus knee 
deformities, where early detection of sciatic and peroneal nerve 
palsies is desired.

TKA patients have severe postoperative pain, and several 
studies have shown that management of this pain with regional 
analgesia has reduced complications and improved outcome.83-85 
Single-injection femoral nerve blocks in combination with intra-
venous and epidural patient-controlled analgesia have been 
employed to manage postoperative pain and improve functional 
recovery. When LMWH has been instituted for the prevention of 
DVT, patient-controlled epidural anesthesia cannot be continued 
postoperatively, and instead continuous femoral nerve catheters 
are used.

A pneumatic tourniquet is routinely inflated over the thigh 
during TKA to reduce intraoperative blood loss and provide a 
“bloodless” field for cement fixation of the femoral and tibial 
components. When the tourniquet is deflated, however, blood 
loss usually continues for the next 24 hours. Tourniquets are 
usually inflated to a pressure 100 mm Hg above the patient’s 
systolic blood pressure for 1 to 3 hours. Nerve injury a"er 
extended tourniquet inflation (>120 minutes) has been attributed 
to the combined effects of ischemia and mechanical trauma. Pero-
neal nerve palsy, which is a recognized complication of TKA 
(incidence of 0.3% to 10%), may be caused by the combination 
of tourniquet ischemia and surgical traction.86 Horlocker and 
colleagues86 reported a combined tibial and peroneal nerve dys-
function of 7% of TKA patients associated with younger age, the 
presence of preoperative flexion deformities, and longer total 
tourniquet time. When prolonged tourniquet inflations are 
required, deflating the tourniquet for 30 minutes of reperfusion 
may reduce neural ischemia. 

Pain related only to tourniquet inflation also may occur 
a"er 60 minutes, despite the presence of a regional anesthetic that 
is adequate for the surgery. It has been postulated that tourniquet 
pain is caused by the unblocking of unmyelinated C fibers during 
recession of a neuraxial block. !e addition of narcotics to spinal 
or epidural anesthesia may ameliorate tourniquet pain. A"er 
tourniquet release, mean arterial blood pressure decreases signifi-
cantly, partly owing to the release of metabolites from the ischemic 
limb into the circulation and the decrease in peripheral vascular 
resistance. In patients with known preexisting sciatic neura-

praxias, neuropathic pain, and vascular disease in the operative 
leg, the operation can be performed without a tourniquet.

Many patients have symptomatic arthritis of both knees 
and require bilateral TKA to achieve functional improvement in 
pain and lifestyle. Controversy still exists as to whether both 
knees should be replaced sequentially in a single operation 
(simultaneous bilateral total knee arthroplasty [SBTKA]) or as a 
two-staged procedure, usually separated by several months. !e 
advantages of SBTKA include exposure to the risks of one anes-
thetic, one postoperative course of pain, reduced rehabilitation 
and hospitalization, and an earlier return to baseline function. 
SBTKA has been associated, however, with a higher incidence of 
serious perioperative complications, including myocardial infarc-
tion, fat embolization, and thromboembolic events. Serious post-
operative complications are more prevalent in elderly patients 
with cardiovascular disease.87,88 SBTKA patients also require 
increased numbers of blood transfusions, are more likely to be 
transferred to a rehabilitation center, and have a higher incidence 
of postoperative ICU admissions.

Two more recent reports suggest that SBTKA can be per-
formed without major complications.89,90 Urban and associates89 
reported that with regional anesthesia and aggressive clinical 
management, which included 24-hour postoperative monitoring 
in an ICU, SBTKA patients had a major complication rate similar 
to matched control unilateral TKA patients. SBTKA patients 
exhibited a significantly higher incidence of FES and cardiac 
arrhythmias, however, than unilateral TKA patients did. Using 
published reports of SBTKA patients at risk for postoperative 
complications, Urban and associates89 published guidelines for 
the exclusion of patients from SBTKA (Table 70-5).

Foot and Ankle Surgeries

Regional anesthesia that combines sciatic and femoral nerve 
blocks is sufficient for all surgical procedures below the knee that 
do not require a thigh tourniquet. !e femoral nerve innervates 
the medial leg to the medial malleolus, and the remainder of the 
leg below the knee, including the foot, is innervated by the 

Table 70-5 Patients Excluded for Single Operation for Bilateral Total 
Knee Arthroplasty

Age ≥ 75 yr

ASA class III

Active ischemic heart disease (positive stress test)

Poor ventricular function (LVEF < 40%)

Oxygen-dependent pulmonary disease

Patients considered at increased risk for morbidity and mortality
 IDDM
 Renal insufficiency
 Pulmonary hypertension
 Steroid-dependent asthma
 Morbid obesity (BMI > 40)
 Chronic liver disease
 Cerebrovascular disease

ASA, American Society of Anesthesiologists; BMI, body mass index; IDDM, insulin-
dependent diabetes mellitus; LVEF, left ventricular ejection fraction.
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common peroneal nerve and tibial nerve, both branches of the 
sciatic nerve. !e sciatic nerve is usually blocked high in the 
popliteal fossa to ensure anesthesia to the tibial and peroneal 
nerves. !e nerves are identified through the use of a nerve-
stimulating needle with foot inversion as the motor response or 
with ultrasound guidance. For procedures that also involve the 
medial aspect of the leg, the femoral nerve (saphenous nerve) can 
be blocked on the medial aspect of the leg, just below the knee. 
!e popliteal sciatic nerve block also has been shown to reduce 
postoperative pain and narcotic requirements a"er foot and ankle 
surgery, when performed as a single preoperative injection or as 
a continuous catheter infusion.91,92

!e acute compartment syndrome exists when edema and 
blood accumulate within a confined osseofascial space compro-
mising the circulation and tissues within that space.93,94 If not 
treated promptly, the pressure in the compartment leads to muscle 
and nerve ischemia and death, with potential loss of limb. Com-
partment syndrome occurs a"er fractures of the tibia, followed 
by the femur and ankle. Delay in diagnosis and treatment (surgi-
cal decompression) is the most common cause of serious compli-
cations. Pain out of proportion to the clinical situation is the usual 
early symptom. A"er the surgical repair of tibial and ankle frac-
tures, a discussion with the surgeon with regard to the risk of 
compartment syndrome should occur before administering long-
acting sciatic nerve blocks.

!e ankle block is used for surgical procedures on the foot 
that do not require the use of a thigh tourniquet, although an 
ankle-level Esmarch tourniquet may be used. Because the block 
is primarily an infiltrative block, it usually is not performed by 
eliciting a paresthesia.

Five terminal nerves are usually blocked to provide com-
plete anesthesia to the foot: (1) posterior tibial nerve, which pro-
vides sensation to the plantar surface; (2) saphenous nerve, which 
innervates the medial malleolus; (3) deep peroneal nerve, which 
supplies the interspace between the great and second toes; (4) 
superficial saphenous nerve, which supplies the dorsum of the 
foot and the second through the fi"h toes; and (5) sural nerve, 
which supplies the lateral foot and lateral fi"h toe (Fig. 70-7). 
Mineo and Sharrock95 reported that the ankle block performed at 
the midtarsal level with 30 mL of 0.75% bupivacaine provided a 
mean duration of 17 hours of analgesia with safe blood levels of 
local anesthetic.

Upper Extremity Surgeries

Surgery for the upper extremity, from the shoulder to the hand, 
can be performed successfully by blocking the brachial plexus at 
several points until it branches into peripheral nerves (Table 
70-6). Several methods are used to document the optimal loca-
tion for neural blockade of the brachial plexus, including eliciting 
a paresthesia, motor nerve stimulation, ultrasound guidance, and 
perivascular infiltration. Regional anesthesia for the upper 
extremity also can provide postoperative analgesia using long-
acting local anesthetics or continuous catheter techniques.

Regional anesthesia for shoulder surgery (see Chapters 52 
and 53) has not gained wide acceptance because of the belief by 
anesthesiologists and surgeons that it is o"en inadequate for sur-
gical anesthesia and the concern for postoperative neurologic 
symptoms (PONS). Several studies have reported 97% or greater 
successful surgical anesthesia using the interscalene block (ISB) 

approach to the brachial plexus with documentation of a par-
esthesia or the use of a nerve stimulator to locate the optimal site 
of injection.96-98 !e brachial plexus is formed from the ventral 
rami of C5-T1 nerve roots. A"er these roots pass between the 
anterior and middle scalene muscles, they fuse into three trunks 
(superior C5-6, middle C7, inferior C8-T1). During performance 
of the ISB, local anesthetic is injected between the scalene muscles 
at the level of the cricothyroid notch (C6) (Fig. 70-8).

!e major acute complications and side effects associated 
with ISB are respiratory depression, intravascular injection with 
seizures and cardiac arrest, pneumothorax, epidural and spinal 
anesthesia, Horner’s syndrome, hoarseness, and dysphagia. !e 
ipsilateral phrenic nerve is blocked in all patients undergoing ISB, 
resulting in hemidiaphragmatic paresis.99 Because hemidiaphrag-
matic paresis may result in a 25% reduction in pulmonary func-
tion, patients with severe respiratory disease may not tolerate an 
ISB without the addition of mechanical ventilation. An ISB would 
be contraindicated in patients a"er pneumonectomy on the  
contralateral side and for bilateral operative procedures. !e 

Figure 70-7 Cutaneous distribution of anesthesia produced by an ankle 
block. (From Carron H, Korborn GA, Rowlingson JC: Regional Anesthesia: 
Techniques and Clinical Applications. New York, Grune & Stratton, 1984.)

Deep peroneal nerve
Saphenous nerve
Superficial peroneal nerve

Tibial nerve
Sural nerve

Table 70-6 Brachial Plexus Anesthesia

Site of Block Simulated Brachial Plexus Response

Interscalene Roots; trunks Shoulder to hand

Supraclavicular Trunks (middle, inferior) Upper arm to hand

Infraclavicular Lateral cord Forearm flexion
Hand pronation

Posterior cord Wrist extension
Medial cord Fingers and thumb

Axillary Median nerve Forearm pronation
Wrist flexion

Ulnar nerve Finger flexion
Thumb opposition

Radial nerve Wrist extension



94

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013

A

Anesthesia for Orthopedic Surgery 2255 70

Sectio
n V 

A
dult Subspecialty M

anagem
ent

Most spinal surgeries require general anesthesia. In this 
patient population with preexisting arthritic conditions, tracheal 
intubation o!en poses a challenge (Table 70-8). Awake, sedated 
fiberoptic intubation of many of these patients is the safest 
approach to general anesthesia. "is is the standard of care in a 
patient with cervical spinal instability who requires posterior sta-
bilization. "ese patients should be intubated first with a flexible 
fiberoptic bronchoscope, then positioned prone for surgery 
sedated but awake (if possible), and assessed for movements of 
upper and lower extremities before the induction of general 
anesthesia.

"e careful positioning of patients for spinal surgery is an 
important shared responsibility of the anesthesiologist and 
surgeon (see Chapter 36). As stated previously, patients at risk for 
spinal cord compression should be positioned under light seda-
tion, then observed for upper and lower extremity movement 
before inducing general anesthesia. Because some posterior cervi-
cal spine decompressions are done in the sitting position, prepara-
tions must be made for the possibility of a venous air embolism. 
Complex spinal deformity procedures o!en require anterior and 
posterior approaches to the spine. For a low lumbosacral approach, 
the patient is supine with the legs spread wide. Because pelvic 
retraction during this procedure may compromise blood flow to 
the legs, a pulse oximeter should be placed on a toe. Patients 
undergoing anterior thoracolumbar procedures are usually posi-
tioned in the lateral decubitus position where attention must be 
focused on the dependent arm and leg and the position of the 
neck. Table 70-9 outlines possible complications from prone posi-
tioning for these spinal procedures.

Complex corrective surgery of the spine includes patients 
with scoliosis, kyphosis, kyphoscoliosis, and revision surgery on 
patients with previous thoracolumbar fusions. Kyphosis is an 
exaggerated anterior flexion of the spine, as seen in ankylosing 
spondylitis. Scoliosis is defined as a lateral rotation of the spine 
greater than 10 degrees accompanied by vertebral rotation. Sco-
liosis is classified as idiopathic, congenital, or neuromuscular. 
Congenital scoliosis is the result of early embryonic errors in 
vertebral column formation, and half of the cases are associated 
with other organ system anomalies. Adolescent idiopathic scolio-
sis is common—present in 2% to 4% of children 10 to 16 years 
old. Only 10% of these adolescents have curves that require some 
type of medical intervention. Surgical intervention occurs when 
the curve magnitude estimated by the Cobb method is more than 
40 degrees (Fig. 70-9), and there is a strong likelihood of curve 
progression. Most idiopathic scoliosis curves are right-sided; a le! 
thoracic curve is more likely to be associated with other thoracic 
anomalies.

"oracic scoliosis results in a narrowed chest cavity pro-
ducing a decrease in chest wall compliance and restrictive lung 

disease. Cobb angles of greater than 65 degrees usually cause 
significant decreases in lung volumes. Although exercise tolerance 
is an important determinant of the effects of the severity of the 
curve on respiratory function, formal pulmonary function studies 
should be obtained before surgery. "is information guides deci-
sions regarding the extent of surgery permitted at one time and 
the requirement for postoperative ventilatory support. A vital 
capacity of less than 40% of the normal range is predictive of  
the requirement for postoperative ventilation. "e major abnor-
mality in arterial blood gases is hypoxemia, secondary to ventila-
tion-perfusion inequalities caused by alveolar hypoventilation. 
Chronic hypoxemia produces elevated pulmonary vascular resist-

Table 70-8 Predictors of a Difficult Endotracheal Intubation

Facial dyssymmetry (trauma)
Tracheal deviation
Cervical fractures
Small mouth opening (interincisor gap)
Inability to visualize the faucial pillars and uvula (Mallampati)
Limited neck range of motion
Prominent incisors
Distance between thyroid cartilage and mandible <6 cm
Narrow maxillary arch

Table 70-9 Complications of the Prone Position*

Airway ETT kinking, dislodgment
Upper airway edema

Neck Hyperextension or hyperflexion
Cervical rotation—compromised blood flow to brain

Eyes Orbital pressure—central retinal artery occlusion, 
supraorbital nerve

Corneal abrasion

Abdomen Pressure transmitted to epidural veins, increased 
bleeding

Upper extremity Brachial plexus stretch—arms out
Ulnar nerve compression—arms at the side

Lower extremity Flexion of hips—occlusion of femoral vein, DVT, kinking 
of vascular grafts

Pressure lateral to fibula—peroneal nerve palsy
Pressure on iliac crest—lateral femoral cutaneous nerve

*See Chapter 36.
DVT, deep vein thrombosis; ETT, endotracheal tube.

Figure 70-9 X-ray of a patient with scoliosis. Cobb angle is an angle formed 
by a line drawn perpendicular to the top of the superior vertebrae of the 
scoliotic curve and a similar perpendicular line drawn along the bottom of the 
inferior vertebrae. The Cobb angle in this patient is 62 degrees. (From Reamy 
BV, Slakey JB: Adolescent idiopathic scoliosis: Review and current concepts. 
Am Fam Med 64:1-10, 2001.)
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Most spinal surgeries require general anesthesia. In this 
patient population with preexisting arthritic conditions, tracheal 
intubation o!en poses a challenge (Table 70-8). Awake, sedated 
fiberoptic intubation of many of these patients is the safest 
approach to general anesthesia. "is is the standard of care in a 
patient with cervical spinal instability who requires posterior sta-
bilization. "ese patients should be intubated first with a flexible 
fiberoptic bronchoscope, then positioned prone for surgery 
sedated but awake (if possible), and assessed for movements of 
upper and lower extremities before the induction of general 
anesthesia.

"e careful positioning of patients for spinal surgery is an 
important shared responsibility of the anesthesiologist and 
surgeon (see Chapter 36). As stated previously, patients at risk for 
spinal cord compression should be positioned under light seda-
tion, then observed for upper and lower extremity movement 
before inducing general anesthesia. Because some posterior cervi-
cal spine decompressions are done in the sitting position, prepara-
tions must be made for the possibility of a venous air embolism. 
Complex spinal deformity procedures o!en require anterior and 
posterior approaches to the spine. For a low lumbosacral approach, 
the patient is supine with the legs spread wide. Because pelvic 
retraction during this procedure may compromise blood flow to 
the legs, a pulse oximeter should be placed on a toe. Patients 
undergoing anterior thoracolumbar procedures are usually posi-
tioned in the lateral decubitus position where attention must be 
focused on the dependent arm and leg and the position of the 
neck. Table 70-9 outlines possible complications from prone posi-
tioning for these spinal procedures.

Complex corrective surgery of the spine includes patients 
with scoliosis, kyphosis, kyphoscoliosis, and revision surgery on 
patients with previous thoracolumbar fusions. Kyphosis is an 
exaggerated anterior flexion of the spine, as seen in ankylosing 
spondylitis. Scoliosis is defined as a lateral rotation of the spine 
greater than 10 degrees accompanied by vertebral rotation. Sco-
liosis is classified as idiopathic, congenital, or neuromuscular. 
Congenital scoliosis is the result of early embryonic errors in 
vertebral column formation, and half of the cases are associated 
with other organ system anomalies. Adolescent idiopathic scolio-
sis is common—present in 2% to 4% of children 10 to 16 years 
old. Only 10% of these adolescents have curves that require some 
type of medical intervention. Surgical intervention occurs when 
the curve magnitude estimated by the Cobb method is more than 
40 degrees (Fig. 70-9), and there is a strong likelihood of curve 
progression. Most idiopathic scoliosis curves are right-sided; a le! 
thoracic curve is more likely to be associated with other thoracic 
anomalies.

"oracic scoliosis results in a narrowed chest cavity pro-
ducing a decrease in chest wall compliance and restrictive lung 

disease. Cobb angles of greater than 65 degrees usually cause 
significant decreases in lung volumes. Although exercise tolerance 
is an important determinant of the effects of the severity of the 
curve on respiratory function, formal pulmonary function studies 
should be obtained before surgery. "is information guides deci-
sions regarding the extent of surgery permitted at one time and 
the requirement for postoperative ventilatory support. A vital 
capacity of less than 40% of the normal range is predictive of  
the requirement for postoperative ventilation. "e major abnor-
mality in arterial blood gases is hypoxemia, secondary to ventila-
tion-perfusion inequalities caused by alveolar hypoventilation. 
Chronic hypoxemia produces elevated pulmonary vascular resist-

Table 70-8 Predictors of a Difficult Endotracheal Intubation

Facial dyssymmetry (trauma)
Tracheal deviation
Cervical fractures
Small mouth opening (interincisor gap)
Inability to visualize the faucial pillars and uvula (Mallampati)
Limited neck range of motion
Prominent incisors
Distance between thyroid cartilage and mandible <6 cm
Narrow maxillary arch

Table 70-9 Complications of the Prone Position*

Airway ETT kinking, dislodgment
Upper airway edema

Neck Hyperextension or hyperflexion
Cervical rotation—compromised blood flow to brain

Eyes Orbital pressure—central retinal artery occlusion, 
supraorbital nerve

Corneal abrasion

Abdomen Pressure transmitted to epidural veins, increased 
bleeding

Upper extremity Brachial plexus stretch—arms out
Ulnar nerve compression—arms at the side

Lower extremity Flexion of hips—occlusion of femoral vein, DVT, kinking 
of vascular grafts

Pressure lateral to fibula—peroneal nerve palsy
Pressure on iliac crest—lateral femoral cutaneous nerve

*See Chapter 36.
DVT, deep vein thrombosis; ETT, endotracheal tube.

Figure 70-9 X-ray of a patient with scoliosis. Cobb angle is an angle formed 
by a line drawn perpendicular to the top of the superior vertebrae of the 
scoliotic curve and a similar perpendicular line drawn along the bottom of the 
inferior vertebrae. The Cobb angle in this patient is 62 degrees. (From Reamy 
BV, Slakey JB: Adolescent idiopathic scoliosis: Review and current concepts. 
Am Fam Med 64:1-10, 2001.)
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adequately with open hemithoraces because of two physiologic 
problems. First, paradoxical ventilation (also called “pendellu!”) 
occurs in which gas moves into the lung in the open hemithorax 
from the lung in the closed hemithorax during expiration. Flow 
reverses during inspiration. "is leads to hypercapnia and hypox-
emia. Second, there is swinging motion of the mediastinum 
between the hemithoraces during the respiratory cycle that inter-
feres with cardiac preload and causes hemodynamic instability. 
In the early 1900s, several pioneers, such as the New Orleans 
surgeon Matas, advocated positive-pressure ventilation and a 
primitive form of endotracheal ventilation, which had been dem-
onstrated to be safe in animal experiments, for thoracic anesthe-
sia. Modern methods, incorporating OLV, have evolved from 

these experiments. Essentially, any anesthetic technique that pro-
vides safe and stable general anesthesia for major surgery can and 
has been used for lung resection. "ere is currently a major trend 
to the use of combined thoracic epidural and general anesthesia 
for thoracic surgery.

Fluid Management

Because of hydrostatic effects, excessive administration of intra-
venous fluids can cause increased shunting and subsequently lead 
to pulmonary edema of the dependent lung, particularly during 
prolonged surgery. Because the dependent lung is the lung that 
must carry on gas exchange during OLV it is best to be as judi-
cious as possible with fluid administration. Intravenous fluids are 
administered to replace volume deficits and for maintenance only 
during lung resection anesthesia. No volume is given for theoreti-
cal “third space” losses during thoracotomy; there is no good evi-
dence that such third space losses occur during lung resection as 
they do during abdominal or other types of surgery (Table 59-17). 
"e commonly accepted dictum is “don’t drown the down lung.”

Nitrous Oxide

Nitrous oxide/oxygen (N2O/O2) mixtures are more prone to cause 
atelectasis in poorly ventilated lung regions than oxygen by itself. 
Although N2O is relatively insoluble compared with other volatile 
anesthetics, it is more soluble than atmospheric gases (nitrogen, 
oxygen, argon). "e rate of uptake of an N2O/O2 mixture from an 
unventilated lung exceeds that of pure oxygen. "e maximal 
uptake is with a mixture of N2O/O2 with an F2 of 0.4 to 0.5.99 
"e use of N2O/O2 mixtures is associated with a higher incidence 
of post-thoracotomy radiographic atelectasis (51%) in the depend-
ent lung than when air/oxygen mixtures are used (24%). Nitrous 
oxide also tends to increase pulmonary artery pressures in patients 
who have pulmonary hypertension,100 N2O inhibits HPV,101 and 
N2O is contraindicated in patients with blebs or bullae. For these 
reasons N2O is usually avoided during thoracic anesthesia.

Temperature

Maintenance of body temperature can be a problem during tho-
racic surgery because of heat loss from the open hemithorax. "is 
is particularly a problem at the extremes of the age spectrum. 
Most of the body’s physiologic functions, including HPV, are 
inhibited during hypothermia. Increasing the ambient room tem-

Figure 59-23 Atelectasis develops in the dependent portions of both lungs 
after induction of anesthesia, as seen in this chest CT scan (top). This 
atelectasis disappears in the nondependent lung after turning the patient to 
the lateral position but increases in the dependent lung (bottom). This is the 
lung that will subsequently be used for gas exchange during one-lung 
ventilation. (From Kaplan J, Slinger P [eds]: Thoracic Anesthesia, 3rd ed. 
Philadelphia, Churchill Livingstone, 2003.)

Table 59-17 Fluid Management for Pulmonary Resection Surgery

1. Total positive fluid balance in the first 24-hour perioperative period 
should not exceed 20 mL/kg.

2. For an average adult patient, crystalloid administration should be 
limited to < 3 L in the first 24 hours.

3. There should be no fluid administration for third space fluid losses 
during pulmonary resection.

4. Urine output > 0.5 mL/kg/hr is unnecessary.
5. If increased tissue perfusion is needed postoperatively, it is preferable 

to use invasive monitoring and inotropes rather than to cause fluid 
overload.
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as ARDS in experimental models.71 Based on this physiology, the 
recommended goals for early resuscitation are expressed in Box 
72-5, and an algorithm for management is presented in Figure 
72-8. !e emphasis in this situation must be on rapid diagnosis 
and control of ongoing hemorrhage; the anesthesiologist should 
attempt to restore vascular volume and provide anesthesia in 
equal measure by moving the patient from a vasoconstricted state 
to a vasodilated one while facilitating hemostasis by maintenance 
of lower than normal blood pressure.

Vulnerable Patient Populations

Clinical trials of deliberate hypotensive resuscitation have avoided 
the application of this technique to populations perceived to be 
at greater risk for ischemic complications,87,91 including patients 
with known ischemic coronary disease, elderly patients, and 
those with injuries to the brain or spinal cord (see Chapters 35, 
63, and 71). !e prohibition against hypotension in patients with 
TBI is especially well established because of the observed dispar-
ity in outcome between TBI patients who experience hypotension 
and those who do not.92,93 Older trauma patients su"er worse 
outcomes from similar injuries compared with younger patients, 
presumably because of their reduced physiologic reserve.94 Clini-
cal care of these patients is focused on avoidance of ischemic 
stress and rapid correction of hypovolemia. It may well develop, 
however, that deliberate hypotensive management to enable rapid 
control of hemorrhage is equally bene#cial in vulnerable popula-
tions. !ere have been no clinical trials to date on this subject, 
but a laboratory study did #nd a bene#t of deliberate hypotension 
in animals with both TBI and hemorrhagic shock.95 Absent con-
vincing human evidence, deliberate hypotension in older or 
brain-injured patients should generally be avoided.

Resuscitation Fluids

Isotonic crystalloids (normal saline, lactated Ringer’s solution 
[LR], Plasma-Lyte A) are the initial resuscitative $uids adminis-
tered to any trauma patient (see Chapter 88). !ey have the 

advantage of being inexpensive, readily available, nonallergenic, 
noninfectious, and e%cacious in restoring total-body $uid. !ey 
are easy to store and administer, they mix well with infused medi-
cations, and they can be rapidly warmed to body temperature. 
Disadvantages of crystalloids include their lack of oxygen- 
carrying capacity, their lack of coagulation capability, and their 
limited intravascular half-life. More recent laboratory data have 
implicated speci#c crystalloid solutions as immunosuppressants 
and triggers of cellular apoptosis.96 Unlike necrosis, apoptosis is 
highly regulated and involves gene modulation and complex 
pathways of signal transduction. It seems clear that apoptosis is 
an important element of reperfusion injury. In a rat model of 
controlled hemorrhage, animals receiving LR showed an immedi-
ate increase in apoptosis in the liver and small intestine a&er 
resuscitation.97 Neither whole blood nor hypertonic saline 
increased the amount of apoptosis.

Hypertonic saline solutions, with or without the addition of 
polymerized dextran (HS or HSD), have been extensively studied 
in resuscitation from hemorrhagic shock.98 In theory, HS will 
draw $uid into the vascular space from the interstitium and 
thereby reverse some of the nonhemorrhagic $uid loss caused by 
shock and ischemia. A given amount of HS will thus have an 
enhanced ability to restore intravascular volume when compared 
with an equivalent volume of an isotonic solution. !is has made 
HS a popular choice for $uid resuscitation under austere condi-
tions. HSD is licensed for prehospital use in a number of Euro-
pean countries and is used for resuscitation by units of the U.S. 
military. Multiple studies of otherwise lethal hemorrhage in 
animals have demonstrated improved survival a&er resuscitation 
with HSD versus either normal saline solution or the components 
of HSD alone. Studies of the e%cacy of HSD in trauma patients 
have been inconclusive99; the most obvious bene#t occurred in a 
subset of polytraumatized patients with both hemorrhage and 
TBI, in whom improved neurologic status was demonstrated in 
those who received HSD as a resuscitation $uid. Indeed, HS is 
commonly used as an osmotic agent in the management of TBI 
with elevated ICP.100

Colloids, including starch solutions and albumin, have been 
advocated for rapid plasma volume expansion. Like crystalloids, 
colloids are readily available, easily stored and administered, and 
relatively inexpensive. As with hypertonic solutions, colloids will 
increase intravascular volume by drawing free water back into the 
vascular space. When intravenous access is limited, colloid resus-
citation will restore intravascular volume more rapidly than crys-
talloid infusion will and at a lower volume of administered $uid. 
Colloids do not transport oxygen or facilitate clotting; their dilu-
tional e"ect will be similar to that of crystalloids. Recent studies 
have demonstrated no great bene#t of colloids over crystalloids 
in a variety of resuscitation models.101,102

Many of the risks of aggressive intravascular $uid admin-
istration just summarized are related to dilution of the circulating 
blood volume. Recognition of this fact and continued improve-
ment in the safety of donated blood have led to increased use of 
blood products in the management of early hemorrhagic shock 
(see Chapter 55). !e risk of systemic ischemia is decreased by 
the maintenance of an adequate hematocrit, and the potential for 
dilutional coagulopathy can be avoided by the early administra-
tion of plasma. !e composition of resuscitation $uids may be as 
important as the rate and timing of administration. A 4-year ret-
rospective review of a cohort of critically injured patients who 
underwent emergency surgery examined the outcomes of  

Box 72-5 Goals for Early Resuscitation*

Maintain systolic blood pressure at 80 to 100 mm Hg

Maintain hematocrit at 25% to 30%

Maintain the prothrombin time and partial thromboplastin 
time in normal ranges

Maintain the platelet count at greater than 50,000 per high-
power field

Maintain normal serum ionized calcium

Maintain core temperature higher than 35°C

Maintain function of the pulse oximeter

Prevent an increase in serum lactate

Prevent acidosis from worsening

Achieve adequate anesthesia and analgesia
*Fluid administration to limit hypoperfusion is balanced against an 

undesirable increase in blood pressure and thus bleeding.

A

2288 Adult Subspecialty ManagementV

Skeletal muscle is not metabolically active during shock and 
tolerates ischemia better than other organs do. !e large mass of 
skeletal muscle, though, makes it important in the generation of 
lactic acid and free radicals from ischemic cells. Sustained 
ischemia of muscle cells leads to an increase in intracellular 
sodium and free water, with an aggravated depletion of "uid in 
the vascular and interstitial compartments.76

Early Resuscitation

Fluid administration is the cornerstone of resuscitation (see 
Chapters 88 and 97). Intravascular volume is lost to hemorrhage, 
to uptake by ischemic cells, and to extravasation into the  
interstitial space. Administration of intravenous "uids will pre-
dictably increase cardiac output and blood pressure in a hypovo-
lemic trauma patient. !e ATLS curriculum advocates rapid 
infusion of up to 2 L of warmed isotonic crystalloid solution in 
any hypotensive patient with the goal of restoring normal blood 
pressure.15

!is approach has been questioned in recent years because 
of a growing awareness that "uid administration during active 
hemorrhage may be counterproductive. Dilution of red cell mass 
reduces oxygen delivery and contributes to hypothermia and 
coagulopathy. Elevation of blood pressure leads to increased 
bleeding as a result of disruption of clots and reversal of compen-
satory vasoconstriction.77 !e result of aggressive "uid adminis-
tration is o#en a transient rise in blood pressure, followed by 
increased bleeding, another episode of hypotension, and the need 
for more volume administration. !is vicious circle has been 
recognized since the First World War and remains a complication 
of resuscitation therapy today. !e ATLS manual characterizes 
such patients as “transient responders” with active, ongoing hem-
orrhage.15 Resuscitation of these patients should be considered in 
two phases:

 Early, while active bleeding is still ongoing
 Late, once all hemorrhage has been controlled

Managing late resuscitation is driven by end-point targets 
and consists of giving enough "uid to maximize oxygen delivery. 
Early resuscitation is much more complex because the risks asso-
ciated with aggressive volume replacement (see Box 72-4), includ-

ing the potential for exacerbating hemorrhage and thus prolonging 
the crisis, must be weighed against the risk of hypoperfusion and 
ischemia.

Deliberate hypotensive management is an accepted stand-
ard of anesthetic care for elective surgical procedures such as total 
joint replacement, spinal fusion, radical neck dissection, recon-
structive facial surgery, and major pelvic or abdominal proce-
dures.78 Application of this technique to the initial management 
of hemorrhage is controversial and has been the focus of numer-
ous laboratory and clinical research e$orts. In 1965 Sha#an and 
colleagues published the results of a study of coagulation in dogs 
in which it was demonstrated that the formation of a so# extra-
luminal clot limits bleeding a#er arterial trauma.79 !is study 
compared the quantity of blood lost from a standardized arterial 
injury under a variety of conditions. !e least blood loss occurred 
in hypotensive animals (whether hypotensive from hemorrhage 
or from administration of a vasodilator), followed by the control 
group and then vasoconstricted animals. !e largest amount of 
blood was lost in animals that underwent vigorous reinfusion 
during the period of hemorrhage.

Laboratory data have shown the bene%ts of limiting intra-
vascular "uid volumes and blood pressure in actively hemorrhag-
ing animals.80-83 In the most sophisticated models, direct 
assessment of cardiac output and regional perfusion showed no 
di$erence between moderate- or large-volume resuscitation in 
terms of cardiac output, arterial blood pressure, or regional per-
fusion of the heart, kidneys, and intestines. Moderate resuscita-
tion (to a lower than normal blood pressure) improved perfusion 
of the liver.84 Burris and coworkers studied both conventional 
resuscitation "uids and various combinations of hypertonic saline 
and dextran and found that rebleeding was correlated with higher 
mean arterial pressure (MAP) and that survival was best in groups 
resuscitated to lower than normal MAP. !e optimum target 
blood pressure for resuscitation varied with the composition of 
the "uid used.85 A 1994 consensus panel on resuscitation from 
hemorrhagic shock noted that mammalian species are capable of 
sustaining MAP as low as 40 mm Hg for periods as long as 2 
hours without deleterious e$ects. !e panel concluded that spon-
taneous hemostasis and long-term survival were maximized by 
reduced administration of resuscitation "uids during the period 
of active bleeding in an attempt to keep perfusion only just above 
the threshold for ischemia.86

To date there have been two published prospective studies 
of deliberate hypotensive resuscitation in trauma patients. !e 
%rst was that of Bickell and colleagues in 1994.87,88 !e investiga-
tors randomized victims of penetrating torso trauma to one of 
two treatment groups: standard of care (up to 2 L of crystalloid 
infused in the prehospital setting) or delayed resuscitation (no 
"uid until the patient reached the OR). !is well-managed 37-
month study eventually included 598 patients. Average times of 
transport and care were 30 minutes from injury to the ED and 
then 50 minutes before reaching the OR; the "uid-restricted group 
received an average of about 800 mL of "uid during this time. !e 
immediate-resuscitation group received an average of 2500 mL of 
crystalloid and 130 mL of blood over this same period. !ough 
substantially di$erent during the period of study, blood pressure 
on arrival at the OR was similar in both groups, which the authors 
took as evidence that the unresuscitated group had achieved 
spontaneous hemostasis. Survival to hospital discharge in the 
delayed-resuscitation group was signi%cantly improved over the 
immediate-resuscitation group (70% versus 62% [P = .04]). No 

Box 72-4 Risks Associated with Aggressive Volume 
Replacement during Early Resuscitation*

Increased blood pressure

Decreased blood viscosity

Decreased hematocrit

Decreased clotting factor concentration

Greater transfusion requirement

Disruption of electrolyte balance

Direct immune suppression

Premature reperfusion

Increased risk for hypothermia
*Most complications of volume resuscitation arise from increased 

hemorrhage volume or excessive hemodilution.
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boluses given in response to measured systolic blood pressure 
below 80 to 90 mm Hg. In practice, !uid boluses are given alter-
nately with anesthetic agents, with the goal of reaching a normal 
depth of anesthesia without increasing systolic blood pressure.

Late Resuscitation

Box 72-7 summarizes end points for late resuscitation, and Figure 
72-9 presents an algorithm for management. Fluid administration 
is an integral, mandatory component. "e adequacy of resuscita-
tion should not be judged by the presence of normal vital signs, 
but by normalization of organ and tissue perfusion. "e role of 
the anesthesiologist-intensivist is to recognize the presence of 
ongoing shock a#er traumatic hemorrhage and to resuscitate the 
patient with the appropriate !uid, in the appropriate amount, at 
the appropriate time.

Late resuscitation begins once bleeding is de$nitively con-
trolled by surgery, angiography, or the passage of time. "e prac-
titioner’s goal at this time is to restore normal perfusion to all 
organ systems while continuing to support vital functions. Hypo-
perfusion caused by hemorrhagic shock triggers a predictable 
cascade of biochemical events that will cause physiologic  

derangements persisting long a#er adequate blood !ow is restored. 
"e extent of hypoperfusion—the depth and duration of shock—
is highly correlated with the development of subsequent organ 
system failure. Unfortunately, traditional vital sign markers such 
as blood pressure, heart rate, and urine output are insensitive to 
the adequacy of resuscitation. Occult hypoperfusion syndrome is 
common in postoperative trauma patients, particularly young 
ones.110 "is syndrome is characterized by a normal blood pres-
sure maintained by systemic vasoconstriction; intravascular 
volume is low, cardiac output is low, and organ system ischemia 
persists. "e patient will be at high risk for MOSF if the hypo-
perfusion is not promptly corrected.

"e search for the optimal end point of resuscitation has 
led to several di%erent hemodynamic, acid-base, and regional 
perfusion targets. Table 72-5 summarizes modalities that are 
available to gauge the adequacy of resuscitation, along with the 
shortcomings of each technique. Although the !ow of blood to 
tissue beds is a determinant of tissue perfusion, pressure should 
also be an important consideration. "e le# ventricular stroke 
work index is a variable that accounts for both !ow and pressure. 
Furthermore, le# ventricular power output has been used to 
quantify le# ventricular performance. "ese indices were com-
pared with purely !ow-derived hemodynamic and oxygen trans-
port variables as markers of perfusion and outcome in critically 
injured patients during resuscitation.111 A consecutive series of 
111 patients were monitored with a volumetric pulmonary artery 
catheter during the $rst 48 hours of resuscitation. "e ability to 
clear lactate in less than 24 hours and survival were studied. Sur-
vivors exhibited signi$cantly higher stroke work and le# ven-
tricular power output than nonsurvivors did. In addition to heart 
rate, these were the only variables that were signi$cantly related 
to lactate clearance and survival. "e higher stroke work and le# 
ventricular power output in survivors were related to better  
ventricular-arterial coupling and therefore more e&cient cardiac 
function.

Box 72-6 Benefits of a Fluid Infusion System in Resuscitation 
from Hemorrhagic Shock

An active mechanical pump enables fluid administration rates 
of up to 1500 mL/min

Compatible with crystalloid, colloid, packed red blood cells, 
washed salvaged blood, and plasma (not platelets)

The reservoir allows mixing of products in preparation for 
rapid blood loss

Fluids infused at a controlled temperature (38°C to 40°C)

Able to pump simultaneously through multiple intravenous 
lines

Fail-safe detection systems to prevent infusion of air

Accurate recording of fluid volume administered

Portable enough to travel with the patient between units

Box 72-7 Goals of Late Resuscitation*

Maintain systolic blood pressure higher than 100 mm Hg

Maintain hematocrit above individual transfusion threshold

Normalize coagulation status

Normalize electrolyte balance

Normalize body temperature

Restore normal urine output

Maximize cardiac output by invasive or noninvasive 
measurement

Reverse systemic acidosis

Document decrease in lactate to normal range
*Fluid administration should be continued until adequate systemic 

perfusion is restored.

Table 72-5 Modalities for Assessment of Systemic Perfusion

Technique Shortcomings

Vital signs Will not indicate occult hypoperfusion

Urine output May be confounded by intoxication, 
diuretic therapy, circadian variation, or 
renal injury

Systemic acid-base status Confounded by respiratory status

Lactate clearance Requires time to obtain laboratory result

Cardiac output Requires placement of a pulmonary 
artery catheter or use of noninvasive 
technology

Mixed venous oxygenation Difficult to obtain, but a very accurate 
marker

Gastric tonometry Requires time to equilibrate, subject to 
artifact

Tissue oxygenation Emerging technology, appears beneficial

Stroke volume variation Emerging technology, requires an 
arterial line

Acoustic blood flow Investigational technology, unproven
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short-term care based on the number of units of blood trans-
fused.103 One hundred forty-one patients received massive blood 
transfusions (20 or more units of red blood cells [RBCs]) during 
preoperative and intraoperative resuscitation. !e number of 
blood units did not di"er between survivors (30%) and nonsur-
vivors (70%). Eleven variables were signi#cantly di"erent: aortic 
clamping for control of blood pressure, use of inotropic agents, 
time with a systolic blood pressure higher than 90 mm Hg, time 
in the OR, temperature lower than 34°C, urine output, pH lower 
than 7.0, Pao2/Fio2 ratio less than 150, Paco2 greater than 
50 mm Hg, potassium greater than 6 mM/L and calcium lower 
than 2 mM/L. Of these, the presence of the #rst three variables in 
the face of transfusion of more than 30 units of packed RBCs was 
invariably fatal. Total blood loss and the amount of transfused 
blood were less critical than the depth and duration of shock. 

!ese concerns led to the concept of damage control surgery, 
which emphasizes rapid control of active hemorrhage.104

Red blood cells are the mainstay of treatment of hemor-
rhagic shock. With an average hematocrit of 50% to 60%, a unit 
of RBCs will predictably restore oxygen-carrying capacity and 
expand intravascular volume as well as any colloid solution. RBCs 
of blood type A, B, or AB carry major incompatibility antigens 
that may precipitate a lethal transfusion reaction if given to a 
patient with the opposite blood type. Because RBCs also carry 
dozens of minor antigens that can cause reactions in susceptible 
patients, crossmatching is desirable when time allows (typically 
about 1 hour from the time that a sample reaches the blood bank 
until the RBCs reach the patient). Type-speci#c blood requires 
less time for delivery from the blood bank (usually about 30 
minutes) and may be an appropriate alternative in some  

Figure 72-8 Algorithm for the management of early hemorrhagic shock. ABCs, airway, breathing, circulation; ABG, arterial blood gases; CBC, complete blood 
count; HCT, hematocrit; PT, prothrombin time; SBP, systolic blood pressure.
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boluses given in response to measured systolic blood pressure 
below 80 to 90 mm Hg. In practice, !uid boluses are given alter-
nately with anesthetic agents, with the goal of reaching a normal 
depth of anesthesia without increasing systolic blood pressure.

Late Resuscitation

Box 72-7 summarizes end points for late resuscitation, and Figure 
72-9 presents an algorithm for management. Fluid administration 
is an integral, mandatory component. "e adequacy of resuscita-
tion should not be judged by the presence of normal vital signs, 
but by normalization of organ and tissue perfusion. "e role of 
the anesthesiologist-intensivist is to recognize the presence of 
ongoing shock a#er traumatic hemorrhage and to resuscitate the 
patient with the appropriate !uid, in the appropriate amount, at 
the appropriate time.

Late resuscitation begins once bleeding is de$nitively con-
trolled by surgery, angiography, or the passage of time. "e prac-
titioner’s goal at this time is to restore normal perfusion to all 
organ systems while continuing to support vital functions. Hypo-
perfusion caused by hemorrhagic shock triggers a predictable 
cascade of biochemical events that will cause physiologic  

derangements persisting long a#er adequate blood !ow is restored. 
"e extent of hypoperfusion—the depth and duration of shock—
is highly correlated with the development of subsequent organ 
system failure. Unfortunately, traditional vital sign markers such 
as blood pressure, heart rate, and urine output are insensitive to 
the adequacy of resuscitation. Occult hypoperfusion syndrome is 
common in postoperative trauma patients, particularly young 
ones.110 "is syndrome is characterized by a normal blood pres-
sure maintained by systemic vasoconstriction; intravascular 
volume is low, cardiac output is low, and organ system ischemia 
persists. "e patient will be at high risk for MOSF if the hypo-
perfusion is not promptly corrected.

"e search for the optimal end point of resuscitation has 
led to several di%erent hemodynamic, acid-base, and regional 
perfusion targets. Table 72-5 summarizes modalities that are 
available to gauge the adequacy of resuscitation, along with the 
shortcomings of each technique. Although the !ow of blood to 
tissue beds is a determinant of tissue perfusion, pressure should 
also be an important consideration. "e le# ventricular stroke 
work index is a variable that accounts for both !ow and pressure. 
Furthermore, le# ventricular power output has been used to 
quantify le# ventricular performance. "ese indices were com-
pared with purely !ow-derived hemodynamic and oxygen trans-
port variables as markers of perfusion and outcome in critically 
injured patients during resuscitation.111 A consecutive series of 
111 patients were monitored with a volumetric pulmonary artery 
catheter during the $rst 48 hours of resuscitation. "e ability to 
clear lactate in less than 24 hours and survival were studied. Sur-
vivors exhibited signi$cantly higher stroke work and le# ven-
tricular power output than nonsurvivors did. In addition to heart 
rate, these were the only variables that were signi$cantly related 
to lactate clearance and survival. "e higher stroke work and le# 
ventricular power output in survivors were related to better  
ventricular-arterial coupling and therefore more e&cient cardiac 
function.

Box 72-6 Benefits of a Fluid Infusion System in Resuscitation 
from Hemorrhagic Shock

An active mechanical pump enables fluid administration rates 
of up to 1500 mL/min

Compatible with crystalloid, colloid, packed red blood cells, 
washed salvaged blood, and plasma (not platelets)

The reservoir allows mixing of products in preparation for 
rapid blood loss

Fluids infused at a controlled temperature (38°C to 40°C)

Able to pump simultaneously through multiple intravenous 
lines

Fail-safe detection systems to prevent infusion of air

Accurate recording of fluid volume administered

Portable enough to travel with the patient between units

Box 72-7 Goals of Late Resuscitation*

Maintain systolic blood pressure higher than 100 mm Hg

Maintain hematocrit above individual transfusion threshold

Normalize coagulation status

Normalize electrolyte balance

Normalize body temperature

Restore normal urine output

Maximize cardiac output by invasive or noninvasive 
measurement

Reverse systemic acidosis

Document decrease in lactate to normal range
*Fluid administration should be continued until adequate systemic 

perfusion is restored.

Table 72-5 Modalities for Assessment of Systemic Perfusion

Technique Shortcomings

Vital signs Will not indicate occult hypoperfusion

Urine output May be confounded by intoxication, 
diuretic therapy, circadian variation, or 
renal injury

Systemic acid-base status Confounded by respiratory status

Lactate clearance Requires time to obtain laboratory result

Cardiac output Requires placement of a pulmonary 
artery catheter or use of noninvasive 
technology

Mixed venous oxygenation Difficult to obtain, but a very accurate 
marker

Gastric tonometry Requires time to equilibrate, subject to 
artifact

Tissue oxygenation Emerging technology, appears beneficial

Stroke volume variation Emerging technology, requires an 
arterial line

Acoustic blood flow Investigational technology, unproven
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dislocation is a medical emergency that must be promptly 
addressed if the patient is to have a good functional outcome. 
Failure to promptly diagnose and reduce a dislocated hip joint is 
a signi!cant risk factor for avascular necrosis of the femoral head. 
Reduction typically requires a very deep level of sedation, which 
may be facilitated by nondepolarizing neuromuscular blockade. 
For this reason the anesthesiologist is commonly involved.177 
Although it is possible to reduce a dislocated hip in a spontane-
ously breathing patient sedated with fentanyl, midazolam, keta-
mine, propofol, or a combination of two or more agents, an acutely 
injured patient is at high risk for aspiration. Any patient who will 
be undergoing surgery in the near future (as for an open long-
bone fracture or exploratory laparotomy) should be intubated at 
the time of reduction and maintained with appropriate sedation 
and analgesia until reaching the OR. Other patients who may 
require intubation even for uncomplicated reductions include 
those who are inebriated or uncooperative, hemodynamically 
unstable, or su"ering from pulmonary dysfunction.

Unlike acetabular fractures, fracture of the pelvic ring 
requires immediate recognition and management by the trauma 
team. Hemorrhage, even exsanguination, is common a#er a major 
pelvic ring fracture and is a leading contributor to early death 
a#er motor vehicle collisions. Bleeding occurs from multiply dis-
rupted venous beds in the posterior pelvic bowl; if the pelvis as a 
whole is unstable, there is no anatomic barrier to continued 
expansion of this retroperitoneal bleeding. Surgical exploration 
by way of the peritoneum is usually unrewarding because the 
bleeding vessels are not easily accessed.178 $erapy consists of 
supportive volume resuscitation, external !xation of the unstable 
pelvis, and angiography. Intubation is usually undertaken on an 
emergency basis in a hypotensive patient, and the anesthesiologist 
may remain with the patient throughout the initial hours of sta-
bilization to manage sedation, analgesia, transport, and %uid 
resuscitation. In the absence of an orthopedic specialist, tempo-
rary stabilization and tamponade of some pelvic fractures can be 
accomplished with use of a specially made pelvic binder, the 
pelvic portion of military antishock trousers, or a bed sheet 
knotted tightly around the bony pelvis.179

Open fractures should be pulse-lavaged and débrided as 
soon as possible a#er injury to minimize the risk of infectious 
complications. If ongoing resuscitation or unstable TBI precludes 
the patient from early management in the OR, this procedure 
should be performed at the bedside.

$e advantages and disadvantages of regional and general 
anesthesia are summarized in Boxes 72-8 and 72-9. For many 
orthopedic trauma cases a combined approach will provide an 
optimal solution by incorporating the hemodynamic and analge-
sic bene!ts of a regional anesthetic with the %exibility and 
increased anxiolysis of a general anesthetic.

One prevalent concern in the management of an ortho-
pedic trauma patient is the concomitant use of regional anesthe-
sia/analgesia and prophylaxis for venous thromboembolism, as 
discussed in Chapter 70.

Intraoperative transesophageal echocardiography (TEE) 
has shown that most patients undergoing long-bone fracture 
manipulation experience microembolism of fat and marrow.180 
Most patients su"er no discernible clinical impact from this phe-
nomenon, but some will experience a signi!cant acute in%amma-
tory response. A#er long-bone fractures, some lung dysfunction 
occurs in almost all patients ranging from minor laboratory 
abnormalities to full-blown fat embolism syndrome (FES). A lack 

Box 72-8 Advantages and Disadvantages of Regional 
Anesthesia for Trauma Patients

Advantages
Allows continued assessment of mental status

Increased vascular flow

Avoidance of airway instrumentation

Improved postoperative mental status

Decreased blood loss

Decreased incidence of deep venous thrombosis

Improved postoperative analgesia

Better pulmonary toilet

Earlier mobilization

Disadvantages
Peripheral nerve function difficult to assess

Patient refusal common

Requirement for sedation

Hemodynamic instability with placement

Longer time to achieve anesthesia

Not suitable for multiple body regions

May wear off before procedure(s) conclude

Box 72-9 Advantages and Disadvantages of General 
Anesthesia for Trauma Patients

Advantages
Speed of onset

Duration—can be maintained as long as needed

Allows multiple procedures for multiple injuries

Greater patient acceptance

Allows positive-pressure ventilation

Disadvantages
Impairment of global neurologic examination

Requirement for airway instrumentation

Hemodynamic management more complex

Increased potential for barotrauma

of universally accepted diagnostic criteria combined with con-
comitant pulmonary and cardiovascular dysfunction accounts for 
the varying incidence reported in the literature. Most studies 
suggest that clinically signi!cant FES occurs in 3% to 10% of 
patients, although the presence of multiple long-bone fractures is 
associated with a higher incidence. Patients with coexisting lung 
injury are at additional risk for FES. Signs include hypoxia, tachy-
cardia, mental status changes, and a petechial rash on the upper 
portions of the body, including the axillae, upper arms and shoul-
ders, chest, neck, and conjunctivae. FES should be considered 
whenever the alveolar-arterial oxygen gradient deteriorates in 
conjunction with decreased pulmonary compliance and CNS 
deterioration. Under general anesthesia, the CNS changes will not 
be apparent but may be manifested as failure to awaken a#er 
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Monitoring resuscitation with invasive monitors is chang-
ing at present to noninvasive approaches that assess the return of 
adequate metabolism, respiration, and oxygen transport in 
peripheral tissue beds. One such technique is tissue oxygen moni-
toring (skin, subcutaneous tissue, or skeletal muscle). Skeletal 
muscle blood !ow decreases early in the course of shock and is 
restored late during resuscitation, thus making the skeletal partial 
pressure of oxygen a sensitive indicator of low !ow.112,113 Early 
“goal-directed” treatment of septic shock,114 with an emphasis on 
measurement of mixed-venous oxygen saturation, has in!uenced 
the care of trauma patients, and many ICUs are now using con-
tinuously measured venous oxygenation to guide resuscitation. 
Stroke volume variation, the change in arterial pressure driven by 
the respiratory cycle, is emerging as another less invasive measure 
of !uid volume status; increased variation in arterial pressure 

during positive-pressure ventilation is a reliable predictor of 
decreased intravascular volume.115

Tissue hypercapnia has been suggested as a universal indi-
cator of critically reduced perfusion. Measurement of gastric Pco2 
by gastric tonometry has been used in trauma patients as an 
indicator of restoration of splanchnic blood !ow, and distal gut 
pH has shown promise as a reliable indicator.116 $e most proxi-
mal area of the gastrointestinal tract, the sublingual mucosa, is a 
useful site for measurement of Pco2 (Pslco2).117 When Pslco2 
exceeded a threshold of 70 mm Hg (normal, 45.2 ± 0.7 mm Hg), 
its positive predictive value for circulatory shock was 100%.118 
Inadequate tissue perfusion, as indicated by these speci'c moni-
tors or by the traditional systemic markers of serum lactate, base 
de'cit, and decreased pH, must be treated promptly once ongoing 
hemorrhage is controlled. $e rate at which lactate returns to 
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Figure 72-9 Algorithm for the management of late hemorrhagic shock. HCT, hematocrit; HR, heart rate; PT, prothrombin time; PA, pulmonary artery; SBP, 
systolic blood pressure.
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Figure 72-10 Clinical pathway for the management of severe traumatic brain injury. The goal of therapy is to maintain cerebral perfusion pressure above 
60 mm Hg by support of the circulation and control of intracranial pressure. Progressively more intensive therapies are added until this goal is achieved. ABG, 
arterial blood gases; BP, blood pressure; CBF, cerebral blood flow; CPP, cerebral perfusion pressure; CSF, cerebrospinal fluid; CT, computed tomography; DVT, 
deep venous thrombosis; Hct, hematocrit; ICP, intracranial pressure; IVC, intraventricular catheter.
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maintained despite vigorous application of the previously 
described therapies, including barbiturate coma. Recent evidence 
suggests that relieving ICP by removal of a piece of cranium and 
use of a dural patch may improve mortality and morbidity in 
patients who might not otherwise survive.154 Decompressive 
laparotomy may be also be indicated in patients with severe TBI 
if coexisting injuries or vigorous volume infusion have increased 
intra-abdominal compartment pressure to greater than 20 mm Hg. 
Elevated abdominal pressure worsens pulmonary mechanics, 

thus necessitating higher MAP to maintain arterial oxygen satu-
ration. !is increase in ventilating pressure will increase intratho-
racic pressure and impair venous drainage from the head and 
consequently decrease CPP. !e use of decompressive celiotomy 
as a therapy to reduce ICP was recently described.155 More recently, 
a new concept of “multiple compartment syndrome” in patients 
with severe TBI has been proposed.156 Fluid therapy or acute lung 
injury (or both) may increase intra-abdominal pressure and 
intrathoracic pressure, thereby increasing ICP. Further "uid 
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and avoiding hypoxemia (SpO2 >90%), maintaining an adequate 
cerebral perfusion pressure >70 mm Hg with a systolic blood 
pressure of at least 90 mm Hg with isotonic or hypertonic fluids, 
endotracheal intubation for patients with a GCS less than 9, 
maintaining normoventilation (end-tidal CO2 of 35-40 mm Hg) 
and avoiding hyperventilation or hypoventilation are considered 
the mainstays of prehospital therapy in traumatic brain injury.127 
However, if cerebral herniation is suspected, moderate hyperven-
tilation (end-tidal CO2 of 30-35 mm Hg) and hyperosmolar 
therapy with mannitol or hypertonic saline should be instituted.

Adult Medical Emergencies

Most textbooks on prehospital emergency medicine discuss adult 
medical emergencies under the patient’s final diagnosis, such as 
congestive heart failure (CHF) or chronic obstructive pulmonary 
disease (COPD). !is, however, is not how patients present to the 
EMS team on the scene; instead, patients usually present with a 
chief complaint (or lead symptom), such as dyspnea or chest pain. 
Most o"en, adult medical emergencies fall into only three sepa-
rate chief complaints: dyspnea/respiratory distress, cardiac/circu-
latory emergencies, and altered level of consciousness. !erefore, 
we will discuss adult medical emergencies in this chapter by their 
respective chief complaint.

Dyspnea/Respiratory Distress

Dyspnea is one of the most common presenting symptoms in 
prehospital care, carrying a significant mortality rate of 12% to 
18% in adults.128 Each year in the United States alone, 2 million 
patients with respiratory distress are transported by EMS. As 
shown in a large Canadian outcome study (OPALS), prehospital 
ALS decreases mortality in these patients.128 In adults, acute 
shortness of breath is most commonly caused by either broncho-
spasm or pulmonary edema secondary to CHF, but other differ-
ential diagnoses such as pulmonary embolism, pneumonia, and 
foreign body obstruction must be considered (Table 73-3).129 
Identifying the correct diagnosis on the scene is not always as 
straightforward as it may seem130-132 because the etiology of 
dyspnea can be multifactorial, for example, in a patient with 
severe COPD and CHF who develops pneumonia.

Patient Evaluation
!e most important aspect of the initial evaluation in a patient 
with acute dyspnea is to identify if the condition is life threatening 
with imminent respiratory failure and requires immediate treat-
ment. Physical signs and symptoms indicating a life-threatening 
condition are cyanosis, tachypnea (respiratory rate <6 breaths/
min or >30 breaths/min), stridor, tachycardia, inability to speak 
in full sentences (<5 to 6 words), and the use of accessory respira-
tory muscles.133 !e use of pulse oximetry has quickly become the 
standard of care in diagnosing hypoxemia and adds an objective 
measurement of the severity of respiratory distress.

Irrespective of the underlying cause, all patients with res-
piratory distress should receive high-flow oxygen, ideally through 
a non-rebreathing facemask. Owing to space constraints, we will 
focus on the two most common causes of respiratory distress in 
adults: bronchospasm due to asthma and COPD and pulmonary 
edema due to CHF.

Prehospital Management
Bronchospasm: COPD and Asthma
Bronchospasm as a cause for dyspnea is o"en suggested by the 
patient’s medical history and current medications. Asthmatics 
and COPD patients o"en use inhaled β-agonists and corticoster-
oids and, in severe cases, also systemic agents. !ese patients tend 
to have frequent encounters with EMS and emergency depart-
ments. In addition to the clinical signs of dyspnea, wheezing and 
coughing are classic symptoms of bronchospasm. In extreme 
forms of bronchospasm, no breath sounds can be auscultated, 

Table 73-2 On-Scene Triage Criteria for Major Trauma Necessitating 
Transport to Trauma Center

Mechanism of Injury
Extrication time >20 minutes
High-speed crash with:

Intrusion into passenger compartment >20 cm
Speed >40 mph

Ejection
Death of another passenger in same car
Rollover
Pedestrian or bicyclist hit by motor vehicle
Motorcycle crash >20 mph or with separation of rider from motorcycle
Falls >3 m (9.8 ft)
Physiologic Criteria
Systolic blood pressure <90 mm Hg
Respiratory rate <10 or >29 breaths/min
Glasgow Coma Scale score <14
Pregnancy
Anatomic Criteria
Flail chest
Two or more proximal long bone fractures
Pelvic fracture
Penetrating injury to head, neck, torso, or extremities proximal to  

elbow or knee
Open or depressed skull fracture
Amputation proximal to wrist or ankle
Paralysis
Discretion of EMT
Per discretion of EMT, patients can be declared a major trauma patient. In 

addition, preexisting conditions of the patient can lead to an upgraded 
status, such as coronary artery disease, congestive heart failure, severe 
COPD, morbid obesity, or bleeding disorders.

COPD, chronic obstructive pulmonary disease.

Table 73-3 Common Nontraumatic Causes of Acute Shortness of 
Breath in Adults

Exacerbated chronic obstructive pulmonary disease
Asthma
Cardiogenic pulmonary edema (congestive heart failure)
Noncardiogenic pulmonary edema (inhalational, sepsis-related)
Pneumonia
Pulmonary embolism
Foreign body obstruction
Aspiration

Adapted from Fowlkes TD: Shortness of breath. In National Association of EMS 
Physicians and Kuehl AE (eds): Prehospital Systems and Medical Oversight, 
Dubuque, IA, Kendall and Hunt, 2002, p 665.

From O’Connor RE: Trauma triage: Concepts in prehospital trauma care. Prehospital 
Emerg Care 10:307-310, 2006.
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resulting in a “silent chest.” It has been a long-standing myth in 
EMS that patients with severe COPD should not receive high-
flow oxygen to prevent respiratory arrest.129 However, these 
patients o!en die as a result of hypoxemia and thus should be 
given the same oxygen therapy as any other patient in respiratory 
distress.

On-the-scene management for patients with asthma attacks 
or acute COPD exacerbations is very similar and follows the rec-
ommended guidelines.134 Besides providing oxygen to prevent 
hypoxemia, the first line of treatment is inhaled β-agonists plus 
an anticholinergic agent such as albuterol or salbutamol plus ipra-
tropium, either via nebulized aerosol or metered-dose inhaler. 
O!en these patients will already have made extensive use of their 
inhalers before calling EMS, so in moderate to severe exacerba-
tions the use of systemic corticosteroids, for example, an IV bolus 
of methylprednisolone, 60 to 125 mg, is clearly indicated. In life-
threatening asthma and COPD exacerbations, IV β-agonists 
(epinephrine, 100-200 µg IV bolus—equals one tenth of the rec-
ommended resuscitation dose) are particularly helpful. In case of 
impending or actual respiratory arrest, endotracheal intubation is 
warranted, o!en a!er RSI with ketamine as the preferred induc-
tion agent owing to its favorable bronchodilating properties. "e 
EMS crew must be vigilant for additional conditions that add to 
the severity of hypoxemia, such as pneumonia, pneumothorax, 
anaphylaxis, and pulmonary embolism.

Pulmonary Edema: Congestive Heart Failure
In addition to standard monitoring, a 12-lead ECG should be 
obtained to guide prehospital therapy for patients with acute pul-
monary edema and rule out acute myocardial infarction. As a 
biomarker, brain natriuretic peptide (BNP) has become the main-
stay in the clinical diagnosis of cardiogenic pulmonary edema, 
and some EMS systems now use point-of-care BNP testing on the 
scene to determine the cause of dyspnea.132 Noninvasive positive-
pressure ventilation (NIPPV) such as continuous positive airway 
pressure (CPAP) has become a standard therapy over the past 
several years in the treatment of acute pulmonary edema.135 
Recently published recommendations suggest NIPPV for every 
patient with acute pulmonary edema.136,137 "e subsequent therapy 
should be guided by the patient’s systolic blood pressure (SBP):

 SBP greater than 140 mm Hg: NIPPV plus nitrates (nitro-
glycerin spray or continuous IV infusion; recommended 
starting dose: 5-20 µg/min)

 SBP 140 to 100 mm Hg: NIPPV plus nitrates plus diuretics 
(furosemide) if signs of systemic fluid retention

 SBP less than 100 mm Hg: hypoperfusion is predominant 
and signs of cardiogenic shock are present. "ese patients 
require inotropic agents such as dopamine and dobutamine 
and a carefully titrated volume challenge.

 Pulmonary edema with signs of acute coronary syndrome 
(ACS): these patients require ACS specific management in 
addition to NIPPV plus nitrates.136

"e treatment goals are to stabilize the patient, improve 
oxygenation and perfusion, and reduce dyspnea.

Cardiac and Circulatory Emergencies

Chest pain and circulatory problems (e.g., syncope, hypertension) 
are encountered frequently in the prehospital setting (see Chapter 

60). Much emphasis has been put on the role of EMS in the man-
agement of ST-segment myocardial infarction (STEMI), but other 
conditions such as pulmonary embolism, hypertensive emergen-
cies, or dysrhythmias require a similar high quality of prehospital 
diagnostic and therapeutic skills. In this overview, we will focus 
on the most common emergencies resulting in chest pain—acute 
coronary syndrome (ACS) and pulmonary embolism—and also 
on hypertensive emergencies.

Patient Evaluation
"e most important goal in evaluating a patient with acute chest 
pain or circulatory problems is to rule out a life-threatening con-
dition such as ACS or pulmonary embolism. Because chest pain 
is a common complaint, identifying high-risk patients among all 
the patients with back spasm, esophageal acid reflux, or other 
gastrointestinal disorders is difficult. History and physical exami-
nation as well as a 12-lead ECG o!en guide the diagnosis. Pre-
hospital 12-lead ECG can be quickly performed by the EMS crew 
and transmitted to physician oversight if required and prolongs 
on-scene time only 3 to 4 minutes while offering very high sen-
sitivity and specificity for detecting myocardial ischemia and in 
particular for detecting patients with STEMI. Assessing the type 
and quality of chest pain (stabbing versus burning, radiation, 
severity, and provocation) is critical in determining the differen-
tial diagnosis (Table 73-4). However, some patients with ACS have 
atypical pain symptoms (epigastric discomfort, jaw pain) or no 
pain at all in case of silent myocardial ischemia in diabetic 
patients.

Prehospital Management
Acute Coronary Syndrome
Patients with acute coronary syndrome should immediately be 
put on continuous ECG monitoring in addition to blood pressure 
and oxygen saturation monitoring. Rapid access to a defibrillator 
is mandatory, especially for patients with STEMI. "e most recent 
guidelines recommend starting supportive therapy on the scene 
consisting of morphine (pain control), high-flow oxygen, nitrates 
(if patient is not hypotensive), and oral aspirin, easily memorized 
as the well-known “MONA” acronym.138,139 β-Blockers can be con-
sidered if the patient is tachycardic and/or hypertensive. "e goal 
is to reduce myocardial oxygen demand while improving oxygen 
supply. "e 12-lead ECG is a vital component of prehospital care 
for ACS because it is the only tool that can reliably identify 
patients who may benefit from prehospital reperfusion therapy 
(Fig. 73-4). "e overarching goal is to limit myocardial ischemia 
time to less than 120 minutes (ideally <60 minutes). Early out-of-

Table 73-4 Differential Diagnosis of Acute Chest Pain in Adults

Acute coronary syndrome (unstable angina, myocardial infarction)
Pulmonary embolism
Gastroesophageal reflux
Peptic ulcer disease
Gastritis or esophagitis
Aortic dissection
Pericarditis
Pneumonia
Pneumothorax
Pleurisy
Boerhaave’s syndrome (esophageal rupture)
Pancreatitis
Musculoskeletal pain
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dislocation is a medical emergency that must be promptly 
addressed if the patient is to have a good functional outcome. 
Failure to promptly diagnose and reduce a dislocated hip joint is 
a signi!cant risk factor for avascular necrosis of the femoral head. 
Reduction typically requires a very deep level of sedation, which 
may be facilitated by nondepolarizing neuromuscular blockade. 
For this reason the anesthesiologist is commonly involved.177 
Although it is possible to reduce a dislocated hip in a spontane-
ously breathing patient sedated with fentanyl, midazolam, keta-
mine, propofol, or a combination of two or more agents, an acutely 
injured patient is at high risk for aspiration. Any patient who will 
be undergoing surgery in the near future (as for an open long-
bone fracture or exploratory laparotomy) should be intubated at 
the time of reduction and maintained with appropriate sedation 
and analgesia until reaching the OR. Other patients who may 
require intubation even for uncomplicated reductions include 
those who are inebriated or uncooperative, hemodynamically 
unstable, or su"ering from pulmonary dysfunction.

Unlike acetabular fractures, fracture of the pelvic ring 
requires immediate recognition and management by the trauma 
team. Hemorrhage, even exsanguination, is common a#er a major 
pelvic ring fracture and is a leading contributor to early death 
a#er motor vehicle collisions. Bleeding occurs from multiply dis-
rupted venous beds in the posterior pelvic bowl; if the pelvis as a 
whole is unstable, there is no anatomic barrier to continued 
expansion of this retroperitoneal bleeding. Surgical exploration 
by way of the peritoneum is usually unrewarding because the 
bleeding vessels are not easily accessed.178 $erapy consists of 
supportive volume resuscitation, external !xation of the unstable 
pelvis, and angiography. Intubation is usually undertaken on an 
emergency basis in a hypotensive patient, and the anesthesiologist 
may remain with the patient throughout the initial hours of sta-
bilization to manage sedation, analgesia, transport, and %uid 
resuscitation. In the absence of an orthopedic specialist, tempo-
rary stabilization and tamponade of some pelvic fractures can be 
accomplished with use of a specially made pelvic binder, the 
pelvic portion of military antishock trousers, or a bed sheet 
knotted tightly around the bony pelvis.179

Open fractures should be pulse-lavaged and débrided as 
soon as possible a#er injury to minimize the risk of infectious 
complications. If ongoing resuscitation or unstable TBI precludes 
the patient from early management in the OR, this procedure 
should be performed at the bedside.

$e advantages and disadvantages of regional and general 
anesthesia are summarized in Boxes 72-8 and 72-9. For many 
orthopedic trauma cases a combined approach will provide an 
optimal solution by incorporating the hemodynamic and analge-
sic bene!ts of a regional anesthetic with the %exibility and 
increased anxiolysis of a general anesthetic.

One prevalent concern in the management of an ortho-
pedic trauma patient is the concomitant use of regional anesthe-
sia/analgesia and prophylaxis for venous thromboembolism, as 
discussed in Chapter 70.

Intraoperative transesophageal echocardiography (TEE) 
has shown that most patients undergoing long-bone fracture 
manipulation experience microembolism of fat and marrow.180 
Most patients su"er no discernible clinical impact from this phe-
nomenon, but some will experience a signi!cant acute in%amma-
tory response. A#er long-bone fractures, some lung dysfunction 
occurs in almost all patients ranging from minor laboratory 
abnormalities to full-blown fat embolism syndrome (FES). A lack 

Box 72-8 Advantages and Disadvantages of Regional 
Anesthesia for Trauma Patients

Advantages
Allows continued assessment of mental status

Increased vascular flow

Avoidance of airway instrumentation

Improved postoperative mental status

Decreased blood loss

Decreased incidence of deep venous thrombosis

Improved postoperative analgesia

Better pulmonary toilet

Earlier mobilization

Disadvantages
Peripheral nerve function difficult to assess

Patient refusal common

Requirement for sedation

Hemodynamic instability with placement

Longer time to achieve anesthesia

Not suitable for multiple body regions

May wear off before procedure(s) conclude

Box 72-9 Advantages and Disadvantages of General 
Anesthesia for Trauma Patients

Advantages
Speed of onset

Duration—can be maintained as long as needed

Allows multiple procedures for multiple injuries

Greater patient acceptance

Allows positive-pressure ventilation

Disadvantages
Impairment of global neurologic examination

Requirement for airway instrumentation

Hemodynamic management more complex

Increased potential for barotrauma

of universally accepted diagnostic criteria combined with con-
comitant pulmonary and cardiovascular dysfunction accounts for 
the varying incidence reported in the literature. Most studies 
suggest that clinically signi!cant FES occurs in 3% to 10% of 
patients, although the presence of multiple long-bone fractures is 
associated with a higher incidence. Patients with coexisting lung 
injury are at additional risk for FES. Signs include hypoxia, tachy-
cardia, mental status changes, and a petechial rash on the upper 
portions of the body, including the axillae, upper arms and shoul-
ders, chest, neck, and conjunctivae. FES should be considered 
whenever the alveolar-arterial oxygen gradient deteriorates in 
conjunction with decreased pulmonary compliance and CNS 
deterioration. Under general anesthesia, the CNS changes will not 
be apparent but may be manifested as failure to awaken a#er 
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and avoiding hypoxemia (SpO2 >90%), maintaining an adequate 
cerebral perfusion pressure >70 mm Hg with a systolic blood 
pressure of at least 90 mm Hg with isotonic or hypertonic fluids, 
endotracheal intubation for patients with a GCS less than 9, 
maintaining normoventilation (end-tidal CO2 of 35-40 mm Hg) 
and avoiding hyperventilation or hypoventilation are considered 
the mainstays of prehospital therapy in traumatic brain injury.127 
However, if cerebral herniation is suspected, moderate hyperven-
tilation (end-tidal CO2 of 30-35 mm Hg) and hyperosmolar 
therapy with mannitol or hypertonic saline should be instituted.

Adult Medical Emergencies

Most textbooks on prehospital emergency medicine discuss adult 
medical emergencies under the patient’s final diagnosis, such as 
congestive heart failure (CHF) or chronic obstructive pulmonary 
disease (COPD). !is, however, is not how patients present to the 
EMS team on the scene; instead, patients usually present with a 
chief complaint (or lead symptom), such as dyspnea or chest pain. 
Most o"en, adult medical emergencies fall into only three sepa-
rate chief complaints: dyspnea/respiratory distress, cardiac/circu-
latory emergencies, and altered level of consciousness. !erefore, 
we will discuss adult medical emergencies in this chapter by their 
respective chief complaint.

Dyspnea/Respiratory Distress

Dyspnea is one of the most common presenting symptoms in 
prehospital care, carrying a significant mortality rate of 12% to 
18% in adults.128 Each year in the United States alone, 2 million 
patients with respiratory distress are transported by EMS. As 
shown in a large Canadian outcome study (OPALS), prehospital 
ALS decreases mortality in these patients.128 In adults, acute 
shortness of breath is most commonly caused by either broncho-
spasm or pulmonary edema secondary to CHF, but other differ-
ential diagnoses such as pulmonary embolism, pneumonia, and 
foreign body obstruction must be considered (Table 73-3).129 
Identifying the correct diagnosis on the scene is not always as 
straightforward as it may seem130-132 because the etiology of 
dyspnea can be multifactorial, for example, in a patient with 
severe COPD and CHF who develops pneumonia.

Patient Evaluation
!e most important aspect of the initial evaluation in a patient 
with acute dyspnea is to identify if the condition is life threatening 
with imminent respiratory failure and requires immediate treat-
ment. Physical signs and symptoms indicating a life-threatening 
condition are cyanosis, tachypnea (respiratory rate <6 breaths/
min or >30 breaths/min), stridor, tachycardia, inability to speak 
in full sentences (<5 to 6 words), and the use of accessory respira-
tory muscles.133 !e use of pulse oximetry has quickly become the 
standard of care in diagnosing hypoxemia and adds an objective 
measurement of the severity of respiratory distress.

Irrespective of the underlying cause, all patients with res-
piratory distress should receive high-flow oxygen, ideally through 
a non-rebreathing facemask. Owing to space constraints, we will 
focus on the two most common causes of respiratory distress in 
adults: bronchospasm due to asthma and COPD and pulmonary 
edema due to CHF.

Prehospital Management
Bronchospasm: COPD and Asthma
Bronchospasm as a cause for dyspnea is o"en suggested by the 
patient’s medical history and current medications. Asthmatics 
and COPD patients o"en use inhaled β-agonists and corticoster-
oids and, in severe cases, also systemic agents. !ese patients tend 
to have frequent encounters with EMS and emergency depart-
ments. In addition to the clinical signs of dyspnea, wheezing and 
coughing are classic symptoms of bronchospasm. In extreme 
forms of bronchospasm, no breath sounds can be auscultated, 

Table 73-2 On-Scene Triage Criteria for Major Trauma Necessitating 
Transport to Trauma Center

Mechanism of Injury
Extrication time >20 minutes
High-speed crash with:

Intrusion into passenger compartment >20 cm
Speed >40 mph

Ejection
Death of another passenger in same car
Rollover
Pedestrian or bicyclist hit by motor vehicle
Motorcycle crash >20 mph or with separation of rider from motorcycle
Falls >3 m (9.8 ft)
Physiologic Criteria
Systolic blood pressure <90 mm Hg
Respiratory rate <10 or >29 breaths/min
Glasgow Coma Scale score <14
Pregnancy
Anatomic Criteria
Flail chest
Two or more proximal long bone fractures
Pelvic fracture
Penetrating injury to head, neck, torso, or extremities proximal to  

elbow or knee
Open or depressed skull fracture
Amputation proximal to wrist or ankle
Paralysis
Discretion of EMT
Per discretion of EMT, patients can be declared a major trauma patient. In 

addition, preexisting conditions of the patient can lead to an upgraded 
status, such as coronary artery disease, congestive heart failure, severe 
COPD, morbid obesity, or bleeding disorders.

COPD, chronic obstructive pulmonary disease.

Table 73-3 Common Nontraumatic Causes of Acute Shortness of 
Breath in Adults

Exacerbated chronic obstructive pulmonary disease
Asthma
Cardiogenic pulmonary edema (congestive heart failure)
Noncardiogenic pulmonary edema (inhalational, sepsis-related)
Pneumonia
Pulmonary embolism
Foreign body obstruction
Aspiration

Adapted from Fowlkes TD: Shortness of breath. In National Association of EMS 
Physicians and Kuehl AE (eds): Prehospital Systems and Medical Oversight, 
Dubuque, IA, Kendall and Hunt, 2002, p 665.

From O’Connor RE: Trauma triage: Concepts in prehospital trauma care. Prehospital 
Emerg Care 10:307-310, 2006.
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hospital fibrinolysis reduces mortality in patients with STEMI or 
new-onset le! bundle branch block140 and is the recommended 
standard for fibrinolysis-capable EMS systems.138 Several fibrino-
lytic agents are available, and the choice is o!en based  
on the institution. Streptokinase was the first fibrinolytic agent 
but is now rarely used in prehospital care. Most EMS systems now 
use recombinant tissue plasminogen activator (rt-PA or t-PA)  
or modified forms of t-PA, such as reteplase or tenecteplase 
(TNKase). "e latter offer convenient single- or double-bolus 
dosing, making them preferable fibrinolytic agents in the prehos-
pital setting.141 It is important to note, however, that fibrinolytic 
therapy has several contraindications (Table 73-5) and also carries 
the risk of intracranial hemorrhage, resulting in major disability 
or death in 1% to 2% of the patients. If fibrinolysis cannot be 
performed on the scene, rapid transport to a facility with percu-
taneous coronary intervention is warranted with the goal of EMS 
arrival-to-balloon time of less than 90 minutes.

Pulmonary Embolism
A definitive diagnosis of pulmonary embolism is difficult to 
establish on the scene because signs and symptoms are nonspe-
cific and no rapid objective measure, such as the 12-lead ECG in 
STEMI, is available for on-site diagnosis. O!en, the patient’s 
medical history is telling; for example, an immobilized leg and 
signs of a preexisting deep venous thrombosis can be found, such 
as unilateral, tender swelling in one extremity. "e severity of 
pulmonary embolism directly relates to the size of the clots and 
ranges from mild symptoms of dyspnea and coughing to acutely 
life-threatening states of cardiogenic shock due to acute right-
sided heart failure. Classic symptoms of pulmonary embolism 
include distended neck veins, hypoxemia, tachycardia, tachypnea, 
and chest pain. More objective, but nevertheless unspecific find-

Figure 73-4 Prehospital management priorities in patients with ST-segment elevation myocardial infarction. ECG, electrocardiogram; EMS, emergency medical 
service; PCI, percutaneous coronary intervention; STEMI, ST-segment myocardial infarction. (Modified from Antman EM, Anbe DT, Armstrong PW, et al: ACC/
AHA guidelines for the management of patients with ST-elevation myocardial infarction: A report of the American College of Cardiology/American Heart 
Association Task Force on Practice Guidelines [Committee to Revise the 1999 Guidelines for the Management of patients with acute myocardial infarction]. J 
Am Coll Cardiol 44:e1-e211, 2004; and Armstrong PW, Collen D, Antman E: Fibrinolysis for acute myocardial infarction: The future is here and now. Circulation 
107:2533-2537, 2003.)
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Table 73-5 Contraindications of Fibrinolytic Therapy in ST-Segment Elevation 
Myocardial Infarction

Absolute Contraindications
Any prior intracranial hemorrhage
Known structural cerebrovascular lesion (e.g., AVM)
Known malignant intracranial neoplasm (primary or metastatic)
Ischemic stroke within 3 months EXCEPT acute ischemic stroke within 3 

hours
Suspected aortic dissection
Active bleeding or bleeding diathesis (excluding menses)
Significant closed-head trauma or facial trauma within 3 months
Relative Contraindications
History of chronic, severe, poorly controlled hypertension
Severe uncontrolled hypertension on presentation (SBP > 180 mm Hg or 

DBP > 110 mm Hg)*
History of prior ischemic stroke < 3 months, dementia, or known 

intracranial pathologic process not covered in contraindications
Traumatic or prolonged (>10 minutes) CPR or major surgery (<3 weeks)
Recent (within 2 to 4 weeks) internal bleeding
Noncompressible vascular punctures
For streptokinase/anistreplase: prior exposure (<5 days ago) or prior 

allergic reaction to these agents
Pregnancy
Active peptic ulcer
Current use of anticoagulants: the higher the INR, the higher the risk of 

bleeding

AVM, arteriovenous malformation; SBP, systolic blood pressure; DBP, diastolic 
blood pressure; INR, international normalized ratio.
*Could be an absolute contraindication in low-risk patients with myocardial 
infarction.
Adapted from American Heart Association Guidelines for Cardiopulmonary 
Resuscitation and Emergency Cardiovascular Care. Part 8. Stabilization of the 
Patient with Acute Coronary Syndromes. Circulation 112(24 Suppl):IV-89-110,  
2005.
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ings are new right bundle branch block, symmetric T-wave inver-
sion in the anterior leads (V1-V4), and SIQIII pattern in the 12-lead 
ECG.142 O!en the 12-lead ECG is more useful to rule out other 
conditions as myocardial infarction than ruling in pulmonary 
embolism.

In absence of an objective means to reliably diagnose pul-
monary embolism in the prehospital setting, the management is 
largely supportive. Applying standard monitoring, administration 
of high-flow oxygen, establishing an IV line, and pain control with 
opioid analgesics are considered standard therapy. In severe pul-
monary embolism that is usually accompanied with systemic 
hypotension (SBP < 90 mm Hg), in other words with signs of 
shock, circulatory support with inotropic agents is o!en required. 
"e prehospital use of heparin in pulmonary embolism is not 
universally recommended and must be determined on a case-by-
case basis, taking into account the likelihood of pulmonary 
embolism and the severity of symptoms. Prehospital fibrinolysis 
in a patient with pulmonary embolism is not recommended, 
although it has been successfully used in extremis.143

Hypertensive Emergencies
EMS o!en responds to patients with acute hypertensive episodes, 
but these are rarely true hypertensive emergencies. "e classifica-
tion of hypertensive episodes is very helpful in determining the 
urgency of a prehospital intervention (Table 73-6). Acute end-
organ damage in conjunction with a hypertensive episode, such 
as hypertensive encephalopathy, stroke, pulmonary edema, myo-
cardial infarction, aortic dissection, acute renal failure, and preec-
lampsia must be immediately treated and progression must be 
stopped. "e goal is to lower the blood pressure by 20% to 25% 
within 30 to 60 minutes.144 However, in the setting of cerebral 
infarction, great care must be exercised in reducing blood pres-
sure as needed because the ischemic territory may be critically 
dependent on collateral perfusion pressure; this is an area of 
controversy in need of further study. Evidence for benefits of 
antihypertensive treatment is scant; some argue that only exces-
sively high SBP or diastolic blood pressure (DBP) should be 
treated.145 On the other hand, patients with an aortic dissection 
require swi! and aggressive treatment with a target blood pres-
sure of SBP less than 120 mm Hg and DBP less than 80 mm Hg.146 
"e choice of antihypertensive should take into account the 
underlying pathophysiology. For example, patients with acute 
hypertension plus acute coronary syndrome and tachycardia 

might benefit from a β-blocker and nitroglycerin, whereas in 
intracranial hemorrhage labetalol is the preferred agent. "e anti-
hypertensive agent of choice in many European EMS systems, 
urapidil, an α-adrenoceptor antagonist, is currently not available 
in the United States.

Altered Level of Consciousness

Altered level of consciousness is o!en encountered in prehospital 
care. "e differential diagnoses are vast; therefore, most patients 
will receive only supportive care in the field. "e overarching goal 
is to stabilize the patient’s vital signs, quickly identify and treat 
potentially life-threatening conditions, and determine a likely 
cause.147 For example, rapid detection of severe hypoglycemia in 
an unconscious patient can be assessed by point-of-care testing 
and reversed by administration of an IV glucose bolus. In this 
section, we focus on general principles but briefly mention a few 
specific conditions, such as stroke or seizure.

Patients with an altered level of consciousness should 
immediately receive high-flow oxygen and IV access, be undressed, 
and undergo standard monitoring. "e addition of continuous 
capnography, when available, is helpful to assess adequate ventila-
tion. Level of unconsciousness and determination of the GCS 
score should be performed (see Chapter 46). In the prehospital 
setting, it is o!en sufficient to distinguish if the patient is alert 
(responsive to verbal commands), only responsive to painful 
stimuli, or is completely unresponsive (unconscious).148

Because patients with impaired consciousness are at risk 
for aspiration, the need for airway protection needs to be assessed. 
Recommended diagnostic steps on the scene include determining 
the pupil size and reaction to light, measuring core body tempera-
ture, and obtaining point-of-care blood glucose levels. During the 
initial neurologic examination, EMS providers must determine if 
the main neurologic symptoms are global or if there is a focal 
neurologic deficit. Nasal or oral airways equipment may be 
inserted to keep the airway open and to test for a gag reflex. Once 
these basic steps have been accomplished, the EMS team should 
try to obtain as much information about the patient and the cir-
cumstances as possible to narrow the possible causes for the 
patient’s unconsciousness (Table 73-7). O!en, this can only be 
accomplished by involving bystanders and family members. 
Important aspects are onset and progression of unconsciousness 
(quick or over a few hours), fever, the patient’s status before the 
onset of symptoms, headache, medical history and medications 
(e.g., hypertension, diabetes, depression), signs of intoxication 
(open drug containers, needles, drug paraphernalia), and signs of 
trauma.

For patients with hypoglycemia, the recommended treat-
ment plan is to immediately administer dextrose (D50W, 50 mL = 
1 ampule). If an IV cannot be established, IM glucagon (1-2 mg) 
is a viable alternative. On average, blood glucose levels rise a!er 
this treatment between 100-150 mg/dL and patients are fully 
awake within a few minutes. In cases where opioid overdose is 
suspected (miosis, respiratory rate <10 breaths/min), the opioid 
antagonist naloxone should be administered. "e recommended 
starting dose is 0.4 mg IV, but it should be titrated to clinical 
effect, which in this case is restoration of spontaneous ventilation 
and not complete awakening. A wide range of required dosages 
may be required, sometimes requiring as little as 0.2 mg and 
sometimes up to 10 mg.148 If too much naloxone is administered, 

Table 73-6 Classification of Acute Hypertensive Episodes

Hypertensive emergency Also termed hypertensive crisis; 
hypertension with acute end-organ 
dysfunction

Hypertensive urgency Hypertensive episode with high risk of 
imminent end-organ damage that has not 
yet occurred

Acute hypertensive episode SBP > 180 mm Hg or DBP > 110 mm Hg 
without signs of evolving or imminent 
end-organ dysfunction

Transient hypertension Related to anxiety or primary complaint

SBP, systolic blood pressure; DBP, diastolic blood pressure.
Adapted from Chobanian AV, et al: Seventh Report of the Joint National Committee 
on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. 
Hypertension 42:1206-1252, 2003.
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severe opioid withdrawal symptoms can result. Similarly, if 
patients with benzodiazepine overdose (“sleeping pills”) are 
treated aggressively with the antagonist flumazenil, generalized 
seizures can result that may be unresponsive to further benzodi-
azepine treatment. Patients with hypoglycemia or opioid intoxica-
tion comprise probably the only category of patients with an 
altered level of consciousness that can be successfully identified 
and treated in the field.

Only over the past decade, stroke patients have received 
similar attention in prehospital care as patients with acute myo-
cardial infarction. It is now clear that a similar “window of oppor-
tunity” exists in stroke patients as in patients with acute myocardial 
infarction.149 !e goal is to quickly identify stroke in the field and 
rapidly transport the patient to a facility that can perform com-
puted tomography (CT) to aid in diagnosis and rule out the 
presence of intracranial hemorrhage. Ischemic stroke without 
hemorrhage may be treated with thrombolysis. Classic symptoms 
of stroke are hemiparesis, aphasia, and altered level of conscious-
ness. Formal prehospital screening tools such as the Cincinnati 
Prehospital Stroke Scale are useful and should be used.150 Stroke 
is a leading cause of death in the United States and is the number 
one cause for disability in adults. Rapid identification and treat-
ment of stroke limits brain damage and improves survival a"er 
stroke.145,151 Because of the inability to clinically distinguish 
between ischemic stroke (85% of cases) and hemorrhagic stroke 
(15%), prehospital thrombolysis cannot be performed as in 
patients with STEMI. !us, supportive care to stabilize the 
patient’s vital signs and to avoid risk factors that negatively influ-
ence outcome, such as hypoxia, hypotension, and hyperglycemia 
are main treatment goals in stroke in the prehospital setting.152 
!erefore, stroke patients require supplemental oxygen, IV access, 
continuous ECG monitoring, as well blood pressure monitoring. 
Hyperglycemia should be corrected to normal levels. Blood pres-
sure management in stroke patients is controversial; it is clear that 
any aggressive lowering of SBP worsens outcome and that a 
certain degree of hypertension in acute stroke might be beneficial. 
If other end organ dysfunction is apparent, such as myocardial 
ischemia, or SBP greater than 220 mm Hg, cautious antihyperten-
sive treatment can be started on the scene. One of the most 
important aspects of prehospital care for stroke patients is the 
expeditious transport to a facility that specializes in stroke treat-
ment, ideally a stroke center.153

Seizure is a common disorder seen in EMS practice. O"en, 
the seizure is over when EMS arrives and the patient will be found 
in a post-seizure state that seldom requires intervention. If the 
seizure is ongoing, however, the seizure may be usually treated by 
the IV administration of benzodiazepine and prevention of sec-

ondary complications such as hypoxia. IV access is difficult to 
establish during a generalized seizure. High-flow oxygen should 
be administered via a non-rebreathing facemask. Status epilepti-
cus is a state of ongoing, refractory general seizure activity and is 
a true life-threatening emergency; sometimes treatment requires 
induction of general anesthesia.154

Pediatric Emergencies

Pediatric emergencies are one of the biggest challenges for a pre-
hospital provider (see Chapter 82). Between 5% and 8% of emer-
gency calls to an EMS are pediatric emergencies.155,156 In the first 
years of age, common pediatric emergencies are respiratory prob-
lems and febrile seizures. Trauma increases in incidence in higher 
age groups.155 Some of the skills, such as securing the airway and 
vascular access, are more difficult to perform for EMS providers 
in children than in adults.

In this section, the main differences in etiology, diagnostic 
procedures, and treatment are stressed and the chief symptoms 
and their relevance in the pediatric population are discussed.

Dyspnea/Respiratory Distress

Respiratory failure is the leading cause for cardiac arrest in chil-
dren. !e anatomy of the airway and the smaller respiratory 
reserve due to a smaller residual capacity as well as a higher basal 
metabolism make children more vulnerable to hypoxic events. 
Infections or an obstructed airways by foreign bodies dominates 
the respiratory problems in younger children; in older children 
the airway problems are usually due to direct trauma or altered 
level of consciousness a"er head trauma or shock.

Patient Evaluation
Assessing the child may be more difficult if the child is frightened. 
An agitated child interferes with many diagnostic procedures, and 
the resultant stress level increases oxygen consumption, poten-
tially leading to a decompensation of the situation.

A"er assessing the airway, the work of breathing is  
estimated. Physical signs and symptoms indicating respiratory 
distress are tachypnea and intercostal, sternal, and subcostal 
retractions. Children use accessory muscles to support breathing, 
which may manifest as head bobbing and nasal flaring. An early 
sign of distress is use of chest wall muscles. Paradoxical breathing 
movements of chest and abdomen (see-saw respiration) indicate 
decompensated respiration. Abnormal sounds from the airway 
pinpoint the level of airway obstruction. Inspiratory stridor indi-
cates an extrathoracic airway problem. In contrast, expiratory 
noises are signs of lower tracheal problems, whereas wheezing 
leads to a problem at the bronchial level. Hypoxia can cause 
vasoconstriction, and cyanosis can be masked by skin pallor. 
Pulse oximetry should be mandatory in respiratory distress.

Prehospital Management
Pediatric respiratory support may include facemask with supple-
mental oxygen, assisted bag-mask-valve ventilation, or controlled 
ventilation with a secured airway. Because of the different anatomy 
dependent on the age of the child and the limited skills in most 
nonanesthesiologist prehospital providers, difficulties in airway 
management occur more o"en than in adults.

Table 73-7 Causes of Altered Level of Consciousness in Adults: AEIOU-TIPS

Alcohol and Airway (hypoxia)
Epilepsy, Electrolytes, Encephalopathy
Insulin—hypoglycemia
Opioids/Overdose
Urea (metabolic)
Trauma, Tumor
Infection
Psychiatric
Shock, Subarachnoid hemorrhage, Snake bite

Adapted from Wolfe RE, Brown DFM: Coma and depressed level of consciousness. 
In Marx JA (ed): Rosen’s Emergency Medicine. Philadelphia, Mosby, 2006.
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Different triage strategies (Simple Triage and Rapid Treat-
ment-START, CareFlight Triage, modified START) show compa-
rable results in identifying the severely injured (Table 73-9). 
Triage implies constant reevaluation of victims because condi-
tions of the victims and of available resources change continu-
ously.174 Patients whose injuries are so grave (i.e., traumatic cardiac 
arrests) that their prognosis is dismal should not be classified as 
critical in the setting of a large mass casuality incident (MCI). 
"ey are likely to consume large quantities of resources in a futile 
resuscitative effort.175 "e motor score of the GCS and systolic 
blood pressure show good association with severe injury.175 "e 
emergency physician on the scene has to guarantee that the treat-
ment priorities are followed by the EMTs rather than treating 
patients by himself or herself.

In the first phase, only BLS, such as opening the airway, 
recovery position, tourniquets, and positioning, should be done. 
Advanced procedures such as IV access, oxygen therapy, anesthe-
sia, intubation, and ventilation can be performed as soon as 
resources are available. With incoming transport capacity, patients 
are stabilized and transported according to urgency priorities. For 

example, patients with intra-abdominal bleeding requiring emer-
gent surgery have the highest transport priority. For disposition 
of the patients to adequate hospitals, a quick registration and 
documentation stage is necessary.

Controversies in Prehospital 
Emergency and Trauma Care

"e EMS literature is full of conflicting opinions and recommen-
dations about what the ideal EMS system and the ideal level of 
prehospital care are. "e plethora of differing opinions is likely 
due to the vast differences in how EMS systems are organized 
around the world and probably also to a lack of reliable evidence 
from high-quality research. In the United States, one of the most 
important documents ever written on the current problems in 
EMS, !e Future of Emergency Care: Emergency Medical Services 
at the Crossroads, was published in 2007 by the Institute of Medi-
cine of the National Academy of Sciences.12 It is the third part of 
a comprehensive study on the state of emergency medicine in the 
United States that also includes in-hospital emergency medi-
cine176 and pediatric emergency care.177 It is likely that this report 
will have a similar effect on EMS as did !e White Paper pub-
lished in 1966.11 Here, we focus on those areas in prehospital care 
engendering the fiercest debate and where anesthesiologists could, 
in our opinion, make the biggest impact.

The Optimal Level of Prehospital Care:  
BLS Versus ALS or “Scoop-and-Run”  
Versus “Stay-and-Play”

Numerous articles have been published over the past decades 
favoring either a minimalistic approach to prehospital care, basi-
cally BLS level only, or the opposite, an aggressive strategy trying 
to bring the level of care in an emergency department to the 
scene. In our opinion this discussion is misguided. It is unlikely 
that a country that currently employs a paramedic-level EMS 
system will abandon this system in favor of a BLS-only system or 
vice versa (see Chapter 97). More importantly, this discussion 
leads away from the most important determinant of the overall 
efficacy and efficiency of any EMS system: the outcome of the 

Table 73-8 Definitions in Disaster Medicine

Term Definition
Level of Prehospital Medical  
Care Possible Examples

Emergency Incident that demands urgent action; impact: 
minutes to hours

Individual medicine Patient with bicycle accident, 
stroke, angina

Mass casualty Large number of casualties in a short period 
that initially exceed local logistic support 
capabilities; impact: hours to days

Triage; increasing level of medical treatment 
dependent on resources

Airplane crash, train collision, 
mass poisoning

Disaster Large number of casualties and destroyed 
infrastructure; exceeds local response 
capabilities. Supraregional (national) forces 
are needed to solve the problem; damage 
and interruption last long-term (weeks to 
years)

Triage; first aid; significant delay until 
professional medical help available usually 
only after temporary infrastructure was set 
up

Hurricane, earthquake,  
tsunami, nuclear disaster  
(e.g., Chernobyl)

Table 73-9 Triage Groups in Mass Casualty Incidents

With the aid of triage tags or colored flags the patients are sorted 
into four groups:

Green/minor Minor injuries with  
no immediate need  
of treatment; 
psychological support 
needed; patients can 
walk

Wounds, minor fractures

Yellow/delayed Urgent treatment, no 
vital threat

Fractures, joint injuries, 
amputation, major 
blood loss, burns

Red/immediate Immediate vital threat Respiratory insufficiency, 
shock, brain trauma, 
burns with immediate 
vital threat, abdominal 
trauma

Black/expectant Dead or moribund Respiratory arrest, 
cardiac arrest, head 
injuries with dismal 
prognosis
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Figure 74-3 Reaction of acetylcholine and sarin with acetylcholinesterase. 
(From Baker DJ: Anesthesia in extreme environmental conditions, part 2: 
Chemical and biologic warfare. In Grande CG [ed]: Textbook of Trauma 
Anesthesia and Critical Care. St Louis, MO Mosby-Year Book, 1993, p 1341.)
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poisoning. !e interaction of OPs with AChE is nonreversible 
a"er a certain time depending on the nerve agent. !e formation 
of an irreversible complex is known as aging. Each nerve agent 
has an aging half-life. For GB, this is about 5 hours, whereas for 
GD, it is only 2 minutes. GA and VX have aging half-lives of 40 

hours. A"er 5 half-lives, more than 95% of the enzyme AChE has 
aged and cannot be reactivated. !is has important consequences 
on the window of clinical opportunity31 for treatment to try to 
reverse the AChE inhibition (see section on oximes later).

Signs and Symptoms of Nerve Agent Poisoning
!e classic signs and symptoms of nerve agent poisoning are 
shown in Table 74-2. Poisoning is caused by the accumulation of 
acetylcholine and not by the OP itself. As a result of stimulation 
of muscarinic synapses, there is miosis; ciliary body spasm 
causing pain32; glandular hypersecretion, including salivary, 
bronchial, and lacrimal; sweating; cardiac e#ects, including 
bradycardia, atrioventricular block, and Q–T prolongation; bron-
choconstriction; vomiting; severe diarrhea; and fecal inconti-
nence. !e nicotinic e#ects are manifested by fasciculation and 
paralysis at the neuromuscular junction. Sometimes anomalous 
tachycardia may occur a"er nicotinic ganglionic stimulation in 
the sympathetic system. Central e#ects lead to apprehension, diz-
ziness, amnesia, seizures, coma, and respiratory depression.33 
Lower long-term doses of OPs lead to irritability, fatigue, loss of 
concentration, and memory loss.

Clinical Experience with Intoxications from Organophos-
phates. Much of the information about actions of OPs in 
humans has been gathered from animal studies and from man-
agement of pesticide poisoning. Animal studies do not represent 
human reactions, and pesticide studies may not accurately repre-
sent the cholinergic syndrome a"er nerve agent exposure. 
Although there is some evidence from accidental exposure to 
sarin and from some human volunteer studies conducted early in 

Table 74-1 Physicochemical Properties of Nerve Agents

Properties* Tabun (GA) Sarin (GB) Soman (GD) VX

Molecular weight (daltons) 162.3 140.1 182.18 267.36

Specific gravity at 25°C 1.073 1.0887 1.022 1.0083

Boiling point (°C) 246 147 167 300

Melting point (°C) −49 −56 −80 −20

Vapour Pressure (VP) and 
Volatility (Vol)†‡ °C

VP 
(mm Hg)

Vol 
(mg m−3)

VP 
(mm Hg)

Vol 
(mg m−3)

VP 
(mm Hg)

Vol 
(mg m−3)

VP 
(mm Hg)

Vol 
(mg m−3)

0 0.004 38 0.52 4 279 0.044 470.9 — —

10 0.013 119.5 1.07 8 494 0.11 1 135.5 — —

20 0.036 319.8 2.10 16 101 0.27 2 692.1 0.00044 5.85§

25 0.07 611.3 2.9 21 862 0.40 3 921.4 0.0007 10.07

30 0.094 807.4 3.93 29 138 0.61 5 881.4 — —

40 0.23 1912.4 7.1 60 959 — — — —

50 0.56 4512.0 12.3 8 3548 2.60 23 516.0 — —

*At room temperature, GB is a comparatively volatile liquid. GD also is significantly volatile. GA is less volatile. GD may be thickened to increase its persistence. VX is 
relatively nonvolatile and is regarded as presenting little vapor hazard.
†Vapor pressure in mm Hg.

−3. Volatility = concentration of saturated vapor at specified temperature. Volatility calculated from PV = nRT.
§Some authorities quote values 0.1 to 1 mg/m−3.

From Baker DJ: Anesthesia in extreme environmental conditions, part 2: Chemical and biologic warfare. In Grande CG (ed): Textbook of Trauma Anesthesia and Critical 
Care. St Louis, Mosby-Year Book, 1993, pp 1320-1354.

In the equation:

Vol
VP MW VP MW= × ×

× ×
= × ×101325

760 8 3143
16 035

.
.

A A

Å = absolute temperature.
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Table 74-2 Symptoms and Signs of Nerve Agent Poisoning by Type of Cholinergic Receptor and Target Organ

Receptor Target Organ Symptoms and Signs

Muscarinic Iris muscle; ciliary muscle accommodation Miosis; spasm leading to failure of pain in the eyes; nausea and vomiting; headache
Conjunctival vessels Vasodilation and hyperemia
Nasal glands Rhinorrhea and hyperemia
Bronchial glands Increased secretion
Bronchial muscle Bronchoconstriction; tightness in the chest; expiratory wheezing; dyspnea
Gastrointestinal tract Anorexia; nausea; vomiting; abdominal cramps; diarrhea; tenesmus; involuntary defecation
Sweat glands Increased activity
Salivary glands Increased activity
Lacrimal glands Lacrimation (not usually marked)
Heart Bradycardia; occasionally tachycardia
Bladder Frequency; involuntary micturition

Nicotinic Skeletal muscle Weakness; fatigue; fasciculations; cramps; flaccid paralysis (early effects on respiratory 
muscles may produce dyspnea)

Autonomic ganglia Pallor; occasional elevation of blood pressure

Muscarinic and 
nicotinic

Central nervous system Anxiety; giddiness; restlessness; headache; withdrawal and depression; memory failure; 
impaired concentration; slurred speech; depression of respiratory and cardiovascular 
centers; Cheyne-Stokes respiration

From Baker DJ: Anesthesia in extreme environmental conditions, Part 2: Chemical and biologic warfare. In Grande CG (ed): Textbook of Trauma Anesthesia and Critical 
Care. St Louis, Mosby-Year Book, 1993, pp 1320-1354.

the Cold War, the clinical evidence base is smaller than that for 
pesticide poisoning. During the early stages of the Cold War, 
many experimental studies were done on human volunteers 
exposed to nerve agents; these studies have been reviewed by 
Marrs and colleagues.8 !e attacks in Japan in 1994 and 1995 also 
have provided important information concerning the signs and 
symptoms a"er sarin release.3,27

Clinical Evidence from More Recent Military Experience. 
!e Iran-Iraq War produced #rst-hand clinical information about 
the e$ects and management of nerve agent poisoning.24 Iranian 
casualties from nerve agents apparently fell into four broad cate-
gories. Individuals who had the greatest exposure died in the 
#eld; mask protection by Iranian troops was severely compro-
mised by their having to wear beards for religious reasons. Despite 
the fact that Iraqi attacks were made against troops having com-
promised or poor protection, the number of deaths seems to have 
been low. !e most severely injured individuals who reached 
medical care were unconscious and unresponsive and o"en in 
respiratory arrest. !e next group who were seriously poisoned 
had symptoms of dizziness, disorientation, anxiety, salivation, 
and respiratory di%culty. Disorientation was a problem, and 
o"en cases with only mild symptoms were di%cult to manage 
because of this (this parallels experience gained with the manage-
ment of OP pesticides). Finally, the greatest number of casualties 
required only decontamination.

Individuals with nerve agent poisoning were treated with 
large doses of atropine, usually 50 to 200 mg intravenously. !ese 
patients were usually comatose, and the degree of advanced life 
support given was limited. Most patients received only 2 mg of 
atropine every 8 hours. Comatose patients with signi#cant cardi-
ovascular deterioration did not usually survive.

Clinical Evidence from Pesticide Poisoning. !ere is con-
siderable clinical evidence about the e$ects of OP pesticides from 
the many thousands of cases that occur in agricultural areas of 
the world each year.34 Although these cases give an overall picture 

that corresponds to the signs and symptoms described previously, 
there are considerable di$erences with nerve agents. It also is 
likely that di$erent nerve agents have di$erent e$ects on the 
central and peripheral nervous systems.

Cardiovascular Effects of Nerve Agents. Critical care 
management of OP pesticide poisoning has indicated short-term 
and medium-term cardiac changes.35,36 A"er an initial tachycar-
dia (mediated through the anomalous sympathetic nervous 
system) and a vagally induced bradycardia, there may be ven-
tricular dysrhythmias, including torsades de pointes and prolon-
gation of the Q–T interval. Dysrhythmias have been reported as 
a poor prognostic sign.

Treatment of Nerve Agent Poisoning:  
Antidotes and Life Support
Atropine. Atropine has long been a mainstay in the manage-
ment of OP poisoning.30,34 Its antagonistic action against acetyl-
choline at the muscarinic synapses allows control of the muscarinic 
e$ects, the most severe of which is bradycardia. Atropine has 
been used for many years in the management of OP pesticide 
poisoning. !e relevance of the experience with pesticides to 
poisoning with nerve agents is uncertain, however.8 !e tradi-
tional military response to a con#rmed or suspected attack with 
nerve agents is to use a self-administered autoinjector containing 
2 mg of atropine, a benzodiazepine, and an oxime (Fig. 74-4). 
During the Cold War, NATO troops were provided with three 
such devices to be used sequentially.

Useful treatment indications have been gained from the 
Iran-Iraq War37 and from the Japanese terrorist experience.27 
Atropine, 2 mg, is given intravenously (pediatric dose 0.02 to 
0.05 mg/kg) with repeat doses every 5 to 10 minutes until pupil-
lary dilation occurs, and the heart rate increases to greater than 
80/min.8,38 Atropine infusions may be used for persistent brady-
cardia in pesticide poisoning.39
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5000 deaths from toxic pulmonary edema.57,58 Chemical warfare 
and HAZMAT sources list many lung-damaging agents.8,19

Phosgene
Phosgene59 has been used as a chemical warfare agent, is an estab-
lished worldwide industrial hazard, and may be regarded as a 
potential terrorist threat. It is a model for consideration of other 
hazards in its class. Phosgene is carbonyl chloride, familiar to 
earlier anesthesiologists as the product of the reaction of trichlo-
roethylene with soda lime. First synthesized in the 19th century, 
phosgene has been in industrial use for more than a century, but 
achieved notoriety during World War I when it was used exten-
sively by both sides from 1915 onward. It caused greater than 85% 
of all deaths from chemical warfare agents.14 Phosgene is a gas at 
normal temperatures and is nonpersistent (Table 74-3). It is less 
water soluble than chlorine, its immediate chemical warfare pred-
ecessor in 1915, a feature that results in the gas being taken 
further down the respiratory tree and into the alveoli. Phosgene 
has been known since World War I to have a dual latency of 
action, which underlies its essentially dangerous character. !e 
stages a"er exposure are as follows:

1. Immediately a"er exposure, there is an intense upper res-
piratory irritation with coughing, retching, choking, and 
chest tightness. !ese symptoms are accompanied by eye 
irritation and lacrimation. In some cases, death has fol-
lowed exposure to high concentrations of phosgene without 
the development of toxic pulmonary edema. !e reason for 
this is obscure, but may be related to hypoxia as a result of 
intense laryngeal or bronchospasm.

2. !e immediate choking symptoms are followed by a latent 
period of 2 to 24 hours before the onset of more serious 
symptoms and signs, including dyspnea, painful cough, and 
cyanosis, with increasing signs of pulmonary edema leading 
to circulatory collapse and cardiac arrest.

Pathophysiology of Toxic Pulmonary Edema
Phosgene reacts through covalent attack on many substrate 
groups, including NH2 and SH.60 Potential cell targets are type I 
and II pneumocytes and alveolar macrophages. Covalent binding 
can be seen as the primary attack leading to free radical release. 
!is stage is followed by a secondary attack involving released 
in#ammatory mediators, including prostaglandins (causing  
vasoconstriction, vasodilation, and platelet disaggregation), 

bradykinin (causing increased capillary permeability), 5-hydrox-
ytryptamine (causing constriction of postcapillary vessels), and 
thromboxane A2 (causing vasoconstriction), and the release of 
complement activating enzymes (leading to attraction of leuko-
cytes and leukotriene release).

Management of Phosgene Exposure
Patients who have been exposed to phosgene should be removed 
from the site of exposure as quickly as possible by protected 
emergency responders. !ere is usually no requirement for 
decontamination, unless liquid contamination has occurred. 
!ere is no speci$c antidote to phosgene, and treatment is based 
on use of supportive measures and pharmacologic modi$cation 
of the e%ects of the in#ammatory mediator cascade.59 One of the 
$rm rules for the management of phosgene exposure dating from 
World War I was complete bed rest and observation for 24 hours, 
and this still applies. No patient who has had a risk of signi$cant 
exposure should be discharged from the hospital in less than 24 
hours, unless accompanied by a responsible observer.

Provision of specialized respiratory care is at the prehospi-
tal and hospital level. Some cases may require early intubation 
and ventilation, and more require oxygen and supported ventila-
tion in the early stages. !e method of provision of emergency 
ventilation is a matter of interest. More recent work in physical 
trauma has indicated that the “open lung” strategy61,62 is of value 
in the prevention of in#ammatory cascades by opening the alveoli 
and keeping them open by use of the correct level of positive 
end-expiratory pressure. !is technique follows the hypothesis 
that repeated opening and closing of alveoli causes kinin release 
through the action of shear forces in the alveolar walls. !ere may 
be an important lesson for the early management of lungs 
damaged by phosgene exposure, and the manner of emergency 
ventilation may be critical. Bag-valve ventilation, which can lead 
to very high in#ation pressures and high #ow rates, may be 
harmful. Emergency ventilation strategies that provide controlled 
#ow rates with the early use of positive end-expiratory pressure 
are more appropriate. !ese can be provided by the use of small 
automatic gas-powered ventilators (Fig. 74-8).

Modern experience of the management of mass casualties 
with toxic pulmonary edema is limited, but it must be assumed 
that a considerable proportion who survive the acute toxic pul-
monary edema would develop acute respiratory distress syn-
drome unless the appropriate measures are taken. A study by 
Parkhouse and colleagues63 showed improved oxygenation, 
decreased shunt fraction, and decreased mortality in phosgene-
exposed pigs that received a protective compared with a conven-
tional ventilation strategy.

Use of Steroids. !e use of inhaled and systemic steroids in 
the treatment of toxic phosgene exposure has been controversial 
for many years, and Diller,64 a leading authority on phosgene 
poisoning, believed in 1985 that the case was unproven. More 
recently, there has been renewed experimental interest in the 
subject using chlorine injury, which has produced some encour-
aging results in pig and rat studies. Gunnarsson and colleagues65 
found in a study of 18 pigs subjected to 140 ppm chlorine for 10 
minutes that inhaled beclomethasone dipropionate produced 
higher Pao2 and ventilation-perfusion ratios, with less histologic 
damage, than in the control group. In another study, Wang and 
colleagues66 exposed 24 pigs to a higher concentration of 400 ppm 
for 10 minutes. !ey found that the inhaled steroid budesonide, 

Table 74-3 Properties and Toxic Exposure Levels of Phosgene

Properties
Chemical name: carbonyl chloride (COCl2), chloroformyl chloride
Boiling point: 8.2°C
Vapor pressure: 1215 mm Hg at 20°C
Vapor density: 3.5 × air
Breakdown: slow aqueous hydrolysis to HCl and CO2

Toxic Exposure Levels
1 ppm chronically—chronic lung disease
>25 ppm/min—acute lung effects
50-100 ppm/min—initial inflammatory response that may be followed by 

pulmonary edema
>150 ppm/min—clinically significant and life-threatening pulmonary edema
Lethal exposure in humans—800 ppm for 2 min
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Table 74-5 Characteristics of Common Toxins

Source Toxin Action

Bacteria

Bacillus anthracis Anthrax toxin DNA toxin

Staphylococcus aureus Staphylococcal enterotoxin B Enterotoxin

Vibrio cholerae Cholera toxin Enterotoxin

Clostridium botulinum Botulinum toxins Prejunctional decrease in acetylcholine release

Clostridium perfringens Perfringens toxin Necrosis through phospholipase C

Clostridium tetani Tetanus toxin Neurotoxin increase in excitability of motor neurons

Protozoa

Gonyaulax catenella Saxitoxin Depolarization block

Fungi

Fusarium spp. Tricothecenes DNA toxin; hemorrhagic syndrome

Plants

Ricinus communis (castor bean) Ricin DNA toxin; hepatorenal failure

Amphibia

Colombian frog Batrachotoxin Irreversible; Na+ channel blockade; depolarization block

Reptilia

Asian cobra (Naja naja oxiana) Cobra toxin Postsynaptic neurotoxin via phospholipase A2

Taiwan banded krait (Bungarus multicinctus) α-Bungarotoxin Acetylcholine receptor blocker

Fish

Deadly pufferfish Tetrodotoxin Depolarization block

Adapted from Baker DJ: Anesthesia in extreme environmental conditions, Part 2: Chemical and biologic warfare. In Grande CG (ed): Textbook of Trauma Anesthesia and 
Critical Care. St Louis, Mosby-Year Book, 1993, pp 1320-1354.)

ICU problem. Treatment is supportive, but an antitoxin has been 
developed for use in animals.83

Pharmacologic Agents and Agents of 
Biological Origin

!e events in the Moscow theater siege in 200284 have highlighted 
the possible use of substances that were originally developed as 
anesthetic agents or adjuncts as “knock-down” weapons. In the 
siege, a substance was released into the air conditioning system 
by special forces entering the theater, which led to the deaths from 
respiratory failure of 127 of 800 of the hostages. !e event empha-
sized the need for immediate life support a"er toxic attack with 
short-latency agents. !e Russian government, a"er challenge, 
declared that the agent used was “fentanyl.” Many fentanyl agents 
have been synthesized apart from the agents familiar in clinical 
practice, and some are too toxic for general use. Another possibil-
ity is the use of a short-chain neuropeptide. Considerable research 
e#ect went into investigating such compounds during the last 
days of the USSR.16 Agents such as BZ (also initially considered 
as a possible cause of the theater casualties) have been known for 

many years and are centrally acting anticholinergic agents. Phen-
cyclidine compounds (related to ketamine) and other hallucino-
gens were tested during the early days of chemical warfare 
research during the Cold War and should be considered as part 
of the di#erential diagnosis of patients presenting with central 
nervous system symptoms a"er a possible toxic attack.

Classic Biological Warfare Agents

General Considerations
Although many organisms have been suggested as being capable 
of use as biological warfare agents, only a few have been studied 
to the point of being a threat rather than a hazard.14 Management 
of deliberate epidemics is the role of specialist physicians, and 
anesthesiologists are likely to encounter only agents that have 
serious pulmonary e#ects and are likely to require ICU care. 
!ere are many analogies from normal epidemic outbreaks that 
are relevant to deliberate biological warfare attacks, particularly 
by terrorists. !e SARS epidemic in 2004 was a valuable lesson 
about the spread of a new infectious pathogen in a world linked 
by fast air connections. Although previous slower forms of travel 
allowed the incubation of symptoms before arrival at the destina-
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Table 74-6 Treatment for Patients Exposed to Biological Warfare Agents

Agent Infective Dose
Incubation 
Period

Effects (after 
Inhalation)

Staff 
Protection Specific Treatment Chemoprophylaxis Vaccine Mortality if Untreated

Bacillus 
anthracis

8000-15,000 
spores

1-5 days Mediastinitis, 
meningitis, MOF

Isolation, 
vaccination, 
universal 
precautions

Ciprofloxacin 400 mg IV tid; 
doxycycline 200 mg IV once, 
then 100 mg IV tid; penicillin 
2 MU IV 2 hourly + 
streptomycin 30 mg/kg IM qd

Ciprofloxacin 500 mg PO bid 
× 4 wk + vaccinate; 
doxycycline 100 mg PO 
bid × 4 wk + vaccinate

Michigan at 0, 
2, 4 wk, 6, 
12, 18 mo, 
then 
annually

Pneumonic, 100%

Yersinia pestis 100-500 organisms 2-3 days Pneumonia, 
septicemia, MOF

Isolation, 
universal 
precautions

Streptomycin 30 mg/kg IM qd × 
10 days; doxycycline 200 mg 
IV, then 100 mg IV tid × 14 
days (chloramphenicol)

Doxycycline 100 mg PO bid 
× 7 days; tetracycline 
500 mg PO qd × 7 days

Greer at 1-
3 mo + 
3-6 mo

Pneumonic, 100%

Viral 
hemorrhagic 
fevers

1-10 organisms 4-21 days Coagulopathy, 
edema, MOF

Isolation, HEPA 
masks, 
universal 
precautions

Ribavirin 30 mg/kg IV once, then 
15 mg/kg IV qd × 4 days, then 
7.5 mg/kg IV tid × 6 days 
(immunoglobulin)

NA None 90% (Ebola-Zaire)

Viral 
encephalitides

10-100 organisms 2-6 days (VEE) 
7-14 days 
(EEE/WEE)

Encephalitis, 
convulsions, coma, 
CNS damage

Universal 
precautions

Supportive, anticonvulsants NA Available for 
VEE, EEE, 
and WEE

75% (EEE)

Francisella 
tularensis

10-50 organisms 2-10 days Pneumonia, pleural 
effusions

Universal 
precautions

Streptomycin 30 mg/kg IV qd × 
10-14 days; gentamicin 3-5 mg/
kg IV od

Doxycycline 100 mg PO bid 
× 14 days

Live 
attenuated

35%

Variola 
organisms

10-100 7-10 days Rash, secondary 
pneumonia

Isolation, 
universal 
precautions

Cidofovir 5 mg/kg IV once every 
2 wk

Vaccinia immunoglobulin Wyeth Unvaccinated 30%, 
vaccinated 3%

Burkholderia 
mallei

1-10 organisms 10-14 days Septicemia, 
pneumonia, 
lymphadenopathy

Universal 
precautions

Co-amoxiclav 20 mg/kg IV tid Tetracycline 500 mg PO qd × 
14 days

None Uncertain: >30% if 
septicemic

Coxiella burnetii 1-10 organisms 10-14 days Myalgia, malaise, 
fever

Barrier nursing Doxycycline 100 mg PO bid × 5-7 
days after exposure × 5 days

Doxycycline 100 mg PO bid 
for 8-12 days

Q vax <1%

Brucella spp. 10-100 organisms 5-60 days Malaise + cough, 
sacroiliitis, 
pancytopenia

Barrier nursing Doxycycline 100 mg PO bid + 
rifampicin 900 mg tid PO for 
6 wk

Doxycycline and rifampicin 
for 3 wk

None <5%

Escherichia 10-100 organisms 1-5 days Vomiting + diarrhea, 
renal failure

Barrier nursing Antibiotics not required NA None <5% E. coli O157:H2

CNS, central nervous system; EEE, eastern equine encephalitis; HEPA, high-efficiency particulate air filter; MOF, multiple organ failure; NA, not applicable; VEE, Venezuelan equine encephalitis; WEE, western equine encephalitis.
Adapted from White SM: Chemical and biological weapons: Implications for anaesthetic and intensive care. Br J Anaesth 89:306, 2002.
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Figure 74-10 Special triage, decontamination, and resuscitation center set 
up at a Parisian teaching hospital. (Courtesy of Service d’Aide Médicale 
Urgente [SAMU] de Paris, France.)

arti!cial ventilation with supplemental oxygen using a  
self-in"ating resuscitation bag-valve-mask or automatic 
ventilator. Entrained air must be !ltered when ventilating 
casualties in a contaminated environment.

Circulation must be carefully observed and monitored. Non-
invasive blood pressure, pulse oximetry, and electrocardio-
gram monitoring all are useful indicators of circulatory 
function. #e early establishment of intravenous access 
aids the administration of "uids and drugs.

Disability (conscious level) should be assessed using the simple 
AVPU scale (Alert, responds to Voice, responds to Pain, 
Unresponsive). #is assessment should be repeated at fre-
quent intervals to assess the progress of the casualty.

Drugs, especially the speci!c antidotes, should be adminis-
tered when a speci!c agent has been identi!ed.

Exposure of the casualty is essential not only to assess physical 
damage, but also to remove all clothes that have been con-
taminated by the chemical. Approximately 80% of surface 
contamination is removed by undressing.

Environment. #e primary management as described may be 
severely limited by the need of the rescuer to wear protec-
tive clothing. Only individuals skilled in these techniques 
and trained in protective clothing should enter and treat 
casualties in a contaminated area. All others should await 
the casualties’ arrival in cold/clean zone, following 
decontamination.

#e identi!cation of the chemical and its speci!c antidote 
might take some time. #is situation must not delay the basic 
medical management of the casualty, however.

Somatic Systems Affected by Toxic Hazards
Early patient management is based on (1) identi!cation informa-
tion and (2) the presenting signs and symptoms. Usually, informa-
tion is available to help with identi!cation of the agent used. On 
the basis of presenting signs and symptoms, it is useful to consider 
attacks on the various systems as guide to the agent used (Table 
74-8). A wide range of chemical agents a$ect the respiratory 
system and are summarized in Table 74-9.

Table 74-8 Effects of Chemical and Biological Warfare Agents on 
Somatic Systems

System Affected Agents

Epithelial Vesicants (e.g., sulfur mustard), smallpox, 
ricin

Respiratory
 Upper, lower airway Vesicants, phosgene
 Respiratory control 

system
Nerve agents, ABO

 Gaseous exchange Pulmonary edemagens
 Mechanics of breathing Nerve agents, neurotoxins

Central nervous system Nerve agents, cyanide, neuropeptides, agents 
of anesthetic origin (phencyclidines, BZ)

Peripheral nervous system Nerve agents, neurotoxins (e.g., botulinum, 
saxitoxin)

Immune system Vesicants, ABO (provocation of immune 
responses, inflammatory responses, organ 
failure)

Cardiovascular Nerve agents, ABO

Alimentary, renal Nerve agents, toxins, infectious agents

ABO, agents of biological origin.

Problems in Chemical and Biological Warfare Incident 
Management
#e numerous recognizable problems in the medical manage-
ment of CBW incidents include the following:

1. Failure to recognize CBW release
2. Failure to implement appropriate HAZMAT procedures to 

limit the number of secondary casualties
3. Release of the agent overwhelming the available emergency 

and medical resources
4. Insu%cient planning and training
5. Lack of appropriate protective equipment
6. Lack of resuscitation skills for early life support
7. Lack of speci!c knowledge for the management of toxic or 

infectious hazards
8. Panic and hysterical reactions from a frightened general 

public fueled by irresponsible reporting

#ese problems may be minimized by careful planning, equip-
ping, and training, with the objective of making a CBW release 
manageable in the same sense as for other mass disasters.

Effects of Chemical and  
Biological Warfare Agents on 
Anesthetic Practice

Management of Mixed Toxic and  
Physical Injury

Chemical warfare and HAZMAT release may be accompanied by 
explosion and !re causing associated injuries requiring surgical 
intervention. #e e$ects of the release agent on the subsequent 

A

2420 Adult Subspecialty ManagementV

Rationale for Ambulatory Surgery

Ambulatory surgery can offer a number of advantages for patients, 
health care providers, third-party payers, and even hospitals 
(Table 78-2). Most patients actually prefer to have their surgical 
procedures performed as outpatients because it decreases separa-
tion from their familiar home environment. Postoperative cogni-
tive dysfunction was less frequent in elderly patients undergoing 
minor surgery on an ambulatory basis,9 confirming that hospi-
talization should be avoided whenever possible. A survey of 
patient satisfaction a"er ambulatory surgery reported that 97% 
of the respondents would choose to have day surgery for a future 
surgical procedure.1 Unlike inpatient surgery, ambulatory surgery 
does not depend on the availability of a hospital bed, and patients 

thus have a greater degree of flexibility in scheduling the timing 
of their operation.

Outpatient surgery has been performed safely with a 
remarkably low incidence of both minor and major morbidity.10 
Studies have shown that unanticipated admission to the hospital 
and return visits to the hospital occur in less than 3% of patients 
a"er ambulatory surgical procedures.11-13 #e majority of readmis-
sions (and emergency department visits) were related to surgical 
complications.12 Of the surgical subspecialties, otolaryngology 
had the highest, and gynecology the lowest, incidence of unan-
ticipated admissions. #e lower infection rate associated with 
outpatient surgery is particularly beneficial to pediatric, geriatric, 
and immunocompromised patients.1 Risk factors associated with 
an increase in surgical site infections were the use of postopera-
tive antibiotics and prolonged surgical times.14 Finally, there is 
evidence that the incidence of respiratory complications (i.e., pul-
monary embolus and pneumonia) also may be decreased.15 Even 
outpatients with obstructive sleep apnea syndrome were not 
found to have an increased incidence of respiratory complications 
or unanticipated hospital admissions.16

Minimally invasive ambulatory surgery has clear economic 
benefits. For example, when compared with conventional “open” 
procedures, the use of minimally invasive surgical techniques can 
reduce overall hospital costs by almost 50%.17 Another cost-saving 
benefit relates to the greater efficiency of ambulatory centers, 
which results in higher operating room utilization and faster 
turnover times.8 #e ability to care for larger volumes of patients 
can lead to reduced surgical waiting lists. When compared with 
similar procedures performed in hospitalized patients, less preop-
erative laboratory testing is ordered for ambulatory surgery and 
the patients have a reduced demand for postoperative medica-
tions. #ese factors all contribute to the 25% to 75% reductions 
in overall cost for most operations performed in the outpatient 
(versus inpatient) setting. However, procedures requiring special-
ized postoperative care (e.g., extensive physical therapy or complex 
pain management techniques) may be more costly when per-
formed on an outpatient basis.18 Patients who require postopera-
tive blood transfusions or intravenous antibiotics and parenteral 
opioid analgesics are best handled as 23-hour admissions. Recent 
improvements in home health care and outpatient physical 
therapy may enable these services to be performed in the patient’s 
home. Importantly, studies comparing minimally invasive (versus 
open) procedures have reported that patients can resume activi-
ties of daily living several days or even weeks earlier.19 Assuming 
that the number of available hospital beds continues to decline in 
the future, the growth of ambulatory surgery will lead to an 
increased return on investment of the health care dollar.

Facility Design and Safety

Ambulatory surgical facilities need to be well-designed to ensure 
efficient delivery of surgical services at the lowest possible cost. 
#e first freestanding outpatient surgical facility was built and 
managed by an anesthesiologist, Wallace Reed, to provide surgical 
care to patients whose operations were deemed too demanding 
for a surgeon’s office yet did not require overnight hospitaliza-
tion.20 Since that time, outpatient surgical facilities have contin-
ued to grow and evolve.21 #e prototypical ambulatory surgical 
units have four basic designs1:

Table 78-1 Key Elements of Perioperative Anesthetic Management for 
Facilitating a Fast-Track Recovery after Elective Ambulatory Surgery

Preoperative Period
 Stabilize coexisting diseases (e.g., hypertension, diabetes) and 

encourage prehabilitation exercise program and smoking cessation.
 Optimize patient comfort by minimizing anxiety and discomfort.
 Ensure adequate rehydration by replacing fluid deficits.
 Use appropriate prophylactic therapies to prevent postoperative 

complications (e.g., nausea, vomiting, pain, ileus).

Intraoperative Period
 Utilize anesthetic techniques that optimize surgical conditions, while 

ensuring a rapid recovery with minimal side effects.
 Administer local analgesia via peripheral nerve blocks, wound infiltration, 

and/or instillation.
 Apply multimodal analgesia and antiemetic prophylaxis (including use of 

glucocorticoid steroids).
 Minimize use of nasogastric tubes and surgical drains, and avoid 

excessive fluid administration.

Postoperative Period
 Allow patients who meet discharge criteria to be fast-tracked (i.e., 

discharged earlier from recovery units).
 Ensure adequate pain control in the postdischarge period utilizing 

nonopioid analgesics to minimize need for opioid-containing analgesics.
 Encourage early ambulation and resumption of normal activities of daily 

living.

Modified from White PF, Kehlet H, Neal JM, et al: The role of the anesthesiologist in 
fast-track surgery: From multimodal analgesia to perioperative medical care. 
Anesth Analg 104:1380-1396, 2007.

Table 78-2 Benefits of Ambulatory Surgery

 Patient preference, especially children and the elderly
 Lack of dependence on the availability of hospital beds
 Greater flexibility in scheduling operations
 Low morbidity and mortality
 Lower incidence of infection
 Lower incidence of respiratory complications
 Higher volume of patients (greater efficiency)
 Shorter surgical waiting lists
 Lower overall procedural costs
 Less preoperative testing and postoperative medication

Modified from Snyder DS, Pasternak LR: Facility design and procedural safety. In 
White PF (ed): Ambulatory Anesthesia and Surgery. London, WB Saunders,  
1997, p 61.
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Table 74-9 Effects of Toxic Agents on Respiration

Respiratory Component Effect Toxic Agent

Central nervous system Depression of respiratory drive and convulsions leading to apnea Nerve agents, cyanide, neuropeptides

Peripheral nervous system Neuromuscular paralysis of respiratory muscles Nerve agents, neurotoxins

Nasopharynx May become blocked by excess secretions Lung-damaging agents, nerve agents
Prodromal rhinitis and rhinorrhea Vesicants
Sneezing Early symptom of mustard

Larynx Irritation, laryngeal spasm Upper respiratory irritant, lung-damaging agents
Riot-control agents, particularly CS and CR (tear gas)

Large airways Blocked by secretions Nerve agents (theoretical)
Blocked by inhaled vomitus Various agents
Sloughing of walls of trachea and main bronchi, produces 

“pseudodiphtheritic” membrane, serious cause of large airway 
obstruction, leading to bronchopneumonia and death

Nerve agents

Small airways Blocked by secretions
Cholinergic innervation affected; bronchospasm (relieved by atropine) Nerve agents
Chemical bronchiolitis, followed by serious bronchospasm Mustard agents

Alveoli Toxic pulmonary edema Various agents, especially lung-damaging agents 
(latency 6-24 hr)

Vesicant agents, particularly if inhaled at high 
ambient temperature*

*Data from Willems JL: Clinical management of mustard gas casualties. Ann Med Mil Belg 3(Suppl):1-61:47, 51, 1989.
From Baker DJ, Rustick JM: Anesthesia for casualties of chemical warfare agents. In Zaitchuk R, Grande C (eds): U.S. Army Textbook of Military Medicine, part IV, vol I. U.S. 
Department of the Army, Office of the Surgeon General Borden Institute, Washington, DC, 1995, pp 833-856.

conduct of general anesthesia are important. Many of the agents 
described earlier a!ect the condition of the patient and the action 
of anesthetic agents.

Effects on the Condition of the Patient

Shock and toxic airway injury can produce ventilation-perfusion 
inequality, which a!ects preoxygenation for emergency induc-
tion. "e respiratory uptake of anesthetic vapors and alveolar 
ventilation itself are a!ected by degrees of shunt and pulmonary 
edema. Above all, the action of toxic agents may be expected to 
alter the balance and #ow of general anesthesia and may cause 
delays in recovery, which would be manpower-intensive in man-
agement. In terms of postoperative intensive care, patients who 
have been exposed to pulmonary edemagens and to OPs may 
pose the greatest problem.

Intensive Care Implications
Exposure to chemical warfare agents may give rise to numerous 
syndromes that have already been mentioned that require 
medium-term or long-term ICU treatment. "ese include pul-
monary edema and acute respiratory distress syndrome. In the 

case of OP exposure, there may be a possibility of developing the 
intermediate syndrome,96,97 with a reparalysis of the patient 
requiring several days of ventilation. Experience with OP anti-
cholinesterases in this area is lacking, although there is consider-
able evidence from pesticide poisoning.

Many of the infectious agents that are considered as bio-
logical warfare agents could give rise to infections that cause an 
overwhelming in#ammatory response and organ dysfunction. 
Although the management of the infections caused by biological 
warfare agents is the domain of the specialized physician, inten-
sive care is required for cases of systemic in#ammatory response 
syndrome and multiple organ dysfunction syndrome. "e contin-
ued possibility of an avian #u pandemic has highlighted the need 
to provide simple mass ventilation systems in high-dependency 
units. In such units, patients can be ventilated using simpler 
machines than the ones found in the ICU and that can be oper-
ated by non-ICU personnel. Mass procurement of devices and 
training is necessary. "e ability of hospitals to provide intermit-
tent positive-pressure ventilation for large numbers of casualties 
is a necessary step in managing not only respiratory epidemics, 
but also the consequences of the numerous CBW agents consid-
ered in this chapter in which respiratory failure is the end stage 
of the pathology.
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Rationale for Ambulatory Surgery

Ambulatory surgery can offer a number of advantages for patients, 
health care providers, third-party payers, and even hospitals 
(Table 78-2). Most patients actually prefer to have their surgical 
procedures performed as outpatients because it decreases separa-
tion from their familiar home environment. Postoperative cogni-
tive dysfunction was less frequent in elderly patients undergoing 
minor surgery on an ambulatory basis,9 confirming that hospi-
talization should be avoided whenever possible. A survey of 
patient satisfaction a"er ambulatory surgery reported that 97% 
of the respondents would choose to have day surgery for a future 
surgical procedure.1 Unlike inpatient surgery, ambulatory surgery 
does not depend on the availability of a hospital bed, and patients 

thus have a greater degree of flexibility in scheduling the timing 
of their operation.

Outpatient surgery has been performed safely with a 
remarkably low incidence of both minor and major morbidity.10 
Studies have shown that unanticipated admission to the hospital 
and return visits to the hospital occur in less than 3% of patients 
a"er ambulatory surgical procedures.11-13 #e majority of readmis-
sions (and emergency department visits) were related to surgical 
complications.12 Of the surgical subspecialties, otolaryngology 
had the highest, and gynecology the lowest, incidence of unan-
ticipated admissions. #e lower infection rate associated with 
outpatient surgery is particularly beneficial to pediatric, geriatric, 
and immunocompromised patients.1 Risk factors associated with 
an increase in surgical site infections were the use of postopera-
tive antibiotics and prolonged surgical times.14 Finally, there is 
evidence that the incidence of respiratory complications (i.e., pul-
monary embolus and pneumonia) also may be decreased.15 Even 
outpatients with obstructive sleep apnea syndrome were not 
found to have an increased incidence of respiratory complications 
or unanticipated hospital admissions.16

Minimally invasive ambulatory surgery has clear economic 
benefits. For example, when compared with conventional “open” 
procedures, the use of minimally invasive surgical techniques can 
reduce overall hospital costs by almost 50%.17 Another cost-saving 
benefit relates to the greater efficiency of ambulatory centers, 
which results in higher operating room utilization and faster 
turnover times.8 #e ability to care for larger volumes of patients 
can lead to reduced surgical waiting lists. When compared with 
similar procedures performed in hospitalized patients, less preop-
erative laboratory testing is ordered for ambulatory surgery and 
the patients have a reduced demand for postoperative medica-
tions. #ese factors all contribute to the 25% to 75% reductions 
in overall cost for most operations performed in the outpatient 
(versus inpatient) setting. However, procedures requiring special-
ized postoperative care (e.g., extensive physical therapy or complex 
pain management techniques) may be more costly when per-
formed on an outpatient basis.18 Patients who require postopera-
tive blood transfusions or intravenous antibiotics and parenteral 
opioid analgesics are best handled as 23-hour admissions. Recent 
improvements in home health care and outpatient physical 
therapy may enable these services to be performed in the patient’s 
home. Importantly, studies comparing minimally invasive (versus 
open) procedures have reported that patients can resume activi-
ties of daily living several days or even weeks earlier.19 Assuming 
that the number of available hospital beds continues to decline in 
the future, the growth of ambulatory surgery will lead to an 
increased return on investment of the health care dollar.

Facility Design and Safety

Ambulatory surgical facilities need to be well-designed to ensure 
efficient delivery of surgical services at the lowest possible cost. 
#e first freestanding outpatient surgical facility was built and 
managed by an anesthesiologist, Wallace Reed, to provide surgical 
care to patients whose operations were deemed too demanding 
for a surgeon’s office yet did not require overnight hospitaliza-
tion.20 Since that time, outpatient surgical facilities have contin-
ued to grow and evolve.21 #e prototypical ambulatory surgical 
units have four basic designs1:

Table 78-1 Key Elements of Perioperative Anesthetic Management for 
Facilitating a Fast-Track Recovery after Elective Ambulatory Surgery

Preoperative Period
 Stabilize coexisting diseases (e.g., hypertension, diabetes) and 

encourage prehabilitation exercise program and smoking cessation.
 Optimize patient comfort by minimizing anxiety and discomfort.
 Ensure adequate rehydration by replacing fluid deficits.
 Use appropriate prophylactic therapies to prevent postoperative 

complications (e.g., nausea, vomiting, pain, ileus).

Intraoperative Period
 Utilize anesthetic techniques that optimize surgical conditions, while 

ensuring a rapid recovery with minimal side effects.
 Administer local analgesia via peripheral nerve blocks, wound infiltration, 

and/or instillation.
 Apply multimodal analgesia and antiemetic prophylaxis (including use of 

glucocorticoid steroids).
 Minimize use of nasogastric tubes and surgical drains, and avoid 

excessive fluid administration.

Postoperative Period
 Allow patients who meet discharge criteria to be fast-tracked (i.e., 

discharged earlier from recovery units).
 Ensure adequate pain control in the postdischarge period utilizing 

nonopioid analgesics to minimize need for opioid-containing analgesics.
 Encourage early ambulation and resumption of normal activities of daily 

living.

Modified from White PF, Kehlet H, Neal JM, et al: The role of the anesthesiologist in 
fast-track surgery: From multimodal analgesia to perioperative medical care. 
Anesth Analg 104:1380-1396, 2007.

Table 78-2 Benefits of Ambulatory Surgery

 Patient preference, especially children and the elderly
 Lack of dependence on the availability of hospital beds
 Greater flexibility in scheduling operations
 Low morbidity and mortality
 Lower incidence of infection
 Lower incidence of respiratory complications
 Higher volume of patients (greater efficiency)
 Shorter surgical waiting lists
 Lower overall procedural costs
 Less preoperative testing and postoperative medication

Modified from Snyder DS, Pasternak LR: Facility design and procedural safety. In 
White PF (ed): Ambulatory Anesthesia and Surgery. London, WB Saunders,  
1997, p 61.
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premedication in the outpatient setting (e.g., midazolam, 1-2 mg 
intravenously [IV]).82,83 Van Vlymen and associates84 found that 
premedication with a small dose of a benzodiazepine actually 
improved outcome in women undergoing needle-localized breast 
biopsies without delaying recovery. Midazolam premedication 
not only decreases preoperative anxiety but may also be associ-
ated with a reduction in postoperative pain.85

Anxiolysis and Sedation
Traditionally, the most widely used premedicants have been  
barbiturates and benzodiazepines. !ese drugs produce dose-
related anxiolysis, sedation, and ultimately, unconsciousness  
(see Chapter 26). Barbiturates are not commonly used as pre-
medicants in the outpatient setting because of residual sedation, 
which makes them less cost beneficial than nonbarbiturate seda-
tive drugs (e.g., midazolam, propofol).86 Methohexital and keta-
mine have been used for rectal premedication in children. 
However, side effects of ketamine (e.g., confusion, vivid dreams) 
are frequent unless this drug is combined with midazolam.87 
Melatonin has also been reported to produce sedation and anxi-
olysis comparable to oral midazolam when administered for 
premedication.88

Benzodiazepines
!e amnesic and anxiolytic properties of small doses of benzodi-
azepines are also useful in the outpatient setting (Table 78-5). 
Oral diazepam, 0.1 mg/kg, given 60 to 90 minutes before surgery 
was found to reduce stress hormone levels a#er day-case surgery.89 
Diazepam was the most commonly used benzodiazepine; 
however, midazolam has become the drug of choice because its 
shorter elimination half-life and its anesthetic sparing effects and 
lack of significant side effects facilitate the recovery process a#er 
ambulatory surgery.90-92 In addition to its well-known anxiolytic 
properties, midazolam may be effective in reducing postoperative 

nausea and improving patient satisfaction.93 Although larger 
doses of midazolam are required when it is administered orally 
because of first-pass metabolism, it is a highly effective in both 
adults and children.80,94 Midazolam (0.5 mg/kg PO) allowed chil-
dren to be separated from their parents as early as 15 minutes 
a#er oral ingestion, without prolonging recovery even a#er brief 
surgical procedures.81,94,95 Larger doses (1.0 mg/kg) of oral mida-
zolam delay early recovery (emergence) but not discharge time  
a#er ambulatory surgery.96 In geriatric patients, premedication 
with midazolam (0.5-1.0 mg IV) did not adversely affect mental 
and psychomotor recovery, even a#er brief ambulatory 
procedures.97

Temazepam and alprazolam also are effective oral premedi-
cants for outpatient surgery.94,98 Although oral triazolam can 
produce effective sedation and amnesia, it is less effective than 
diazepam or midazolam in decreasing preoperative anxiety. 
Lorazepam, because of its long duration of amnesia, is not recom-
mended in the ambulatory setting. If a patient expresses signifi-
cant anxiety during the preoperative interview, an oral 
benzodiazepine should be prescribed to be taken at home in the 
evening before or in the morning 1 to 2 hours before surgery or 

Table 78-5 Use of Anxiolytic-Sedative Drugs for Outpatient Premedication

Dosage Range Onset (min) Key Points

Benzodiazepines

Midazolam 7.5-15 mg PO 15-30 Large first-pass 
effect

5-7 mg IM 15-30 Water soluble, 
nonirritating

1-2 mg IV 1-53 Rapid onset, 
excellent 
amnesia

Diazepam 5-10 mg PO 45-90 Long-acting 
metabolites

Temazepam 15-30 mg PO 15-40 Comparable 
anxiolysis to 
midazolam

Triazolam 0.125-0.25 mg PO 15-30 Prominent 
sedation

Lorazepam 1-2 mg PO 45-90 Prolonged 
amnestic 
effect

α2-Adrenergic Agonists

Clonidine 0.1-0.3 mg PO 45-60 Prolonged 
sedative 
effect

Dexmedetomidine 50-70 µg IM 20-60 Bradycardia 
and 
hypotension

50 µg IV 5-30 Reduced 
anesthetic/
analgesic 
requirements

Modified from White PF: Ambulatory anesthesia and surgery: Past, present, and 
future. In White PF (ed): Ambulatory Anesthesia and Surgery. London, WB 
Saunders, 1997.

Figure 78-2 Preoperative psychological preparation reduces stress before 
and up to 1 week after surgery, as measured by the Spielberger state anxiety 
score. * = P < .05. (Redrawn with modification from Wallace LM: 
Psychological preparation as a method of reducing the stress of surgery. J 
Hum Stress 10:62, 1984. Reprinted with permission of the Helen Dwight Reid 
Educational Foundation. Published by Heldref Publications, 1319 Eighteenth 
St, Washington, DC 20036-1802. Copyright 1984.)
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sympatholytic drugs during the maintenance period. As a result 
of the anesthetic and/or analgesic-sparing effects, monitored 
patients are able to more rapidly achieve surrogate recovery end 
points (e.g., fast-track eligibility) and to satisfy PACU discharge 
criteria (e.g., Aldrete score of 10), resulting in a 30- to 90-minute 
reduction in the length of the PACU stay and/or the time to dis-
charge home a"er ambulatory surgery.424 When cerebral monitor-
ing is used to administer isoflurane, the speed and quality of 
recovery was similar to sevoflurane a"er outpatient gynecologic 
surgery.432

One of the concerns in “minimizing” the use of anesthetics 
relates to the possibility that patients may experience more pur-
poseful movement during surgery (i.e., less optimal operating 
conditions) and even awareness. It has further been suggested 
that the use of cerebral monitors to minimize the administration 
of anesthetic and analgesic drugs may result in increased auto-
nomic (stress) responses and adverse clinical outcomes (e.g., 
myocardial ischemia). Previous studies have demonstrated that 
patient outcome is similar whether supplemental general anes-
thetic, opioid analgesic, or sympatholytic drugs were used to 
control acute autonomic responses during surgery.433,434 A study 
by Monk and colleagues435 suggested that there was a correlation 
between the length of time during anesthesia that the BIS value 
was less than 45 and the incidence of adverse clinical outcomes 
in elderly surgical patients. Despite the emphasis on rapid recov-
ery a"er ambulatory anesthesia, outpatients do not appear to be 
at increased risk for awareness when compared with inpatients 
receiving general anesthesia.436 From the perspective of the 
patient, the quality of recovery appears to be improved with cer-
ebral monitoring versus traditional monitoring practices.424,431

Optimal Anesthetic Techniques

In the ambulatory setting, the optimal anesthetic technique would 
provide for excellent operating conditions and rapid “fast-track” 
recovery to full activity without postoperative side effects or com-
plications.7 In addition to improving the quality and minimizing 
the cost of anesthetic services, the ideal anesthetic technique 
would also optimize operating room efficiency (e.g., turnover 
times) and provide for an earlier discharge home. Local anesthe-
sia with intravenous sedation (i.e., MAC techniques), regional 
(peripheral) blocks, spinal anesthesia, and general anesthesia can 
all be used for ambulatory surgery. Opinions differ regarding the 
“best” anesthetic technique, even for superficial surgical proce-
dures.309,355,356,437-440 Rather than simply generalizing about the best 
anesthetic technique for ambulatory surgery, it would be far better 
to individually analyze each surgical procedure (i.e., procedure-
specific approach).306

In the current cost-conscious environment, it is important 
to also examine the impact of anesthetic techniques on the peri-
operative process because prolonged recovery times and reduced 
efficiency contribute to the increased cost of surgical care.355,356,387 
In addition, patient satisfaction with the perioperative experience 
and quality of recovery is improved when the anesthetic tech-
nique chosen for the procedure is associated with a low incidence 
of postoperative side effects. For example, the routine use of pro-
phylactic antiemetic drugs during general anesthesia has been 
found to increase patient satisfaction in “at-risk” outpatient surgi-
cal populations (e.g., nonsmoking women with a history of PONV 
or motion sickness).140 Furthermore, the use of local anesthetic 

infiltration and/or peripheral nerve blocks decrease postoperative 
pain a"er ambulatory surgery procedures irrespective of the 
actual anesthetic technique.402,441,442

$e time required to achieve a state of home readiness  
(i.e., “fitness” for discharge home) is influenced by a wide variety 
of surgical and anesthetic factors.443,444 However, the major con-
tributors to a delay in discharge a"er ambulatory surgery are 
nausea, vomiting, dizziness, pain, and prolonged sympathetic and 
motor blockade. Although the incidence of PONV can be 
decreased by the use of prophylactic antiemetic drugs,402 it 
remains a common side effect a"er general anesthesia and pro-
longs discharge a"er ambulatory surgery.138 $e primary factor 
delaying discharge a"er spinal anesthesia is recovery from the 
residual motor and sympathetic blockade, which contributes to 
delayed ambulation and an inability to void. $ese side effects can 
be minimized by use of the so-called minidose lidocaine-fentanyl 
spinal anesthetic technique.110,440 Other concerns with spinal 
anesthesia include back pain, post–dural puncture headache, and 
transient radicular irritation.445,446 Although MAC is associated 
with the lowest incidence of postoperative side effects,355,356 the 
possibility of transient nerve palsy is a concern when peripheral 
nerve block techniques are used.447-449 Another issue relates to the 
fact that many patients simply prefer to “be asleep during the 
operation.”

Use of the modern general anesthetics with an LMA for 
airway management combined with antiemetic prophylaxis and 
nonopioid analgesic techniques can achieve recovery times that 
compare favorably with MAC techniques.450,451 Studies have dem-
onstrated that outpatients undergoing hernia repair and breast 
surgery were able to ambulate within 30 minutes and were dis-
charged within 60 minutes a"er general anesthesia. When tra-
cheal intubation is required (e.g., laparoscopic procedures, risk 
factors for aspiration [e.g., diabetics, morbidly obese, esophageal 
dysfunction]), the use of minimally effective doses of a short-
acting opioid analgesic (e.g., remifentanil) or sympatholytic (e.g., 
esmolol, labetalol) can facilitate the early recovery process and 
allow patients to achieve earlier discharge times a"er ambulatory 
surgery.117,276,452

Table 78-12 Effects of Intravenous Anesthetic and Cardiovascular Drugs on 
the Duration of Electroconvulsive Therapy–Induced Seizure Activity

Increased No Change Decreased

Anesthetic 
Drugs

Etomidate Methohexital,* 
ketamine, 
alfentanil,† 
remifentanil†

Thiopental, 
thiamylal, 
lorazepam, 
midazolam, 
propofol

Cardiovascular 
Drugs

Aminophylline, 
caffeine

Clonidine, esmolol, 
labetalol, 
dexmedetomidine, 
nifedipine, 
nicardipine, 
nitroglycerin, 
trimethaphan, 
nitroprusside

Diltiazem, 
lidocaine

*When compared with saline, methohexital decreases the seizure duration of 
electroconvulsive therapy.
†Increases seizure time because of an anesthetic-sparing effect.
From Ding Z, White PF: Anesthesia for electroconvulsive therapy. Anesth Analg 
94:1351, 2002.
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nancy, phase of the menstrual cycle, preoperative hydration 
status, and postoperative hypotension (due to residual sym-
pathectomy, premature ambulation).136 !e incidence of emesis is 
low in infants, gradually increases toward adulthood, and then 
decreases again at advanced age (e.g., the elderly). !e phase of 
the menstrual cycle may influence the incidence of PONV, with 
the highest incidence reported during the ovulatory and luteal 
phases of the woman’s cycle.

A variety of risk scoring systems have been developed in 
an attempt to improve the use of antiemetic therapies.137 !ese 
scores and the treatments are more fully discussed in Chapter 86, 
although studies specific to the outpatient setting are described 
here. Although the use of propofol for induction and mainte-
nance of anesthesia significantly reduces the incidence of PONV 
a"er ambulatory surgery,138,139 the cost-effective combination of 
droperidol, dexamethasone, and ondansetron is increasingly 
being used for antiemetic prophylaxis of outpatients undergoing 
a wide variety of surgery procedures.140

Butyrophenones
Droperidol is a butyrophenone neuroleptic drug with antiemetic 
properties as a result of its antagonistic effects at central dopamine 
receptors. Larger doses of droperidol (>20 µg/kg) enhance post-
operative sedation and may prolong recovery and discharge in 
ambulatory surgical patients without improving on its antiemetic 
efficacy. In children undergoing strabismus surgery, droperidol, 
80 µg/kg, was most effective in reducing emetics without pro-
longing time to discharge.141 However, larger doses of droperidol 
can produce unwanted side effects, including dyskinesia, restless-
ness, and dysphoric reactions. Since the effect of droperidol in 
prolonging the QT interval appears to be dose-related, the lowest 

effective dose should be administered a"er induction of 
anesthesia.141,142

Phenothiazines
!e antiemetic action of phenothiazines also results from their 
ability to block dopamine receptors in the chemoreceptor trigger 
zone of the brain.143 Prochlorperazine suppositories are frequently 
used for treating PONV occurring a"er discharge. Premedication 
with phenothiazines can produce intraoperative hypotension 
along with significant residual sedation a"er surgery. In addition, 
these compounds may produce extrapyramidal effects ranging 
from restlessness to oculogyric crisis.141 !erefore, this class of 
antiemetic is rarely used for prophylaxis in the outpatient 
setting.

Anticholinergics
Anticholinergic drugs (e.g., atropine, glycopyrrolate, and scopo-
lamine) have traditionally been used for their antisialagogue and 
vagolytic properties. However, transdermal scopolamine (TDS),  
a centrally active anticholinergic, with potent anti–motion sick-
ness properties has recently been found to be comparable to  
both droperidol and ondansetron when used for antiemetic 
prophylaxis in the ambulatory setting.144 Preoperative placement 
of a TDS patch can reduce the incidence of severe PONV in both 
the early and late postoperative periods. However, when admin-
istered before outpatient gynecologic laparoscopy, transdermal 
scopolamine was associated with a higher incidence of adverse 
effects (including dry mouth, somnolence, mydriasis, and 
dizziness).

Antihistamines
Dimenhydrinate and hydroxyzine are antihistaminic compounds 
that also act on the central vomiting center and vestibular path-
ways to prevent PONV. !ese compounds are particularly useful 
for the prophylaxis and treatment of motion-induced emesis in 
outpatients undergoing middle ear and strabismus surgery.145 A 
long-acting formulation of dimenhydrinate compared favorably 
with droperidol in reducing vomiting for up to 24 hours without 
delaying discharge from the ambulatory facility.146

Serotonin Antagonists
Given the important role of 5-hydroxytryptamine (5-HT) in the 
pathophysiology of drug-induced emesis, it is hardly surprising 
to learn that specific 5-HT antagonists are highly effective in the 
treatment and prevention of PONV. Ondansetron, granisetron, 
dolasetron, and palonsetron are all highly selective 5-HT3 recep-
tor antagonists that lack the sedative, dysphoric, or extrapyrami-
dal effects of other commonly used antiemetics.147-150 However, 
these compounds appear to produce headache and may be less 
effective in preventing nausea than other antiemetic drugs. Pal-
onsetron is a 5-HT3 antagonist with a long half-life and a high 
receptor binding affinity151 that may prove to be advantageous in 
the postdischarge period.

Neurokinin-1 Antagonists
!e neurokinin-1 (NK-1) antagonists are effective in both the 
treatment152 and prevention153 of PONV. Preliminary studies 
suggest that NK-1 antagonists may have longer-lasting antiemetic 
properties than ondansetron.152,153 In addition, these compounds 
may act synergistically with 5-HT3 antagonists.153 Premedication 
with oral aprepitant was comparable to IV ondansetron in  
preventing PONV in the early postoperative period and offered 

Table 78-6 Common Factors Associated with Nausea, Vomiting, and 
Retching during the Perioperative Period

Patient-Related Factors
Age
Gender
Preexisting diseases (e.g., diabetes)
History of motion sickness or postoperative nausea and vomiting
Smoking history
Level of anxiety
Intercurrent illness (e.g., viral infection, pancreatic disease)

Anesthesia-Related Factors
Premedication
Opioid analgesics
Induction and maintenance anesthetics
Reversal (antagonist) drugs
Gastric distention
Inadequate hydration
Residual sympathectomy

Surgery-Related Factors
Operative procedure
Length of surgery
Blood in the gastrointestinal tract
Forcing oral intake
Opioid analgesics
Premature ambulation (postural hypotension)
Pain

Data from Watcha MF, White PF: Postoperative nausea and vomiting: Its etiology, 
treatment, and prevention. Anesthesiology 77:162, 1992.
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period.197 Use of an LMA in children with a recent upper airway 
infection was also associated with increased coughing, laryngos-
pasm, and oxygen desaturation.198 When compared with tracheal 
intubation, insertion of the LMA causes minimal cardiovascular 
responses and is better tolerated at lighter levels of anesthesia. !e 
incidence of sore throat is also reduced when an LMA is used as 
an alternative to a tracheal tube.199 In the ambulatory setting, 
LMA devices can be re-used up to 200 times,200 thus making 
the LMA a cost-effective alternative to other airway devices. !e 
LMA does not completely protect the patient from having foreign 
material introduced into the airway and should not be used in 
patients at high risk of aspiration. If positive airway pressure is 
required for maintaining the airway or assisting ventilation, the 
risk of gastric dilatation and subsequent aspiration may be 
increased.201 A variety of supraglottic devices are available as 
alternatives to the LMA (e.g., cuffed oropharyngeal airway 
[COPA]). Even though these devices are easy to insert a#er 
induction without muscle relaxants, their ability to maintain an 
obstruction-free airway is less adequate than other currently used 

Table 78-7 Criteria Used to Determine Fast-Track Eligibility after 
Ambulatory Anesthesia

Criteria Score

Level of Consciousness
Awake and oriented 2
Arousable with minimal stimulation 1
Responsive only to tactile stimulation 0

Physical Activity
Able to move all extremities on command 2
Some weakness in movement of the extremities 1
Unable to voluntarily move the extremities 0

Hemodynamic Stability
Blood pressure < 15% of the baseline MAP value 2
Blood pressure between 15% and 30% of the baseline MAP value 1
Blood pressure > 30% below the baseline MAP value 0

Respiratory Stability
Able to breathe deeply 2
Tachypnea with good cough 1
Dyspneic with weak cough 0

Oxygen Saturation Status
Maintains value > 90% on room air 2
Requires supplemental oxygen (nasal prongs) 1
Saturation < 90% with supplemental oxygen 0

Postoperative Pain Assessment
None or mild discomfort 2
Moderate to severe pain controlled with IV analgesics 1
Persistent severe pain 0

Postoperative Emetic Symptoms
None or mild nausea with no active vomiting 2
Transient vomiting or retching 1
Persistent moderate to severe nausea and vomiting 0
Total score 14

A score over 12 with no individual score less than 1 is required for fast-tracking.
MAP, mean arterial pressure.
From White PF, Song D: New criteria for fast-tracking after outpatient anesthesia:  
A comparison with the modified Aldrete’s scoring system. Anesth Analg 88:1069, 
1999.

airway devices.202 Although supraglottic airway devices have been 
used in paralyzed patients undergoing laparoscopic surgery,203,204 
most practitioners in North America still prefer tracheal intuba-
tion in these situations to minimize the risk of gastric distention 
and aspiration for patients in the Trendelenburg position.

Anesthetic Drugs
Induction of general anesthesia is typically accomplished with a 
rapid-acting intravenous anesthetic (see Chapter 26). Propofol 
has replaced the barbiturates for induction of anesthesia in the 
ambulatory setting because of its favorable recovery profile.205 
However, the most popular technique for maintenance of anesthe-
sia is a combination of a volatile anesthetic with or without nitrous 
oxide. !e extremely low solubility of nitrous oxide and the newer 
volatile anesthetics (i.e., sevoflurane and desflurane) contributes 
to a more rapid recovery from general anesthesia. Although 
nitrous oxide can produce emetic symptoms, its clinical impor-
tance is questionable because nitrous oxide’s anesthetic and anal-
gesic-sparing effects offset its emetogenic potential.206-209 Total 
intravenous anesthesia (TIVA) utilizing a combination of propo-
fol and remifentanil (or alfentanil) has become extremely popular 
outside North America owing in large part to the availability of 
target-controlled, computer-based drug delivery symptoms.210 
Studies suggest that TIVA is as effective as spinal anesthesia for 
ambulatory surgery with the advantage of earlier home readi-
ness.211 When compared with a target-controlled infusion of pro-
pofol for maintenance of anesthesia, the use of desflurane or 
sevoflurane produced similar anesthetic conditions with shorter 
emergence times and lower drug costs.212-215

Barbiturates
!iopental (3 to 6 mg/kg) was the prototypical intravenous 
induction drug because of its rapid onset and relatively short 
duration of hypnotic action (see Chapter 26). However, thiopen-
tal can impair fine motor skills for several hours a#er surgery and 
can produce a “hangover” effect.216 Methohexital is associated 
with shorter emergence times, but complete recovery of fine 
motor skills may still require 2 to 4 hours a#er an induction 
dose.217 When compared with thiopental, methohexital is associ-
ated with a higher incidence of pain on injection, involuntary 
muscle movement, and hiccoughing. Although propofol is associ-
ated with a faster emergence from anesthesia and a lower inci-
dence of PONV than methohexital when used for both induction 
and maintenance of general anesthesia,205 the barbiturate com-
pared favorably with propofol when used for induction only in 
procedures lasting longer than 30 minutes.218

Benzodiazepines
Although midazolam (0.2 to 0.4 mg/kg IV) has been used for 
induction of anesthesia in outpatients, its onset of action is slower 
and recovery is prolonged in comparison to the barbiturate com-
pounds and propofol.219 When combined with nitrous oxide and 
a potent opioid analgesic, lower doses of midazolam (0.1-0.15 mg/
kg IV) can be used to induce general anesthesia. If midazolam is 
used for induction and flumazenil, a specific benzodiazepine 
antagonist, is administered at the end of surgery, prompt recovery 
can be achieved a#er outpatient surgery.220 Yet when compared 
with propofol, recovery a#er flumazenil antagonism of mida-
zolam anesthesia offered no clinically significant advantages. 
Recurrence of sedation is a concern when flumazenil is used to 
facilitate emergence from anesthesia.
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analgesic can provide spinal anesthesia without significantly pro-
longing the time to discharge.310,313 Before ambulation, patients 
receiving a central neuraxis block should have normal perianal 
(S4-5) sensation, have the ability to plantarflex the foot, and have 
proprioception of the big toe. Discharge criteria a!er spinal and 
epidural anesthesia should include the return of normal sensa-
tion, muscle strength, and proprioception, as well as the return of 
sympathetic nervous function.

Controversies Related to Discharge Criteria

"ere is still controversy regarding the requirement for all outpa-
tients to tolerate fluids and void before discharge from an ambula-
tory surgical facility. It is clearly unacceptable to discharge a 
patient who is actively vomiting and unable to tolerate oral fluids. 
Interestingly, Schreiner and Nicolson174 found that requiring chil-
dren to drink before discharge actually increased the incidence 
of vomiting (>50%) and delayed discharge. On the other hand, 
children are more likely to vomit a!er discharge than during their 
stay at the surgical facility, and, therefore, tolerating clear fluids 
before discharge may prevent dehydration at home a!er dis-
charge. At the Children’s Hospital of Philadelphia, more than 
20,000 day-surgery patients have been discharged home without 
requiring intake of oral fluids and there have been no readmis-
sions for dehydration.174 All these children (except those undergo-
ing myringotomy tube placement) received the equivalent of 8 

hours of intravenous fluid replacement during their hospital stay. 
Well-hydrated outpatients can be safely discharged home without 
demonstrating an ability to tolerate oral fluids a!er surgery.

"e requirement to void before discharge has also been 
challenged.544 "e inability to void may be caused by pain (which 
inhibits normal bladder detrusor function) and opioid analgesics, 
spinal or epidural anesthesia, and anticholinergic drugs.47 Patients 
may be discharged earlier if voiding is not a discharge require-
ment. Delaying discharge for voiding a!er spinal or epidural 
anesthesia with short-acting local anesthetics is unnecessary in 
low-risk patients (e.g., age < 70 years; no hernia, rectal, or urologic 
surgery; no history of voiding problems).544 However, appropriate 
measures must be in place for urinary catheterization if the ina-
bility to void persists a!er discharge home. "e use of ultrasound 
bladder monitoring before discharge may reduce voiding prob-
lems a!er discharge.544

Before leaving the outpatient facility, patients should have 
their dressings checked and be given both verbal and written 
instructions regarding their postoperative care. Most postopera-
tive symptoms (e.g., pain, PONV, dizziness, headache, and myal-
gias) resolve within 24 hours. However, if these symptoms persist, 
the patient should be encouraged to contact the facility regarding 
appropriate follow-up care. All patients should be discharged 
from the surgical facility in the company of a responsible adult 
and should be aware of the recommendations regarding appro-
priate activities a!er discharge. Patients should be warned about 
the potential dangers of operating complex machinery, driving a 
car, or making important decisions for up to 24 hours a!er 
anesthesia.545 However, when short-acting anesthetic drugs are 
used for 1- to 2-hour procedures, return of fine motor skills can 
occur in less than 4 hours.

It is important to have an efficient mechanism in place for 
admitting outpatients to the hospital if the need arises. Most well-
organized outpatient facilities have an unanticipated hospital 
admission rate of less than 1%.11,12 However, transfer rates are 
higher in ambulatory centers with a larger proportion of neonates, 
elderly (>80 years), and ASA physical status III patients. "e Fed-
erated Ambulatory Surgery Association multicenter survey sug-
gested that 70% of all perioperative complications occurred a!er 
discharge from the ambulatory surgery center.1 "is finding 
emphasizes the importance of providing clear, written discharge 
instructions and the availability of a responsible adult to monitor 
the patient at home. Most practitioners recommend that out-of-
town patients spend their first postoperative night within a rea-
sonable distance from the surgical facility. All outpatient facilities 
should also have a mechanism in place for collecting follow-up 
information regarding patient well-being a!er discharge (e.g., tel-
ephone interview or postcard questionnaire).

Outcome Measures

As outpatient surgery continues to grow and the types of surgical 
procedures become more complex, ambulatory surgical centers 
must develop methods to evaluate patient outcome during both 
the early and late recovery periods (see Chapter 33).546 "e overall 
risk of major morbidity and mortality is very low a!er ambula-
tory surgery. A large, retrospective study of more than 45,000 
ASA I to III outpatients found that only 31 patients (1 : 1455) 
experienced major morbidity.10 Four patients died, 2 as passen-

Table 78-15 Modified Postanesthesia Discharge Scoring (PADS) System

Vital Signs

2 Within 20% of the preoperative value

1 20%-40% of the preoperative value

0 40% of the preoperative value

Ambulation

2 Steady gait/no dizziness

1 With assistance

0 No ambulation/dizziness

Nausea and Vomiting

2 Minimal

1 Moderate

0 Severe

Pain

2 Minimal

1 Moderate

0 Severe

Surgical Bleeding

2 Minimal

1 Moderate

0 Severe

From Chung F, Chan VW, Ong D: A postanesthetic discharge scoring system for 
home readiness after ambulatory surgery. J Clin Anesth 7:500, 1995.
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of decompression sickness3 but remained an isolated medical 
curiosity until the early 1960s. A few indications, such as support 
of oxygenation in hyaline membrane disease of the newborn4 and 
during open heart surgery5,6 were not useful. For other indica-
tions, such as carbon monoxide (CO) poisoning, arterial gas 
embolism, and decompression sickness, hyperbaric oxygen 
(HBO) proved to be effective, as evidenced by substantial clinical 
experience and randomized controlled studies. Indications are 
reviewed regularly by the Undersea and Hyperbaric Medical 
Society (Durham, NC). "is medical organization publishes an 
extensive bibliography with a list of indications for hyperbaric 
oxygenation that is updated every 2 to 3 years.7 Laboratory and 
clinical data support the use of HBO for a select number of  
acute and chronic illnesses (Table 80-1), and anesthesiologists 
are o#en called on to provide care of patients in this unusual 
environment.

Interest in the physiologic and medical aspects of altitude 
originated because of mountaineering and high-altitude balloon 
exploits in the 19th century.8 An understanding of the physiologic 
response to altitude hypoxia has had wide application, as increas-
ing numbers of people fly in aircra#, travel from low to high alti-
tude, and live or work at higher elevations (Table 80-2). Significant 
effort has been devoted to techniques for prophylaxis and treat-
ment of these illnesses in recent years.

"e effects of space travel are mostly due to microgravity, 
radiation, and confinement. Understanding these effects and 
development of tools to deal with sick or injured astronauts are 
paramount for the medical support of long-range space missions, 
such as to Mars.

Physiologic Effects of Increased 
Gas Pressure

Increased Barometric Pressure

Some effects of altered ambient pressure are summarized in 
Figure 80-2.

Figure 80-1 Mobile hyperbaric operating room described by Fontaine in 1879.1 Nitrous oxide storage tanks can be seen under the operating table. 
Compressed to 1.25 to 1.33 atmospheres absolute (ATA) with air, a nitrous oxide/oxygen mixture was provided to the patient. Breathing air in this  
chamber would have provided an inspired PO2 equivalent to 26% to 28% O2 at 1 ATA.

Table 80-1 Partial List of Conditions for Which Hyperbaric Oxygen Has 
Been Used

Gas-bubble disease
*Air embolism7,83

*Decompression sickness83,291

Poisoning
*Carbon monoxide7,41,48-50,55

Cyanide41

Carbon tetrachloride292,293

Hydrogen sulfide41

Infections
*Clostridial myonecrosis7,99-101

*Other soft tissue necrotizing infections7,97,98,101

*Refractory chronic osteomyelitis7,90,294

*Intracranial abscess7,295

Mucormycosis296,297

Acute ischemia
*Crush injury7,298

*Compromised skin flaps7,299

Central retinal artery occlusion, central retinal vein occlusion300

Chronic ischemia
*Radiation necrosis (soft tissue, radiation cystitis, and 

osteoradionecrosis)7

*Ischemic ulcers, including diabetic ulcers7,11,301,302

Acute hypoxia
*Exceptional blood loss anemia (when transfusion delayed or 

unavailable)7

Support of oxygenation during therapeutic lung lavage103,104

Thermal injury
*Burns7,303-306

Envenomation
Brown recluse spider bite307,308

*Approved by the Undersea and Hyperbaric Medical Society as an appropriate 
indication for HBO therapy.7
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An increase in environmental pressure is accompanied by 
significant adiabatic heat production, whereas decompression 
generates cooling. !is results in an increase in chamber tempera-
ture during compression and in cooling and precipitation of 
water droplets during decompression. !ese phenomena may 
limit the rate of compression in manned chambers in order to 
maintain temperature within a comfortable range.

Additionally, pockets of trapped gas within the body will 
contract and expand on compression and decompression. Such 
pockets include gas in the middle ear, and paranasal sinuses, 
intestinal gas, pneumothorax, and gas pockets within monitoring 
and life-support systems. !e changes in gas volume will occur 
according to Boyle’s law:

PV constant=

such that a doubling of environmental pressure (P) will cause the 
volume (V) of a gas-filled cavity to decrease by half. !is effect 
also underlies one of the major beneficial effects of hyperbaric 
treatment of pathologic gas, as in arterial gas embolism or decom-
pression sickness (see later).

A comparison of pressure units used clinically with those 
in common use in hyperbaric environments is shown in Table 
80-3.

Increased Partial Pressure of Oxygen

Breathing O2 at increased ambient pressure will lead to elevation 
of alveolar O2 tension (P2), which can be calculated according 
to the alveolar gas equation for O2:

P F Pb P P F F RAO IO H O ACO IO IO2 2 2 2 2 21= ⋅ −( )− ⋅ + −( )[ ]( )
where F2 is the fractional inspired O2 concentration; P2 is 
saturated water vapor pressure at body temperature (typically 
47 mm Hg); P2 is alveolar P2, assumed to equal arterial 
P2 (Pa2); and R is the respiratory exchange ratio (usually ≈ 
0.8 at rest). From calculated values of P2, arterial P2 (Pa2) has 
been estimated, assuming that the arterial/alveolar P2 ratio 
remains constant.9 Whereas at 1 atmosphere absolute (ATA) the 
fraction of O2 in arterial blood that is carried dissolved in the 
plasma is minimal, it can be seen that at elevated Pa2 in the range 
of 1000 to 2000 mm Hg significant quantities of O2 may exist in 
dissolved form (Table 80-4).

Increased Pa2 has at least four pharmacologic effects:

1. Increased blood O2 content
2. Vasoconstriction
3. Antibacterial action, particularly against anaerobic 

bacteria

4. Inhibition of endothelial neutrophil adhesion in injured 
tissue

!e increased arterial O2 content underlies the rationale for 
administering HBO for the treatment of ischemic conditions, for 
example, ischemic, nonhealing wounds. !e elevation in Pa2 
leads to an increase in tissue P2, which can be estimated using 
transcutaneous P2 electrodes, even in ischemic tissue.10,11 
!e second effect is an explanation for the effectiveness of HBO 
in the treatment of traumatic edema (e.g., crush injury). !e 
mechanism of HBO-induced vasoconstriction appears to be inac-
tivation of nitric oxide due to increased production of superox-
ide12 and possibly decreased release of NO from circulating 
S-nitrosohemoglobin.12-14

!ese two effects, increased O2 content and vasoconstric-
tion, lead to hemodynamic changes,14,15 shown in Table 80-4. 
!ere is also a slight increase in mean arterial pressure. Studies 
of HBO effects on myocardial contractility using denervated 
hearts16 or autonomically blocked animals17 have indicated no 
intrinsic effect. In intact animals or humans heart rate and cardiac 
output are decreased and systemic vascular resistance is 
increased.14,15,18 In both anesthetized dogs and awake humans 
pulmonary vascular resistance is decreased.14,19 At 2 ATA 100% 
O2 in conscious dogs has no effect on coronary flow,18 whereas at 
3 ATA both coronary flow and myocardial O2 consumption are 
decreased.17 Cerebral blood flow is decreased by O2 administra-
tion over a range of pressures,12,18 whereas at 2 ATA, hepatic, renal, 
and mesenteric flows are unchanged.18

HBO also has microcirculatory and cellular effects in 
various disease states (see later).

Increased Inert Gas Partial Pressure

Elevation of the partial pressure of the inert gas (usually nitrogen) 
present in a breathing mixture is associated with a narcotic effect, 
predictable by the Meyer-Overton hypothesis. Based on its solu-
bility in olive oil, N2 has 0.03 to 0.05 times the narcotic potency 
of nitrous oxide. At 3 ATA (breathing air) most people experience 
mild euphoria. At 6 ATA there may be memory loss and poor 
judgment. At 10 ATA some individuals lapse into unconscious-
ness. Nitrogen narcosis has been compared with alcoholic intoxi-
cation, an increase in ambient pressure of 1.5 ATA resulting in an 
effect that is said to be similar to drinking one martini. Argon 
and, to a lesser degree, hydrogen are narcotic, whereas helium has 
minimal if any narcotic effect. In animals exposed to high partial 
pressures of nitrogen there is evidence of activation of GABAA 
receptors of dopaminergic neurons in the nigrostriatal pathway, 
leading to a decrease in dopamine release.20

Table 80-3 Units of Pressure

Atmospheres Absolute
(ATA)

Absolute Pressure 
(mm Hg)

Gauge Pressure 
(mm Hg)

Feet of Sea Water 
(fsw)

Meters of Sea Water 
(msw)

1 760 0 0 0

2 1520 760 33 10

3 2280 1520 66 20

6 4560 3800 165 50 Regional Anesthesia in Children 2525 81
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this concentration is very low and unable to provide clinically 
relevant analgesia.42,43 Elimination half-life from CSF is similar to 
that from plasma, but CSF concentrations are very high a!er 
epidural injection; therefore, it takes 12 to 24 hours before  
their decrease below minimal effective concentrations (near 
10 ng/mL). Consequently, vital parameters of children given  
neuraxial opioids must be monitored for 24 hours and are not 
eligible for outpatient surgery. Usual doses of neuraxial narcotics 
are listed in Table 81-4.

Short-acting lipid-soluble opioids (fentanyl, sufentanil) can 
be used but, as in adults, they do not significantly prolong post-
operative pain relief unless repeat injections are given or a con-
tinuous infusion is established. #eir analgesic effect is mainly a 
systemic effect, and the patient may experience acute respiratory 
depression (sudden apnea); this condition is very different from 
the progressive and delayed respiratory depression, preceded by 
generalized pruritus, sedation, and bradypnea, reported a!er 
excessive doses of epidural/intrathecal morphine.

Other Additives
Epinephrine (5 mg/L or 1/200,000 concentration) is frequently 
co-administered with local anesthetics to decrease plasma peak 
concentration31 and prolongs the duration of blockade, especially 
in children younger than 4 years of age.44,45 Another benefit 
expected from epinephrine is early detection of accidental IV 
injection (test dose) because young children are very sensitive to 
arrhythmogenic properties of epinephrine. Neuraxial epinephrine 
has long been suspected to elicit spinal ischemia: Even though 
this fear proved to be unfounded,46 many anesthesiologists rec-
ommend using lower concentrations of epinephrine (2.5 mg/L or 
1/400,000) in local anesthetic solutions administered to neonates 
and infants; at such concentrations, the absorption rate of caudal 
bupivacaine is decreased by 25%.45

Clonidine, like epinephrine, is an α2-adrenergic agonist 
that offers several benefits in children when added to local anes-
thetics either neuraxially47-49 or peripherally (see Table 81-4)50: It 
increases (by a factor of 2 approximately) the duration of nerve 
blockade without eliciting hemodynamic disorders, decreases 
plasma peak concentration of the local anesthetics, and produces 
a slight sedation for 1 to 3 hours postoperatively (which does not 

preclude hospital discharge). Addition of clonidine o!en makes 
unnecessary the placement of a catheter to prolong postoperative 
pain relief, thus reducing morbidity and costs. However, its clear-
ance in neonates is approximately one third that in adults owing 
to immature elimination pathways51 and several instances of res-
piratory depression in neonates and small infants have been 
reported52,53; this additive should be avoided during the first 6 
month of life.

Ketamine, especially S-ketamine, is an interesting adjuvant 
owing to its blocking effects on N-methyl--aspartate (NMDA) 
receptors and interaction with Na+ channels in a local anesthetic–
like fashion (it shares a binding site with local anesthetics). Co-
administered at a dose of 0.25 to 0.5 mg/kg, ketamine prolongs 
the duration of analgesia for many hours48,54 with no significant 
adverse effects.

Many other agents have been occasionally used as adju-
vants to local anesthetics.55 Even though some of them proved 
to have analgesic properties (corticosteroids, buprenorphine, 
neostigmine, tramadol, midazolam, and biodegradable bupi-
vacaine/polyester microspheres), they all produce significant 
adverse effects that preclude their use in most patients. Further-
more, their administration to pediatric patients raises ethical 
questions, and they have no approval for pediatric use.

Physiologic Factors

Surgery generates a neuroendocrine stress response in neonates, 
infants, and children5,56 resulting in undesirable alterations of the 
metabolic state and immune function.57,58 Epidural anesthesia 
diminishes or even suppresses this stress response.59-61

Central blocks do not affect le! ventricular function and 
are virtually free of measurable hemodynamic effects, at least up 
to the age of 8 years.62-64 Epidural anesthesia does not result in 
systemic or pulmonary hemodynamic changes as measured by 
mean blood pressure, end-diastolic diameter of the le! ventricle, 
ejection fraction of the le! ventricle, and mean velocity circum-
ferential fiber shortening.65 However, pulmonary Doppler flow 
velocity is decreased during epidural anesthesia, probably owing 
to an increase in the pulmonary arterial resistance. Preloading 
with saline is not recommended in children and, even in adoles-
cents, fluid therapy or injection of vasoactive agents is rarely 
required.

Psychological Factors

Children are frightened by new environmental conditions in the 
operating room and most of them cannot cope with their 
anxiety.66,67 #ey feel abandoned by their parents and exposed 
to strangers who are threatening them with needles. Further-
more, children younger than 10 years of age have not acquired 
their complete body image and cannot clearly make a distinction 
between adjacent parts of their body such as forearm and arm. 
Young patients cannot understand the concepts of paresthesia 
and differential blockade (“touch” is not “pain”). #us, localiza-
tion of nerve trunks as well as anatomic spaces requires using 
physical methods independent of the patient’s cooperation (loss 
of resistance seeking, neurostimulation, ultrasound techniques) 
(see Chapter 82).

Table 81-4 Commonly Used Additives and Recommended Doses in Pediatric 
Regional Anesthesia

Additive
Recommended 
Doses Maximum Doses

Morphine
 Epidural 30 µg/kg 50 µg/kg
 Intrathecal 10 µg/kg 20 µg/kg

Fentanyl (epidural) 1-1.5 µg/kg 2.5 µg/kg

Sufentanil (epidural) 0.25-0.5 µg/kg 0.75 µg/kg

Clonidine (epidural or along 
peripheral nerves)

1-1.5 µg/kg 2 µg/kg

Ketamine* (epidural or 
occasionally along 
peripheral nerves)

0.5 mg/kg 1 mg/kg

*Preservative free-ketamine (preferably preservative-free S-ketamine).
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order to avoid buckling, knotting, and lateralization of blockade 
or erratic migration. Tunneling the catheter reduces the incidence 
of accidental removal and bacterial contamination.176 Catheters 
inserted over a long distance have to be controlled in the same 
way as for caudal catheters.

!e volume of anesthetic solution depends on the upper 
level of analgesia required for completion of the surgery; around 
0.1 mL per year of age is necessary to block 1 neuromere.177 Usual 
volumes of injectate range from 0.5 to 1 mL/kg (up to 20 mL), 
and the upper limit of sensory blockade ranges between T9 and 
T6 in more than 80% of patients.

Single-shot epidural blocks are appropriate for many  
pediatric surgeries, especially when adjuvants such as clonidine 
(1-2 µg/kg), preservative-free ketamine (0.25-0.5 mg/kg), and, 
in appropriate indications, morphine (30 µg/kg) are co-adminis-
tered. Major operations resulting in long-lasting postoperative 
pain require placement of an epidural catheter and postoperative 
infusion of local anesthetics (Table 81-9).

Table 81-9 Usual Doses and Infusion Regimens for Epidural Anesthesia in Pediatric Patients

Agent Initial Dose
Continuous Infusion  
(Max. Doses) Repeat Injections

Bupivacaine, levobupivacaine Solution: 0.25% with 5 µg/mL 
(1/200,000) epinephrine

Dose:
<20 kg: 0.75 mL/kg
20-40 kg: 8-10 mL (or 0.1 mL/year/

number of metameres)
>40 kg: same as for adults

<4 mo: 0.2 mg/kg/hr (0.15 mL/kg/hr 
of a 0.125% solution or 0.3 mL/kg/
hr of a 0.0625% solution)

4-18 mo: 0.25 mg/kg/hr (0.2 mL/kg/
hr of a 0.125% solution or 0.4 mL/
kg/hr of a 0.0625% solution)

>18 mo: 0.3-0.375 mg/kg/hr 
(0.3 mL/kg/hr of a 0.125% solution 
or 0.6 mL/kg/hr of a 0.0625% 
solution

0.1 to 0.3 mL/kg every 6-12 hr of a 
0.25% or 0.125% solution 
(according to pain scores)

Ropivacaine Solution: 0.2%
Dose: same regimen in mL/kg as for 

bupivacaine (see above)

Same age-related infusion rates in 
mg/kg/hr as for bupivacaine 
(usual concentration of 
ropivacaine: 0.1%, 0.15%, or 0.2%)

Do not infuse for more than 36 hr 
in infants < 3 mo

0.1 to 0.3 mL/kg every 6-12 hr of a 
0.15% or 0.2% solution (according 
to pain scores)

Adjuvants Avoid in infants < 6 mo
Fentanyl (1-2 µg/kg) or sufentanil 

(0.1-0.6 µg/kg) or clonidine (1-2 µg/kg)

Select only one additive:
Fentanyl: 1-2 µg/mL
Sufentanil: 0.25-0.5 µg/mL
Morphine: 10 µg/mL
Hydromorphone: 1-3 µg/mL
Clonidine 0.3 at 1 µg/mL of solution

Morphine (without preservatives): 
25-30 µg/kg every 8 hr

In mature children understanding the concept of patient-
controlled analgesia and willing to use it, patient-controlled epi-
dural analgesia (PCEA) can be an interesting option. A prospective 
study involving 128 children older than 5 years of age reported a 
90.1% success rate; PCEA was stopped in 6.1% of children because 
of adverse effects and only in 3.8% because of inadequate analge-
sia.178 !e local anesthetic was either 0.0625% or 0.125% bupi-
vacaine with fentanyl (2 to 10 µg/mL); background infusion rate 
was less than or equal to 0.2 mL/kg/hr, and 1- to 3-mL bolus 
doses were permitted every 15 to 30 minutes with a 0.4-mg/kg/hr 
maximum dose of bupivacaine.

Another prospective study involving 58 children (age 
range: 7-12 years) undergoing lower extremity orthopedic surgery 
compared continuous epidural infusion of 0.2% ropivacaine 
(0.2 mL/kg/hr) with PCEA with background infusion of 1.6 mL/
hr and 2-mL bolus doses (lock-out interval: 10 min) of the same 
solution. Pain scores were excellent and identical in both groups, 
but children from the PCEA group required half the doses of 
ropivacaine on a hourly basis as compared with the continuous 
infusion group.179

Sacral Epidural Anesthesia
Because sacral interspaces remain nonfused until early adult-
hood, the sacral epidural space of children can be approached 
from posteriorly via the S2-S3 interspace, which is identified by 
palpation 0.5 to 1 cm below the line joining the two posterior 
superior iliac spinous processes,180 but any other sacral interspace 
can be used.181 !e procedure is the same as for a lumbar approach. 
Because sacral spinous processes are atrophic, the Tuohy needle 
can be oriented cephalad or, preferably, caudad to contact the 
dura mater with the convex part of the needle tip, thus reducing 
the danger of accidental dural penetration. Attention must be 
paid to the closer skin proximity of the epidural space as com-

Figure 81-6 Epidural block procedures. 1, Thoracic approach (midline route); 
2, lumbar approach (midline route); 3, sacral intervertebral approach.

1
2 3
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pared with lumbar approaches (see Fig. 81-4). If mandatory, an 
epidural catheter can be inserted (using the same technique as for 
lumbar epidural catheter placement) to provide long-lasting post-
operative pain relief.

Sacral epidural anesthesia is an alternative to caudal 
anesthesia, either in infants when skin lesions contraindicate a 
caudal approach or in children older than 6 to 7 years of age, in 
whom caudal anesthesia becomes more difficult and less reliable. 
"e same volumes and doses of local anesthetic as for a caudal 
anesthesia are administered. Ultrasound imaging can be used to 
precisely evaluate the distance from skin to epidural space and, 
in infants mainly, visualize both the progression of the needle and 
catheter and the spread of the local anesthetic.

Thoracic Epidural Anesthesia
"oracic epidural blocks are indicated for major operations 
requiring long-lasting pain relief, thus requiring placement of an 
epidural catheter to allow repeat injections or continuous infu-
sion of local anesthetic. "ese are not commonly used techniques 
in children because indications are limited to thoracic and upper 
abdominal surgery and there is fear of spinal cord damage. In 
children younger than 1 year of age, the procedure is similar to 
that for a lumbar approach, with a needle insertion perpendicular 
to the spinous process line, because the spine displays a single 
flexure, especially when bent. As the patient grows and the  
flexure develops, the technique becomes progressively similar to 
thoracic approaches in adults, requiring cephalic orientation of 
the Tuohy needle up to a 45-degree angle to the skin. A parame-
dian approach can be used instead, but it is rarely required in 
children.

In infants, ultrasonography makes visible the dura mater, 
the progression of the Tuohy needle, and, in many cases, the pro-
gression and final position of the tip of the epidural catheter.182

Cervical Epidural Anesthesia
"ere are no surgical indications for cervical epidural blockade 
in children. Very rarely, the technique can be contemplated for 
chronic pain patients or to prevent phantom limb pain before an 
amputation of the upper arm at the scapular level (osteosarcoma 
of humerus), which is done almost exclusively in adolescents. "e 
block procedure is the same as in adults.

Specific Adverse Effects and Complications
Specific complications are the same as those reported in adults 
but with a lower incidence and severity.102,117

Spinal Anesthesia

Anatomy and Physiology
"e spinal cord and dural sac of infants younger than 1 year of 
age end at a lower level than in older patients (see “Caudal 
Anesthesia,” earlier). Also, the volume of CSF varies considerably 
according to patient’s age, from more than 10 mL/kg in neonates, 
to 4 mL/kg in infants weighing less than 15 kg, to 3 mL/kg in 
children, to 1.5 to 2.0 mL/kg in adolescents and adults. "e 
spinal/cerebral distribution of CSF also varies with age: Half the 
CSF volume is located within the spinal subarachnoid space 
versus only 25% in adults. "is has considerable pharmacokinetic 
consequences and explains why larger doses of local anesthetics 
are required for spinal anesthesia in infants and young children.

CSF hydrostatic pressure is lower in infants in the dorsal 
recumbent position183 and further decreased during general 
anesthesia. In performing a spinal block, the progression of the 
needle must be slow to detect CSF reflux before the needle had 
been advanced farther.

Children older than 5 years of age behave like adults a#er 
spinal anesthesia, whereas younger patients remain hemodynam-
ically stable, without significant hypotension or bradycardia,184 
even in case of cardiac malformations.185 However, a decrease in 
mean arterial pressure during the first 10 minutes a#er injection 
of 0.8 mg/kg of 0.5% bupivacaine was reported in infants aged 1.5 
to 5 months.186 "is decrease was time limited, well tolerated, and 
rapidly corrected by IV fluids. Similar results with concomitant 
decrease in cerebral blood flow were reported in former preterm 
infants of 41 weeks of postconceptual age.187

Indications and Contraindications
Spinal anesthesia has limited indications in pediatric patients. 
One of these is inguinal hernia repair in former preterm infants 
younger than 60 weeks of postconceptual age188,189 who are prone 
to develop postoperative apnea a#er general anesthesia or even 
light sedation.190 However, even a#er pure spinal anesthesia, 
apneas may occur postoperatively (as they may preoperatively) 
and it is prudent to keep at-risk infants hospitalized. Other  
indications are scarce, mainly for elective lower abdominal or 
lower extremity surgery191-193 and, occasionally, for cardiac surgery 
or cardiac catheterization,194,195 but these indications are 
controversial.

Technique
"e technique of spinal anesthesia is that of lumbar puncture. It 
can be performed with the patient in the lateral decubitus posi-
tion or sitting.

Currently, hyperbaric tetracaine and bupivacaine are the 
most commonly used local anesthetics.196 Isobaric bupivacaine 
can be used instead.191 Ropivacaine197 and levobupivacaine198 
may become the standard of the future but are not currently 
approved for spinal administration in pediatric patients. Usual 
doses are given in Table 81-10 for infants and in Table 81-11 for 
children.

Adverse Effects and Complications
Spinal anesthesia is technically difficult in neonates and infants; 
the overall failure rate ranges from 10% to 25%.190,199 Short dura-

Table 81-10 Usual Doses of Local Anesthetics for Spinal Anesthesia in 
Neonates and Former Preterm Neonates Younger than 60 Weeks of 
Preconceptual Age (up to a Weight of 5 kg)

Local Anesthetic
Dose  
(mg/kg)

Volume 
(mL/kg)

Duration 
(min)

Tetracaine 1% 0.4-1.0 0.04-0.1 60-75

Tetracaine 1% with 
epinephrine

0.4-1.0 0.04-0.1 90-120

Bupivacaine 0.5% isobaric 
or hyperbaric

0.5-1.0 0.1-0.2 65-75

Levobupivacaine 0.5% 1.0 0.2 75-88

Ropivacaine 0.5% 1.08 0.22 51-68
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tion of blockade and lack of residual analgesia are important 
limitations: Alternative (awake caudal anesthesia) or complemen-
tary techniques (ilioinguinal/iliohypogastric block) are o!en con-
templated. Postdural puncture headache is rare in children 
younger than 8 years of age but not exceptional, and its incidence 
may be increased with use of pencil-point spinal needles.200 All 
complications reported a!er lumbar epidural blockade can occur 
a!er spinal anesthesia.

Upper Extremity  
Conduction Blocks

Anatomic Considerations

Nerve supply to the upper extremity depends mainly on the bra-
chial plexus formed by the union of the ventral rami of the fi!h 
cervical to the first thoracic spinal nerves within the interscalene 
space. As in adults, brachial plexus nerve fibers redistribute first 
to three trunks (within the interscalene space), then to three divi-
sions at the level of the clavicle under which they lie, then to three 
cords surrounding the axillary artery before splitting into  
terminal nerves in the axilla. Because of this complicated redis-
tribution of nerve fibers, distribution of anesthesia varies consid-
erably depending on the level at which the local anesthetic is 
injected.

"e most important anatomic difference between infants 
and adults pertains to the upper part of the lung and apical pleura 
that penetrates the neck, above the plane formed by the clavicle 
and first rib (superior thoracic aperture). Subclavian vessels and 
the lower division of the plexus are impacted in the apical pleura, 
thus making any peri-subclavian approach at major risk of pleural 
penetration. "e concept of peri-neurovascular sheath has been 
challenged in spite of strong embryological and anatomical evi-
dences, but it received additional confirmation in a recent radio-
logical study, and even the volume of the “axillary tunnel” could 
be precisely measured (5.1 to 9.5 mL in adults).201

Ultrasound imaging allows precise localization of the pari-
etal pleura and subclavian/axillary vessels, thus improving the 
safety of supraclavicular as well as infraclavicular approaches, 
provided the tip of the block needle can be continuously seen 
during the procedure.

Indications and Contraindications

Indications for brachial plexus blocks include emergency as well 
as elective surgery of the upper extremity in conscious or anes-
thetized children.202-205 "ese blocks are particularly useful for 
outpatient surgery and elicit a high degree of patient satisfaction. 
Axillary blocks are considered first, especially when the lesions 
involve the forearm and the hand, because they are virtually free 
of complications. Infraclavicular paracoracoid approaches are 
being increasingly used with the development of ultrasound guid-
ance: "e technique is easy and provides complete blockade of 
the upper extremity; catheter placement is easier and more com-
fortable than at axillary levels; catheter immobilization and pro-
tection against accidental removal are also easier.

Supraclavicular blocks are recommended when the lesion 
(or a tourniquet) is located on the proximal part of the arm, 
including the elbow. Peri-subclavian approaches should not be 
used in infants owing to the proximity of the apical pleura, even 
with the help of ultrasound imaging. Finally, the safest techniques 
are the parascalene and the modified interscalene approach (the 
tip of the block needle is placed virtually at the same place in the 
interscalene space with both techniques).

Distal nerve blocks are used either as complementary 
blocks when distribution of anesthesia is incomplete a!er a more 
proximal block or for distal lesions (surgery involving one finger 
only).

Brachial Plexus Blocks below the Clavicle

Axillary Blocks
Axillary block is the most common approach to the brachial 
plexus in pediatric patients, aiming to contact the cords and ter-
minal nerves of the plexus in the axilla. "e child is placed in the 
supine position202 with the ipsilateral arm both supinated and 
abducted by 90 degrees. Depending on the technique used to 
identify the position of the nerves, muscle twitches (with neuro-
stimulation) are elicited in the forearm and hand or the needle 
tip is visualized along the axillary artery, close to one of the three 
main cords (preferably the posterior one) and, o!en, close to the 
coracoid process of the scapula.

A most useful variant of this technique is the transcoraco-
brachialis approach.202 "e block needle is introduced posteriorly 
at the crossing of the coracobrachialis muscle with the lower 
border of the pectoralis major muscle (Fig. 81-7). "e needle is 
advanced posteriorly toward the medial border of the humerus 
through the upper and lateral part of the coracobrachialis muscle 
(within which runs the musculocutaneous muscle).

With neurostimulation, the musculocutaneous nerve is 
usually the first nerve encountered (it will be preferably blocked 
on removal of the needle); the needle is moved deeper until it 
crosses the perineurovascular sheath201 and elicits twitches in the 
muscles of the hand and forearm. At this level the cords have split 
into terminal nerves and the median nerve is usually contacted 
first: the local anesthetic is then injected and the needle is removed 
while a small volume (0.1 mL/kg up to 5 mL) is injected close to 
the musculocutaneous nerve. "ere is no need to try to locate 
each nerve and perform multiple injections.206

With ultrasound guidance, a high-frequency probe is 
placed perpendicular to the major axis of the arm (“short axis” 

Table 81-11 Usual Doses of Local Anesthetics for Spinal Anesthesia in 
Children and Adolescents

Local Anesthetic Usual Dose(s)

0.5% Isobaric or hyperbaric 
bupivacaine

5 to 15 kg: 0.4 mg/kg (0.08 mL/kg)
>15 kg: 0.3 mg/kg (0.06 mL/kg)

0.5% Isobaric or hyperbaric tetracaine 5 to 15 kg: 0.4 mg/kg (0.08 mL/kg)
>15 kg: 0.3 mg/kg (0.06 mL/kg)

0.5% Isobaric levobupivacaine 5 to 15 kg: 0.4 mg/kg (0.08 mL/kg)
15-40 kg: 0.3 mg/kg (0.06 mL/kg)
>40 kg: 0.25 mg/kg (0.05 mL/kg)

0.5% Isobaric ropivacaine 0.5 mg/kg (max 20 mg)
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1.8 mg/kg intramuscularly in children older than 1 year; these 
effects were more dependable with deltoid than with quadriceps 
muscle injection.92 "is onset time is similar to that produced 
with intramuscular succinylcholine; however, the duration of 
action is approximately 1 hour, which could be a distinct disad-
vantage for a brief procedure. "e onset of neuromuscular block-
ade with intravenous rocuronium (1.2 mg/kg) is also nearly the 
same as and intubation conditions are identical to those produced 
with intravenous succinylcholine (1.5 mg/kg).91 I have used this 
intravenous rocuronium dose with thiopental (5 to 6 mg/kg) for 
rapid-sequence induction a#er preoxygenation in children in 
whom succinylcholine might present an added risk. Even better 
intubating conditions are achieved with the administration of 
lidocaine (1 mg/kg) and propofol (3.0 mg/kg) instead of thiopen-
tal just before rocuronium. Most children can be intubated at 45 
seconds. "e disadvantage is that the duration of action is 60 to 
90 minutes, thus limiting its usefulness to either long procedures 
or accepting the fact that prolonged neuromuscular blockade is 
more desirable than the potential risk from but the shorter dura-
tion of succinylcholine. Conversely, at low doses of rocuronium 
(0.3 mg/kg), satisfactory conditions for intubation occur at about 
3 minutes when combined with an inhaled drug, but successful 
reversal can usually be achieved within 15 to 20 minutes.

Table 82-4 provides commonly recommended guidelines 
for dosages. Because of the extreme variability in response, the 
doses of long-acting muscle relaxants used for infants should be 
titrated carefully, starting with one third to one half of the usual 
dose administered to older children. I recommend antagonism of 
neuromuscular blockade in all neonates and small infants, even 
if they have recovered clinically, because any increase in the work 
of breathing may cause fatigue and respiratory failure. Useful 
signs of reversal are the ability to li# the legs and arms and  
recovery of the train-of-four response to peripheral nerve 
stimulation.

Sugammadex
Sugammadex is a cyclodextrin whose endoskeleton forms a 
water-soluble complex with the exoskeleton of rocuronium; it was 
specifically designed to antagonize the effects of rocuronium (also 

see Chapter 29).93-95 "e purported advantage of this reversal 
agent is that antagonism occurs as a result of covalent bonding, 
and because sugammadex is made of sugars, the potential for 
adverse side effects would appear to be minimal.94,96,97 "is agent 
will also reverse the other steroidal relaxants vecuronium and 
pancuronium to a lesser extent. "e mechanism of reversal is 
lowering of the plasma concentration and thus reversing the  
concentration gradient and pulling the rocuronium off the 
myoneural junction.94,98,99 Data suggest more rapid antagonism 
than with neostigmine/atropine.100 "e importance of this new 
approach to antagonism of neuromuscular blockade is the ability 
to avoid all the side effects of neostigmine and anticholinergic 
medications, as well as the ability to antagonize profound neu-
romuscular blockade. "is very exciting development could vir-
tually eliminate the need for succinylcholine in pediatric practice, 
except perhaps for intramuscular use in children without intra-
venous access. Even in this circumstance, intramuscular rocuro-
nium would be antagonized by sugammadex, provided that 
adequate doses are administered. Certainly, the adult data are 
very promising, and if it has a minimal adverse event profile, 
sugammadex may completely change our approach to anesthesia 
in children.

Anesthetic Considerations

Preoperative Preparation

"e preoperative visit and preparation of the child for surgery are 
more important than the choice of premedication.101 During this 
time the anesthesiologist evaluates the medical condition of the 
child, the needs of the planned surgical procedure, and the psy-
chological makeup of the child and family. "e anesthesiologist 
also formulates the approach to induction of anesthesia, explains 
the possibilities regarding induction, and helps soothe family 
concerns. Because the anxiety felt by the parents may be trans-
ferred to the child, any practice that reduces anxiety in the parents 
may also reduce anxiety in the child. "erefore, the anesthesiolo-

Table 82-4 Commonly Used Muscle Relaxants and Reversal Agents in Pediatrics

Drug Average Intubation Dose (mg/kg) Category Approximate Duration

Muscle Relaxants*

Pancuronium 0.1 Long acting ∼45-60 min

Cisatracurium 0.1 Intermediate acting ∼30 min

Vecuronium 0.1 Intermediate acting ∼30 min

Rocuronium Dose related:
0.3  Short acting ∼15-20 min
0.6  Intermediate acting ∼30-45 min
1.2  Long acting ∼45-75 min

Reversal Agents†

Edrophonium 0.3-1.0 mg/kg + atropine, 0.02 mg/kg

Neostigmine 0.02-0.06 mg/kg + atropine, 0.02 mg/kg

*The response of preterm and term neonates (who may be more sensitive to the drugs) to muscle relaxants varies greatly from patient to patient. Therefore, all doses 
should be titrated to response. The recommended intubation doses may be reduced 30% to 50% in the presence of a potent inhaled agent.
†The dose of reversal agent given to antagonize nondepolarizing neuromuscular blockade should be determined by the degree of residual neuromuscular blockade (i.e., 
the dose should be titrated to clinical effect). Pediatric Anesthesia 2575 82
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Premedication

!e many published reports on premedication have produced 
approximately the same results: Almost all sedatives are  
effective. !e important issue is effectiveness for individual 
anesthesiologists at their own institutions. !e need for premedi-
cation must be individualized according to the underlying  
medical conditions, the length of surgery, the desired induction 
of anesthesia, and the psychological makeup of the child and 
family. Premedication is not normally necessary for the usual 6-
month-old infant but is warranted for a 10- to 12-month-old who 
is afraid to be separated from parents. Oral midazolam is the most 
commonly administered premedication in the United States. An 
oral dose of 0.25 to 0.33 mg/kg (maximum, 20 mg) generally 
results in a very compliant child who will separate from parents 
without crying.51 A review of previous anesthetic records is par-
ticularly helpful in ascertaining how the child has responded in 
the past.

Premedications may be administered orally, intramuscu-
larly, intravenously, rectally, sublingually, or nasally. Although 
most of these routes are effective and reliable, each has draw-
backs. Oral or sublingual premedication does not hurt but may 
have a slow onset or be spit out; drug taste and child cooperation 
are the main determinants of success. Intramuscular medications 
hurt and may result in a sterile abscess. Intravenous medications 
may be painful during injection or at the start of infusion. Rectal 
medications sometimes make the child feel uncomfortable, cause 
defecation, and occasionally burn. Nasal medications can be  
irritating, although absorption is rapid. Midrange doses of intra-
muscular ketamine (2 to 4 mg/kg) combined with atropine 
(0.02 mg/kg) and midazolam (0.05 mg/kg), or oral ketamine (4 to 
6 mg/kg) combined with atropine (0.02 mg/kg) and midazolam 
(0.5 mg/kg, maximum of 20 mg), will result in a deeply sedated 
child.103 !is combination is generally reserved for children who 
refuse oral premedication or those in whom lighter premedica-
tion regimens have failed in the past. Higher doses of intramus-
cular ketamine (up to 10 mg/kg) combined with atropine and 
midazolam may be administered to children with anticipated  
difficult venous access or in whom an intravenous line is neces-
sary for induction (e.g., infants with congenital heart disease) to 
provide better conditions for insertion of an intravenous line.

Anticholinergic drugs are not routinely administered intra-
muscularly to children because they are painful on administra-
tion and do not significantly reduce laryngeal reflexes during 
induction of anesthesia. On the other hand, atropine (0.02 mg/kg) 
administered orally or intramuscularly less than 45 minutes 
before induction does reduce the incidence of hypotension during 

induction with potent inhaled anesthetics, but only in infants 
younger than 6 months.104

The Child with an Upper Respiratory  
Tract Infection

A child with a URI is a major concern for the anesthesiologist 
because the anesthetic implications can be quite important. 
Unfortunately, data regarding URIs and the anesthetic implica-
tions are difficult to place in perspective because complications 
are not particularly common and the definition of what a URI 
consists of has varied from study to study. !e decision whether 
to proceed with surgery and anesthesia is dependent on a number 
of factors. !e URI may represent a prodrome of a much more 
serious illness, or it may simply be the usual viral infection so 
common in children, particularly in the wintertime. It is likely 
that a child with a URI has an irritable airway and is at increased 
risk for laryngospasm, bronchospasm, postintubation croup, atel-
ectasis, pneumonia, and episodes of desaturation. Several studies 
have found an increased incidence of airway-related problems in 
children who are passively exposed to tobacco smoke.105-107 !ese 
complications can be reduced by avoiding endotracheal intuba-
tion or using a supraglottic device such as an LMA. However, the 
incidence of adverse airway-related events is not reduced by the 
administration of anticholinergics or bronchodilators.108,109 
Because bronchial hyperreactivity may last for up to 6 weeks a$er 
a URI, cancellation will make a difference only if surgery is 
delayed for this amount of time or longer.110,111 It is also known 
that there is virtually the same incidence of airway-associated 
complications in children who are recovering from a URI as for 
those in the acute phases of a URI.105,111,112 !e approach that I 
take with these children is rather commonsense. If the child is 
acutely ill and obviously getting worse, the case is canceled. If the 
child has rhonchi and a productive cough, the case is canceled. If 
the child is stable and afebrile and has had the URI for several 
days, I usually proceed. My main concern is with a child who is 
going to have a very long procedure or will be admitted to the 
hospital postoperatively, which may in turn result in exposure of 
other hospitalized children who may be immunocompromised. 
When faced with this dilemma for a child who will be going home 
postoperatively, I inform the family and the surgeon of the 
increased risks, and they generally end up making the decision 
to proceed. It is my feeling that we have the tools to successfully 
manage the reasonably common complications. We have oxygen 
to treat hypoxemia, we have albuterol and inhaled anesthetics to 
treat bronchospasm, we have muscle relaxants to treat laryngo-
spasm, and we can usually find a way to avoid intubation for 
simple procedures. Cancellation of a procedure at the last minute 
is unfair to the family and upsets the operating room schedule. 
On the other hand, one should not place the child at risk merely 
for economic or social concerns. !e best way of avoiding last-
minute cancellations is a phone call by nursing staff the day before 
to inquire about the child’s health. If the child has a URI, the 
anesthesiologist can call the family and take a history to deter-
mine how best to proceed. In this way wasted trips to the hospital 
are avoided and the father or mother, or both, do not take a day 
off work unnecessarily. Physicians are really le$ to their own best 
clinical judgment for an individual child on a particular day 
undergoing a specific procedure. If the decision is made to 

Table 82-5 Fasting Guidelines for Pediatric Patients

Fasting Time (hr)*

Age Milk and Solids Clear Liquids

<6 months 4 2

6-36 months 6 3

>36 months 8 3

*Note that the American Society of Anesthesiologists guideline allows a “light 
breakfast” (tea and plain toast) 6 hours before anesthesia; however, it is difficult to 
determine what a “light breakfast” is for a child.
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of the endotracheal tube in the midline just posterior to the epi-
glottis. One can then listen for breath sounds exiting from the 
end of the endotracheal tube, and once good air exchange is 
heard, the endotracheal tube is advanced off the stylet (not 
inserted with the stylet) (Fig. 82-13). "is technique allows 
advancement of the endotracheal tube at an acute angle without 
causing trauma to anatomic structures. If the child is not breath-
ing spontaneously, this advantage may be lost. Spontaneous res-
piration with a facemask designed to allow fiberoptic intubation 
is another approach. Having a skilled assistant pull the tongue 
forward out of the mouth with a dry gauze or plastic retractor 
will also aid visualization of the glottic opening. Fiberoptic intu-
bation through an LMA requires the use of two endotracheal 
tubes threaded on the fiberoptic scope (the second to hold the 
first in position while removing the LMA). "e LMA is perhaps 
the most important adjunct to airway management because it can 

establish a patent airway before the airway is secured more defini-
tively with an endotracheal tube or a cricothyrotomy (Table 
82-8). In neonates with difficult airways such as those with Gold-
enhar, Treacher-Collins, or Pierre Robin syndrome, awake topi-
calization of the airway with lidocaine (1% nebulized to avoid 
excessive doses) followed by placement of an LMA is very helpful 
in guiding awake/sedated fiberoptic intubation. A skilled assistant 
who can hold the head in proper position and assist with the dif-
ficult airway is critical to the success of most of these approaches 
to a difficult airway. It should be noted that in children the ProSeal 
LMA will allow ventilation at significantly higher peak infla-
tion pressures (∼25 cm H2O) than possible with the classic 
LMA (∼15 cm H2O); thus, this device may be preferable in a 
difficult airway situation, especially since the stomach can be 
suctioned.113

If the child should progress to a “cannot ventilate, cannot 
intubate” situation, one must immediately establish a surgical 
airway. It is vital to properly position the child with a roll of towels 
under the shoulders to force the larynx anteriorly so that the best 
access to the larynx is provided. It is also important to have a 
variety of cricothyrotomy devices available, because some are 
appropriate for infants, whereas others are appropriate only for 
older children and teenagers. Devices appropriate for older chil-
dren include some using the Seldinger technique (cricothyroid 
puncture, passing a guidewire, skin incision, then passing a 
dilator/catheter over the wire) (e.g., Arndt and Melker kits, Cook 
Critical Care, Inc., Bloomington IN) or use of an armored  
transtracheal catheter (Cook Critical Care). "e simplest crico-
thyrotomy devices that can be used in children of all ages, includ-
ing infants, is an intravenous catheter, which can then be 
interfaced with the 15-mm connector of a 3-mm internal diame-
ter (ID) endotracheal tube.114 Alternatively, a preformed device 
designed exactly like an intravenous catheter but with a built-in 
15-mm connector is available. "is device comes in three sizes 
(18, 14, and 13 gauge) and also has a Luer-Lok connection to 
allow transtracheal jet ventilation (Fig. 82-14) (Ventilation-
Catheter, VBM Medical, Noblesville, IN). Other emergency 
airway devices include a stiletted endotracheal tube changer 
(used as a bougie) that has both 15-mm and Luer-Lok adapters 
(Cook, Inc., Bloomington, IN) (Fig. 82-15). A simple method for 
administering oxygen to the Luer-Lok without the high pressure 
of a jet ventilator is to use standard oxygen tubing with a hole cut 
in the side; occlusion and unocclusion of the hole will direct 
oxygen (1 to 5 L/min) through the catheter. Note that whenever 

Figure 82-13 In patients with midfacial hypoplasia or those in a cervical 
collar, it is necessary to make a nearly 90-degree bend around the base of 
the tongue to enter the larynx. If one inserts a stylet into an endotracheal 
tube with a 90-degree bend (A), listens for breath sounds emerging from the 
proximal end of the endotracheal tube, and then when good breath sounds 
are heard, threads the endotracheal tube off the stylet (not advancing the 
stylet), the tube will make the bend around the base of the tongue and pass 
into the trachea (B).

A

B

Table 82-8 Laryngeal Mask Size versus Patient Weight*

Laryngeal Mask Size Patient Weight

1 ≤5 kg

1.5 5-10 kg

2 10-20 kg

2.5 20-30 kg

3 30-50 kg

4 50-70 kg

5 70-100 kg

6 >100 kg

*Manufacturer’s recommendations (LMA North America).
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to permit laryngoscopy and endotracheal intubation. Because a 
sevoflurane vaporizer allows only 2.5 to 3 MAC concentrations 
to be delivered whereas a halothane vaporizer allows 5 to 6 MAC 
concentrations, halothane would be my drug of choice in this 
circumstance (if available). In addition, the slower excretion of 
halothane than of sevoflurane would also provide better condi-
tions for airway manipulation for a longer time. !e issue of  
a full stomach is secondary to the airway problem; rapid induc-
tion of anesthesia is contraindicated in these children. A child 
with laryngotracheobronchitis or epiglottitis usually requires an 
uncuffed endotracheal tube that is 0.5 to 1.0 mm (ID) smaller 
than normal; use of a stylet facilitates its insertion. Management 
of a difficult airway is also discussed in Chapter 50.

Intravenous Fluid and Transfusion Therapy

Intravenous Fluids
!e approach to intravenous fluid therapy in children must con-
sider their high metabolic demands and high ratio of body surface 
area to weight (also see Chapters 54 and 55). !e basis for calcu-
lating maintenance fluids derives from data by Holliday and 
Segar,115 who found that daily fluid requirements depend directly 
on metabolic demand—specifically, that 100 mL of water is 
required for each 100 calories of expended energy. Relating this 
to weight produces hourly fluid requirements of 4 mL/kg for chil-
dren up to 10 kg, an additional 2 mL/kg for each kilogram above 
10 kg up to 20 kg, and an additional 1 mL/kg for each kilogram 
above 20 kg (Table 82-9). !us, a 25-kg child would require 
65 mL/hr—that is, (10 × 4) + (10 × 2) + (5 × 1) = 65 mL. !is 
amount does not include fluid deficits, third-space losses, modi-
fications because of hypothermia or hyperthermia, or require-
ments caused by unusual metabolic demands. In general, deficits 
caused by restriction of food and fluids are calculated by multi-
plying the hourly maintenance rate by the number of hours of 
restriction; 50% of the resulting deficit is replaced in the first hour 
and 25% in each of the next 2 hours. !ird-space losses are 

replenished according to the surgical procedure and may vary 
from 1 mL/kg/hr for a minor surgical procedure to as much as 
15 mL/kg/hr for major abdominal procedures (e.g., surgical 
repair of gastroschisis).

!e composition of the intravenous fluid is also a concern. 
Because greater hypoxic brain damage was found to occur in 
animals with high blood glucose levels, we no longer recommend 
routine use of glucose-containing solutions, especially for brief 
operative procedures. However, a concern about unrecognized 
hypoglycemia was the motivating factor regarding the routine use 
of glucose-containing solutions in children, particularly those 
who have not had food or fluids for a longer than usual time or 
those who have diminished glycogen stores. Data are inadequate 
to eliminate glucose completely because the relevance of the 
animal data is not clear and the true incidence of hypoglycemia 
is not known in all populations of food-restricted children. !is 
issue is further complicated by the fact that different values are 
used to define hypoglycemia, depending on the child’s age.

Despite limited data, a balanced salt solution (e.g., lactated 
Ringer’s solution) should be used for all deficits and third-space 
losses. If a child is thought to be at risk for hypoglycemia, 5% 
dextrose in 0.45% normal saline should be administered by “pig-
gyback” infusion at maintenance rates. !is minimizes the chance 
of a bolus administration of glucose and satisfies the concern for 
unrecognized hypoglycemia or accidental hyperglycemia. !e 
routine use of 5% dextrose or 5% dextrose in 0.45% normal saline 
as the initial replacement for fluid deficit, third-space losses, and 
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Figure 82-17 When a child has upper 
airway obstruction caused by 
laryngospasm (A) or mechanical 
obstruction (B), application of 
approximately 10-15 cm H2O of positive 
end-expiratory pressure (PEEP) (arrows) 
during spontaneous breathing often 
relieves the obstruction. That is, PEEP helps 
keep the vocal cords apart (A) and the 
airway open (B, broken lines). If this simple 
maneuver does not relieve the obstruction, 
more vigorous positive-pressure ventilation 
may be necessary. Airway obstruction 
caused by the tongue requires insertion of 
an appropriately sized oral airway.

Table 82-9 Calculation of Maintenance Fluid Requirements for 
Pediatric Patients

Weight (kg) Hourly Fluid Requirements (mL)

<10 4 mL/kg

11-20 40 mL + 2 mL/kg for each kilogram above 10

>20 60 mL + 1 mL/kg for each kilogram above 20
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Table 83-2 Classification of Congenital Heart Defects

Physiologic Classification Pulmonary Blood Flow Comments

Left-to-right shunts
 VSD ↑ Volume-overloaded ventricle
 ASD Development of CHF
 PDA
 AV canal

Right-to-left shunts
 Tetralogy of Fallot ↓ Pressure-overloaded ventricle
 Pulmonary atresia/VSD Cyanotic
 Eisenmenger complex Hypoxemia

Mixing lesions
 Transposition/VSD Generally ↓ but variable ! !Qp Qs Variable pressure versus volume loaded

 Tricuspid atresia Usually cyanotic
 Anomalous venous return
 Univentricular heart

Obstructive lesions
 Interrupted aortic arch Ventricular dysfunction
 Critical aortic stenosis Pressure-overloaded ventricle
 Critical pulmonic stenosis Ductal dependence
 Hypoplastic left heart syndrome
 Coarctation of the aorta
 Mitral stenosis

Regurgitant lesions
 Ebstein’s anomaly Volume-overloaded ventricle

Other secondary causes Development of CHF

ASD, atrial septal defect; AV canal, atrioventricular canal; CHF, congestive heart failure; PDA, patent ductus arteriosus; !Qp , pulmonary blood flow; !Qs , systemic blood 
flow; VSD, ventricular septal defect.

of three pathophysiologic states: ventricular volume overload, 
ventricular pressure overload, or hypoxemia. Ultimately, these 
pathophysiologic conditions can result in myocardial failure or 
pulmonary vascular disease. Medical and surgical perioperative 
management strategies should be focused on minimizing the 
pathophysiologic consequences of these lesions.

Shunt Lesions
Shunts are intracardiac connections between chambers or extra-
cardiac connections between a systemic and pulmonary artery; 
examples are an atrial septal defect (ASD), a VSD, and a PDA. !e 
direction of blood flow through the shunt is dependent on the 
relative resistances on either side of the shunt and on the size of 
the shunt orifice.22 With a nonrestrictive VSD or PDA that does 
not impede blood flowing freely in each direction, the main deter-
minant of blood flow is the resistance of the pulmonary and sys-
temic vascular beds. !e direction and magnitude of shunt at the 
atrial level are governed by the relative differences in ventricular 
compliance and respective atrioventricular (AV) valve function. 
!e effect that a shunt lesion has on the cardiovascular system 
depends on its size and direction, either right-to-le# or le#-to-
right. Le#-to-right shunts occur when the PVR is lower than the 
SVR and blood flow is preferentially directed toward the lungs, 
resulting in increased PBF.

In patients with large le#-to-right shunts and low PVR, a 
substantial increase in PBF can occur. !is results in three patho-
physiologic problems: (1) congestion of the pulmonary circula-
tion; (2) volume overload with resulting increased cardiac work 

for the LV, which is required to increase stroke volume and heart 
rate to ensure adequate systemic perfusion; and (3) excessive PBF, 
resulting in progressive elevation in PVR. Volume overload causes 
ventricular dilation that places the heart at a mechanical and 
physiologic disadvantage, resulting in reduced diastolic compli-
ance. !ese diastolic changes lead to engorgement of the respec-
tive venous beds, which produces the signs and symptoms of 
clinical congestive heart failure early in the natural history of 
volume-overload condition. !e demand for increased cardiac 
output placed on the LV is limited in the infant by virtue of its 
immature structure, so that large le#-to-right shunts may outstrip 
the capacity of the le# side of the heart to maintain adequate 
systemic perfusion, and congestive heart failure will result. Surgi-
cal closure of a hemodynamically significant VSD usually pro-
vides immediate benefit by dramatically lowering le# ventricular 
volume output demands.

Occasionally, the sudden increase in wall stress imposed on 
a dilated ventricle that must now pump solely against SVR can 
produce worsening ventricular failure during the early postopera-
tive period a#er eliminating the low resistance “popoff” into the 
pulmonary circulation. If the le#-to-right shunt is not repaired, 
prolonged exposure to increased PBF results in progressive eleva-
tions in PVR. Fixed changes in pulmonary arterioles may occur, 
leading to pulmonary vascular obstructive disease. Table 83-2 lists 
common le#-to-right shunt lesions.

Right-to-le# shunts occur when pulmonary vascular or 
right ventricular outflow tract resistance exceeds SVR, thereby 
reducing PBF. !e systemic circulation receives an admixture of 
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Table 83-6 Common Perioperative Cardiovascular Medications and Considerations

Cardiac Drug Class Interactions Considerations

Angiotensin-converting enzyme inhibitors Hypotension with induction of general anesthesia Consider withholding AM dose, or reducing dosage, in 
hypotensive patients; avoid fixed dose induction 
regimens with drugs having a profound vagomimetic 
effect

β-Blockers Acute withdrawal can precipitate tachycardia 
and arrhythmias; can potentiate hypotension 
with volatile anesthesia; can decrease 
response to inotropic agents

Continue in the perioperative period

Calcium channel blockers May augment the negative inotropic and 
chronotropic effects of volatile anesthesia

Continue in the perioperative period

Diuretics Hypovolemia/hypokalemia; may augment effect 
of neuromuscular blocking agents

Discontinue preoperatively

Antiarrhythmics Can be proarrhythmic with inotropes, electrolyte 
disturbances; high catecholaminergic states; 
can interact with other antiarrhythmics and 
precipitate bradycardia

Avoid electrolyte imbalance
Avoid drugs that are proarrhythmic
Monitor carefully

α2-Agonists Reduces perioperative shivering, ischemia, 
anesthetic and analgesic requirements

Continue into the perioperative period with appropriate 
monitoring

with reduced repolarization reserve such as congestive cardiac 
failure or digoxin toxicity can precipitate torsades de pointes. 
Drugs that may cause torsades in patients with congenital LQTS 
are shown in Table 83-7.

Laboratory evaluation should include analysis of hemo-
globin, hematocrit, pulse oximetry, and, in selected patients (e.g., 
those on diuretics or with renal impairment), serum electrolytes. 
An elevated hematocrit in a normovolemic child gives an indica-
tion of the magnitude and chronicity of their hypoxemia. Levels 
above 60% may predispose to capillary sludging and secondary 
end organ damage, including stroke. Despite these risks, liberal-
ized nothing-by-mouth guidelines that permit children to 
consume clear liquids up to 2 hours before anesthetic induction 
have virtually eliminated the need to admit these patients for 
preoperative intravenous hydration.49,50

Echocardiography with Doppler color flow imaging (echo-
Doppler) is an invaluable tool that provides a noninvasive means 
of assessing intracardiac anatomy, blood flow patterns, and esti-
mates of physiologic data.51 For many cardiac defects, more inva-
sive studies are generally not required if a good echocardiographic 
assessment is made. Echo-Doppler is especially helpful for defin-
ing intracardiac abnormalities. Extracardiac abnormalities, such 
as pulmonary artery or vein stenosis, are more difficult to define 
by echo-Doppler and o"en require cardiac catheterization. #e 
ability to interpret anatomy and physiology accurately requires a 
skilled echocardiographer, reaffirming the need for a well-inte-
grated interactive team. Although the complexities posed by 
extreme anatomic variation and changing loading conditions 
render intraoperative echo-Doppler challenging even for experi-
enced echocardiographers, the pediatric cardiac anesthesiologist 
should develop some familiarity with its capabilities and limita-
tions so as to participate in critical intraoperative management 
decisions.

Magnetic resonance imaging (MRI) of the heart and major 
vessels has become a very useful noninvasive imaging tool in 

Table 83-7 Drugs That May Cause Torsades de Pointes in Patients with 
Congenital Long QT Syndrome

Drug Category Drug Name

Antiarrhythmics Amiodarone
Procainamide
Disopyramide
Ibutilide
Quinidine
Sotalol

Antipsychotics Chlorpromazine
Haloperidol
Thioridazine
Mesoridazine

Antimicrobials Erythromycin
Clarithromycin

Miscellaneous Cisapride
Arsenic
Methadone
Droperidol
Domperidone
Dolasetron
Ondansetron
Glycopyrrolate

children with heart disease. Typically, MRI is used for segmental 
description of cardiac anomalies; evaluation of thoracic aortic 
anomalies; noninvasive detection and quantification of shunts, 
stenoses, and regurgitations; evaluation of conotruncal malfor-
mations and complex anomalies; identification of pulmonary and 



121

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013

A

Anesthesia for Pediatric Cardiac Surgery 2611 83

Sectio
n V

I 
Pediatric A

nesthesia

Table 83-6 Common Perioperative Cardiovascular Medications and Considerations

Cardiac Drug Class Interactions Considerations

Angiotensin-converting enzyme inhibitors Hypotension with induction of general anesthesia Consider withholding AM dose, or reducing dosage, in 
hypotensive patients; avoid fixed dose induction 
regimens with drugs having a profound vagomimetic 
effect

β-Blockers Acute withdrawal can precipitate tachycardia 
and arrhythmias; can potentiate hypotension 
with volatile anesthesia; can decrease 
response to inotropic agents

Continue in the perioperative period

Calcium channel blockers May augment the negative inotropic and 
chronotropic effects of volatile anesthesia

Continue in the perioperative period

Diuretics Hypovolemia/hypokalemia; may augment effect 
of neuromuscular blocking agents

Discontinue preoperatively

Antiarrhythmics Can be proarrhythmic with inotropes, electrolyte 
disturbances; high catecholaminergic states; 
can interact with other antiarrhythmics and 
precipitate bradycardia

Avoid electrolyte imbalance
Avoid drugs that are proarrhythmic
Monitor carefully

α2-Agonists Reduces perioperative shivering, ischemia, 
anesthetic and analgesic requirements

Continue into the perioperative period with appropriate 
monitoring

with reduced repolarization reserve such as congestive cardiac 
failure or digoxin toxicity can precipitate torsades de pointes. 
Drugs that may cause torsades in patients with congenital LQTS 
are shown in Table 83-7.

Laboratory evaluation should include analysis of hemo-
globin, hematocrit, pulse oximetry, and, in selected patients (e.g., 
those on diuretics or with renal impairment), serum electrolytes. 
An elevated hematocrit in a normovolemic child gives an indica-
tion of the magnitude and chronicity of their hypoxemia. Levels 
above 60% may predispose to capillary sludging and secondary 
end organ damage, including stroke. Despite these risks, liberal-
ized nothing-by-mouth guidelines that permit children to 
consume clear liquids up to 2 hours before anesthetic induction 
have virtually eliminated the need to admit these patients for 
preoperative intravenous hydration.49,50

Echocardiography with Doppler color flow imaging (echo-
Doppler) is an invaluable tool that provides a noninvasive means 
of assessing intracardiac anatomy, blood flow patterns, and esti-
mates of physiologic data.51 For many cardiac defects, more inva-
sive studies are generally not required if a good echocardiographic 
assessment is made. Echo-Doppler is especially helpful for defin-
ing intracardiac abnormalities. Extracardiac abnormalities, such 
as pulmonary artery or vein stenosis, are more difficult to define 
by echo-Doppler and o"en require cardiac catheterization. #e 
ability to interpret anatomy and physiology accurately requires a 
skilled echocardiographer, reaffirming the need for a well-inte-
grated interactive team. Although the complexities posed by 
extreme anatomic variation and changing loading conditions 
render intraoperative echo-Doppler challenging even for experi-
enced echocardiographers, the pediatric cardiac anesthesiologist 
should develop some familiarity with its capabilities and limita-
tions so as to participate in critical intraoperative management 
decisions.

Magnetic resonance imaging (MRI) of the heart and major 
vessels has become a very useful noninvasive imaging tool in 

Table 83-7 Drugs That May Cause Torsades de Pointes in Patients with 
Congenital Long QT Syndrome

Drug Category Drug Name

Antiarrhythmics Amiodarone
Procainamide
Disopyramide
Ibutilide
Quinidine
Sotalol

Antipsychotics Chlorpromazine
Haloperidol
Thioridazine
Mesoridazine

Antimicrobials Erythromycin
Clarithromycin

Miscellaneous Cisapride
Arsenic
Methadone
Droperidol
Domperidone
Dolasetron
Ondansetron
Glycopyrrolate

children with heart disease. Typically, MRI is used for segmental 
description of cardiac anomalies; evaluation of thoracic aortic 
anomalies; noninvasive detection and quantification of shunts, 
stenoses, and regurgitations; evaluation of conotruncal malfor-
mations and complex anomalies; identification of pulmonary and 
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is preferred. In older children and adolescents, a 20-gauge cathe-
ter may be substituted. Careful inspection, palpation, and four-
extremity noninvasive blood pressure determinations help ensure 
that previous or currently planned operative procedures (e.g., a 
previous radial artery cutdown, subclavian flap for coarctation 
repair, or Blalock-Taussig shunt) do not interfere with the selected 
site of arterial pressure monitoring. Other sites available for can-
nulation include the ulnar, femoral, axillary, and umbilical (in 
neonates) arteries. Cannulation of the posterior tibial or dorsalis 
pedis arteries is not usually sufficient for complex operative pro-
cedures. Peripheral arterial catheters, principally of the distal 
lower extremities, function poorly a"er CPB and do not reflect 
central aortic pressure when distal extremity temperature remains 
low.53

Myocardial and cerebral preservation is maintained prin-
cipally through hypothermia; therefore, the accurate and contin-
uous monitoring of body temperature is crucial. Rectal and 
nasopharyngeal temperatures are monitored because they reflect 
core temperature and brain temperature, respectively. Monitoring 
of esophageal temperature is a good reflection of cardiac and 
thoracic temperature. Tympanic probes, although a useful reflec-
tion of cerebral temperature, can cause tympanic membrane 
rupture.

Pulse oximetry and capnography provide instantaneous 
feedback concerning adequacy of ventilation and oxygenation. 
#ey are useful guides in ventilatory and hemodynamic adjust-
ments to optimize ! !Qp/Qs  before and a"er surgically created 
shunts and pulmonary artery bands. Peripheral vasoconstriction 
in patients undergoing deep hypothermia and circulatory arrest 

renders digital oxygen saturation probes less reliable. In the 
newborn, the use of a tongue sensor has been advocated to 
provide a more central measure of oxygen saturation, with less 
temperature-related variability.54

#e use of transthoracic (in the right or le" atrium, pulmo-
nary artery) or transvenous pulmonary artery catheters is deter-
mined on an individual basis based on the disease process, 
physiologic state, and surgical intervention. For example, in chil-
dren undergoing a Fontan procedure for tricuspid atresia or a 
univentricular heart, catheters in the Fontan pathway and the 
pulmonary venous atrium are especially useful. A"er a Fontan 
operation, PBF must occur without benefit of a ventricular 
pumping chamber. Subtle changes in preload, PVR, and pulmo-
nary venous pressure will influence PBF and thus systemic cardiac 
output. Data derived from systemic venous pressure and le" atrial 
pressure (LAP) help identify the relative importance of intravas-
cular volume (CVP), PVR (CVP-LAP gradient), or ventricular 
compliance (LAP), each of which requires a different therapeutic 
approach.

As a general guideline, a transvenous pulmonary artery 
catheter may be placed using the internal jugular approach in 
children weighing more than 7 kg. A 5.0-Fr catheter is used for 
children weighing between 7 and 25 kg, and a 7.0-Fr one is used 
for children weighing more than 25 kg. For infants weighing less 
than 7.0 kg, percutaneous placement of a pulmonary artery cath-
eter can be performed from the femoral vein. Occasionally, the 
latter technique will require fluoroscopy. #e use of intraoperative 
transthoracic monitoring lines and echo-Doppler limits the need 
for transvenous pulmonary artery catheters in most cases.

Special Monitoring

Intraoperative Echocardiography
Of the newer techniques available for monitoring patients during 
pediatric cardiovascular surgery, the most promising is echo-
Doppler imaging. Several reports have described the usefulness 
of intraoperative echo-Doppler imaging during congenital heart 
surgery.55-57 Two-dimensional echocardiography combined with 
pulsed-wave Doppler ultrasonography and color flow mapping is 
able to provide detailed morphologic as well as physiologic infor-
mation in the majority of operative cases. Using echo-Doppler in 
the operating room, anatomic and physiologic data can be 
obtained before CPB, thus refining the operative plans. Prebypass 
echo-Doppler precisely defines anesthetic and surgical manage-
ment.12,56 Because of the unrestricted epicardial and transesopha-
geal echocardiography (TEE) approaches in anesthetized patients, 
new findings are frequently discovered and management plans 
changed accordingly (Fig. 83-4).

Postbypass echo-Doppler evaluation is able to immediately 
assess the quality of the surgical repair as well as assess cardiac 
function by examining ventricular wall motion and systolic thick-
ening.12,56 #is technique can show residual structural defects 
a"er bypass, which can be immediately repaired in the same 
operative setting and avoids leaving the operating room with 
significant residual structural defects that will require reoperation 
at a later time (Fig. 83-5). By identifying patients with new right 
ventricular and le" ventricular contraction abnormalities a"er 
bypass, as determined by a change in wall motion or systolic 
thickening, echo-Doppler provides guidance for immediate phar-

Table 83-8 Monitoring of Organ Systems

Cardiopulmonary System
Esophageal stethoscope
Electrocardiogram

Standard seven-lead system, ST-T wave analysis, esophageal 
electrocardiographic lead

Pulse oximetry
Automated oscillatory blood pressure
Capnograph
Ventilator parameters
Indwelling arterial catheter
Central venous pressure catheter
Pulmonary artery catheter
Transthoracic pressure catheter

Left or right atrium, pulmonary artery
Echocardiography with Doppler color flow imaging

Epicardial or transesophageal

Central Nervous System
Peripheral nerve stimulator
Processed electroencephalography
Specialized

Cerebral blood flow—xenon clearance methodology
Cerebral metabolism—near-infrared spectroscopy, oxygen consumption 

measurements
Transcranial Doppler
Jugular venous bulb saturations

Temperature
Nasopharyngeal, rectal, esophageal, tympanic

Renal Function
Foley catheter
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variable levels of electrolytes, calcium, glucose, and lactate. Elec-
trolytes, glucose, and lactate levels may be quite high if the solu-
tion includes large amounts of banked blood or quite low if a 
minimal amount of banked blood is added. Calcium levels are 
generally very low in pediatric priming solutions; this may con-
tribute to the rapid slowing of the heart with the initiation of 
bypass.

!e main constituents of the priming solution include 
crystalloid, banked blood (to maintain a temperature-appropriate 
hematocrit), and colloid. Other supplements that may be added 
to the prime are mannitol, a buffer (sodium bicarbonate or tris-
hydroxymethylaminomethane [THAM]), and steroids. Many 
institutions add colloid or fresh frozen plasma to the pump prime 
in neonates and small infants or use whole blood in the priming 
solution. Low concentrations of plasma proteins have been shown 
experimentally to impair lymphatic flow and alter pulmonary 
function by increasing capillary leak.109 Although adding albumin 
to the pump prime has not been shown to alter outcome in adults 
during CPB, one study suggested that maintaining normal colloid 
osmotic pressure may improve survival in infants undergoing 
CPB.110,111

!e addition of fresh frozen plasma or whole blood (see 
Chapter 55) is an attempt to restore the level of procoagulants, 
which are severely diluted with CPB in infants. For neonates and 
infants, blood must be added to the priming solution. Most insti-
tutions use packed red blood cells, but some use whole blood. !e 
use of whole blood supplements both red blood cells and the 
coagulation factors with a single donor exposure. In fact, low-
volume bypass circuits may enable perfusionists and anesthesi-
ologists to share a single unit of whole blood, thereby limiting the 
donor exposure to one throughout the entire perioperative 
course.

!e addition of any blood products will cause a much 
higher glucose load in the priming solution. Hyperglycemia may 
increase the risk of neurologic injury if brain ischemia occurs. 
Mannitol is added to promote an osmotic diuresis and to scav-
enge oxygen free radicals from the circulation. Steroids are added 
to stabilize membranes to produce the theoretical advantage of 
reducing ion shi#s during periods of ischemia. Steroids, however, 
may raise glucose levels, and this may be detrimental if there is a 
period of cerebral ischemia. Steroids remain one of the more 
controversial additives in priming solutions.

Temperature
Hypothermic CPB is used to preserve organ function during 
cardiac surgery. !ree distinct methods of CPB are used: moder-
ate hypothermia (25°C to 32°C), deep hypothermia (18°C), and 
DHCA. !e choice of method of bypass is based on the required 
surgical conditions, patient size, the type of operation, and the 
potential physiologic impact on the patient.

Moderate hypothermic CPB is the principal method of 
bypass employed for older children and adolescents. In these 
patients, venous cannulas are less obtrusive and the heart can 
easily accommodate superior and inferior vena cava cannulation. 
Bicaval cannulation reduces right atrial blood return and improves 
the surgeon’s ability to visualize intracardiac anatomy. Moderate 
hypothermia may also be chosen for less demanding cardiac 
repairs in infants, such as an ASD or an uncomplicated VSD. 
Most surgeons are willing to cannulate the inferior and superior 
venae cavae in neonates and infants. In these patients, however, 
this approach is technically more difficult and likely to induce 

Table 83-10 Differences between Adult and Pediatric Cardiopulmonary Bypass

Parameter Adult Pediatric

Hypothermic temperature Rarely below 25-30°C Commonly 15-20°

Use of total circulatory arrest Rare Common

Pump prime
 Dilution effects on blood volume 25-33% 150-300%
 Additional additives in pediatric primes Blood, albumin

Perfusion pressures 50-80 mm Hg 20-50 mm Hg

Influence of α- vs. pH-stat management strategy Minimal at moderate hypothermia Marked at deep hypothermia

Measured PaCO2 differences 30-45 mm Hg 20-80 mm Hg

Glucose regulation
 Hypoglycemia Rare—requires significant hepatic injury Common—reduced hepatic glycogen stores
 Hyperglycemia Frequent—generally easily controlled with insulin Less common—rebound hypoglycemia may occur

Table 83-11 Central Nervous System Injury and Potential Modifiable 
Intraoperative Factors

Air or particulate embolus

Rate and depth of core cooling (if utilized)

Deep hypothermic circulatory arrest (if utilized)

Reperfusion injury and inflammation

Rate of core rewarming/hyperthermia

Hyperglycemia

Hyperoxia

pH management during cardiopulmonary bypass

Hematocrit management during cardiopulmonary bypass
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at 20 mL/kg/min in patients with a functional single ventricle, 
with long-term studies that are in the planning stages.132 A total 
of 77 patients were enrolled with similar survival to hospital dis-
charge (88%) and at 1-year follow-up (75%). No significant dif-
ference was seen in either the psychomotor development index 
or the mental development index scores between the two groups 
at any time points, although the scores tended to be lower in the 
regional cerebral perfusion group.

Glucose Regulation
A substantial amount of clinical and experimental data has shown 
conclusive evidence of the detrimental effects of hyperglycemia 
during complete, incomplete, and focal cerebral ischemia.133,134 
"e role of glucose in potentiating cerebral injury appears to rest 
on two factors: adenosine triphosphate (ATP) utilization and 
lactic acidosis.135,136 "e anaerobic metabolism of glucose requires 
phosphorylation and the expenditure of two molecules of ATP 
before ATP production can occur. "is initial ATP expenditure 
may result in a rapid depletion of ATP and may explain why 
hyperglycemia worsens neurologic injury. Lactic acidosis is also 
important in glucose-augmented cerebral injury. Its important 
role, however, may be as a glycolytic enzyme inhibitor. Lactate 
slows anaerobic ATP production by inhibiting glycolysis imme-
diately a#er ATP is consumed in the phosphorylation of 
glucose.137

A strong scientific argument can be made for the detrimen-
tal effects of hyperglycemia during ischemia, but there is very 
little evidence supporting a relationship between a worsening 
neurologic outcome and hyperglycemia during CPB or DHCA in 
children. Although a retrospective review of 34 children undergo-
ing DHCA suggested a worse neurologic outcome in the hyper-
glycemic children, the results were reported as a nonsignificant 
statistical trend.138 A review of acquired neurologic lesions in 
patients undergoing the Norwood stage I procedure for hypoplas-
tic le# heart syndrome suggested hyperglycemia as a significant 
associated finding in patients with extensive cerebral necrosis or 
intraventricular hemorrhage. A host of other potentially damag-
ing factors (e.g., periods of hypoxia, low diastolic and systolic 
pressure, thrombocytopenia) were statistically associated with the 
observed neuropathology.139 Because hyperglycemia accompa-
nies a generalized stress response, this literature failed to distin-
guish whether glucose directly contributes to neurologic injury 
or merely serves as a marker for a high-risk population that ulti-
mately suffers neurologic insult as a result of other factors.

Hypoglycemia is a frequent concern in neonates during the 
perioperative period. Reduced hepatic gluconeogenesis coupled 
with decreased glycogen stores places the newborn at increased 
risk for hypoglycemic events. In newborns with congenital heart 
disease, reduced systemic perfusion (e.g., critical coarctation, 
hypoplastic le# heart syndrome, critical aortic stenosis) may 
result in worsening hepatic biosynthesis, further impairing 
glucose production. "ese patients may be fully dependent on 
exogenous glucose; therefore, it is not uncommon for them to 
require 20% to 30% dextrose infusions to maintain euglycemia in 
the pre-bypass period. Older children are not immune to hypogly-
cemic events and are therefore susceptible to hypoglycemia-
induced neurologic injury. Patients with low cardiac output states 
(cardiomyopathies, pretransplant patients, critically ill postopera-
tive patients) requiring reoperation and when on substantial ino-
tropic support are at risk for reduced glycogen stores and 
intraoperative hypoglycemia.140

"e impact of hypoglycemia during CPB is further com-
plicated by the consequences of hypothermia, CO2 management, 
and other factors that may modify normal cerebrovascular 
responses during bypass. In a dog model, insulin-induced 
hypoglycemia to 30 mg/dL did not alter the electroencephalo-
graphic findings. However, a#er 10 minutes of hypocapnic 
hypoglycemia, the EEG became flat.141 When regional blood flow 
was examined in these animals, cortical and hippocampal blood 
flow remained normal whereas other regions of the brain had 
reduced flow. "e loss of electroencephalographic activity from 
hypoglycemia alone does not normally occur above glucose levels 
of 8 mg/dL.142

During deep hypothermic CPB and DHCA, CBF and 
metabolism are altered. "e additive effect of hypoglycemia, even 
if mild, may cause alterations in cerebral autoregulation and cul-
minate in increased cortical injury.139 "e common practice of 
using hyperventilation to reduce PVR in neonates and infants 
during weaning from CPB and in the early post-bypass period 
can further exacerbate hypoglycemic injury. Glucose monitoring 
and rigid maintenance of euglycemia are an important part of 
CPB management in the patient with congenital heart disease.

Renal Effects
A#er CPB, the combined effects of hypothermia, nonpulsatile 
perfusion, and reduced mean arterial pressure cause release of 
angiotensin, renin, catecholamines, and antidiuretic hormones.143-145 
"ese circulating hormones promote renal vasoconstriction and 
reduce renal blood flow. However, despite the negative impact of 
CPB on renal function, studies have been unable to link low-flow, 
low-pressure, nonpulsatile perfusion with postoperative renal 
dysfunction (Table 83-12).143 "e factors that best correlate with 
postoperative renal dysfunction are preoperative renal  
dysfunction and profound reductions in post-CPB cardiac  
output. Preoperative factors include primary renal disease,  

Table 83-12 Sequelae of Pediatric Cardiopulmonary Bypass

End-Organ Injury Etiology/Signs

Renal injury Organ immaturity, preexisting renal disease
Post-cardiopulmonary bypass low CO, use of DHCA
Renal dysfunction characterized by reduced GFR and 

ATN

Pulmonary injury Endothelial injury, increased capillary leak, 
complement activation, and leukocyte 
degranulation

Pulmonary dysfunction characterized by reduced 
compliance, reduced FRC, and increased A-a 
gradient

Cerebral injury  
after DHCA

Loss of autoregulation, suppressed metabolism and 
cerebral blood flow, cellular acidosis, and cerebral 
vasoparesis

CNS dysfunction characterized by seizures, reduced 
developmental quotients, choreoathetosis, learning 
disabilities, behavioral abnormalities

A-a, alveolar-arterial; ATN, acute tubular necrosis; CNS, central nervous system; 
CO, cardiac output; DHCA, deep hypothermic circulatory arrest; FRC, functional 
residual capacity; GFR, glomerular filtration rate.
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management, drug therapies, and postoperative management. 
Despite these advances patients may still require therapies for 
both acute and chronic heart failure that are refractory to medical 
therapy. Mechanical support in the form of ECMO or ventricular 
assist devices (VADs) may then need to be instituted. Examples 
of conditions that may require support include failure to wean 
from CPB, acute cardiac arrest, malignant arrhythmia, and wors-
ening myocardial function secondary to the underlying congeni-
tal defect or related to acquired cardiomyopathy. Fortunately, 
however, the numbers are small, with less than 2% of post-CPB 
patients requiring this intervention.270 Mechanical support can 
thus be used as a treatment option to allow for recovery of ven-
tricular function, as a bridge to transplant, or to support the heart 
in those with marginal functional reserve requiring invasive diag-
nostics or treatments (e.g., Williams’ syndrome with severe supra-
valvar pulmonary or aortic stenosis). As with any therapy, 
contraindications must be excluded before embarking on the use 
of a mechanical assist device. !ese contraindications may include 
extreme prematurity, severe and irreversible multiorgan failure, 
incurable malignancy, and preexisting neurologic devastation.270 
Anesthetic management in the use of ECMO is supportive with 
management limited to assistance in the resuscitative efforts and 
hemorrhage associated with the cardiac surgery that was ongoing 
at the time of conversion to ECMO. Once the patient is on full 
ECMO support, ventilation is continued but at a slower rate of 
ventilation in the order of 10 breaths/min with peak pressure of 
20 cm H2O with PEEP set at 5 to 10 cm H2O and F2 also 
decreased to about 40%. !ese settings will aid in the prevention 
of atelectasis with management of CO2 and O2 related to flow 
across the circuit membrane. !is is very different from the 
patient into whom a VAD is placed. Here the anesthesiologist 
continues to manage the patient as for routine CPB weaning. 
Obviously differences exist in this scenario. If a systemic VAD is 
placed, careful attention must be given to the ventricle pumping 
blood into the pulmonary bed because failure of this ventricle will 
have disastrous consequences. !us, management tailored to 
unload this pulmonary ventricle is vitally important and will 
include inodilators in the form of phosphodiesterase inhibitors, 
inotropic support, and possibly even inhaled nitric oxide to 
decrease PVR and promote forward flow. In association with the 
perfusionist, intravascular volume loading is assessed and main-
tained for effective functioning of the VAD and thus adequate 
offloading of the assisted ventricle. Careful attention to pulmo-
nary function is also vital. Adequate pulmonary toilet, recruit-
ment maneuvers, and appropriate ventilatory parameters must be 
utilized. As will be alluded to later, bleeding is a potential in the 
implantation of the VAD and thus a clear strategy must be planned 
for in the form of antifibrinolytics, adequate volumes of blood 
and blood products, and even possibly the use of activated clot-
ting factors (e.g., factor VII).271

As can be seen from Table 83-13 there are a number of 
differences that can be appreciated between the just-mentioned 
assist devices. !e potential for bleeding exists at the time of 
insertion of both of these modalities; however, it would seem 
from clinical experience that due to the extensive dissection and 
need for sizeable ventriculotomy that implantation of a VAD (and 
especially Bi-VAD) is more problematic. !at being said, however, 
the requirements of anticoagulation to keep the activated clotting 
time in the range of 180 to 200 for ECMO may also lead to 
ongoing and significant bleeding, especially if placed into a patient 
who requires support in the immediate perioperative phase. !e 

use of an ECMO circuit with a membrane oxygenator requires 
ongoing intravenous anticoagulation with maintenance of the 
ACT in the aforementioned range. Apart from the immediate 
postoperative phase, patients with VAD systems can be transi-
tioned to oral agents. A two-part therapy is recommended. 
Antiplatelet therapy includes aspirin or clopidrogel. !e second 
part of the therapy will entail the use of anticoagulation with 
either warfarin (Coumadin) or subcutaneous low-molecular-
weight heparin.270

As previously mentioned these modalities are used as a 
potential bridge to transplant and, as such, exposure to donor 
antigens is of great importance. In a study by Stiller and associates 
comparing the volume of blood products used, it was shown that 
the volume was less in those treated with a VAD in a period up 
to 8 days a&er insertion. Importantly, the authors pointed out that 
this difference remained even when support was started at a time 
remote from surgery.272

!ree potential disadvantages exist in the use of the VAD 
system. !ere is no pulmonary support when using the VAD, and 
this limits its use to patients whose lung function is adequate. 
From Table 83-13, when biventricular support is needed the 
patient will require two separate VAD devices necessitating the 
placement of four cannulae that may be technically difficult in a 
very young child. !e third disadvantage is that VAD placement 
cannot be performed in a code situation or at the bedside as with 
ECMO.

Important advantages of the VAD system are the ability of 
patients to ambulate while on support and that VAD support can 
be maintained for months in comparison to the weeks only of 
ECMO support. Another important advantage over ECMO is that 
these patients will not require further venting of the le& atrium. 
In ECMO patients this is achieved by the placement of a le& atrial 
vent at the time of sternotomy or a balloon atrial septectomy, 
which may require transfer to the catheterization laboratory with 
the possible complications associated with transport of a patient 
on an ECMO circuit.

Despite successful resuscitation and placement onto 
mechanical assist devices, morbidity and mortality remain high, 
with ECMO appearing to have worse outcomes. !e mortality 
rate for ECMO in the 1990s was on the order of 47%, with sur-
vival in series published in the early 2000s not showing much 

Table 83-13 Comparison of ECMO versus VAD

ECMO VAD

Bleeding at insertion ++ ++

Sternotomy Not required Required

Left atrial venting ± −

Blood product use +++ +

Number of cannulae for biventricular 
support

2 4

Pulmonary support + −

Intravenous anticoagulation + ±

Duration of support Weeks Months

Emergent support Yes No

Patient mobility − +

ECMO, extracorporeal membrane oxygenation; VAD, ventricular assist device.
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threat to patient safety. Usually an MR screening form is part of 
the evaluation and needs to be discussed with the MR technolo-
gist/radiologist. In a majority of patients, the scan can be per-
formed as an outpatient procedure. Patients who are younger, 
uncooperative, or claustrophobic require sedation or general 
anesthesia. Total intravenous anesthesia can be provided with a 
propofol infusion and a natural airway, avoiding the need for 
scavenging and allowing rapid recovery.338 Anesthesia has been 
provided with a range of inhalational agents, such as dexmedeto-
midine, ketamine, and midazolam.339 In patients in whom breath 
holding is necessary, or there is a potential for airway compro-
mise, general endotracheal anesthesia with positive-pressure ven-
tilation may be required. Irrespective of technique chosen it is 
mandatory to maintain continuous monitoring of heart rate, 
pulse oximetry, capnography, noninvasive blood pressure, and 
temperature. Supplemental oxygen should be delivered until the 
patient is fully recovered from the anesthetic. In the event of 
hemodynamic compromise, the patient needs to be removed 
from the MR scanner into a safe environment where resuscitation 
equipment can be safely used. With the development of compat-
ible catheters and devices, MRI will be a useful tool in minimizing 
x-ray exposure, particularly in patients whose congenital heart 
disease necessitates numerous catheterization procedures. Razavi 
and associates have described their experience of MRI used in 
combination with fluoroscopy to decrease radiation exposure and 
improve so! tissue visualization during cardiac catheterization of 
congenital heart disease patients.340

Offsite Anesthesia in Cardiac 
Surgery Patients

Patients with cardiac disease are no different from any other 
group of patients who require procedures or investigations in 
areas outside the operating room. As such, anesthesiologists 
should always be prepared for any eventuality and follow guide-
lines such as those set out by the American Society of Anesthesi-
ologists.341 #is discussion will exclude those procedures 
performed in the cardiac catheterization laboratory because this 
has already been addressed elsewhere. #e nature of congenital 

cardiac surgery will result in a number of patients’ requiring 
emergent chest exploration for ongoing hemorrhage or as part of 
resuscitation to relieve tamponade or for ECMO placement, all 
of which may take place in the ICU setting. It is obvious that we 
cannot predict which patients will have problematic postopera-
tive courses with absolute certainty, but the practitioners who 
have participated in the operative phase will gain an accurate 
sense of which patients may require possible further exploration 
or surgery. Accordingly, it is best to plan ahead, and it cannot be 
stressed enough that even if as a group of practitioners we are 
overprepared, this is the best option to have. #is being said, it is 
imperative that the patient have enough blood and blood prod-
ucts available to perform surgery at any given time. Successful 
treatment of these patients is dependent on a team approach to 
their care and thus surgeons, anesthesiologists, intensivists, per-
fusionists, and operating room nurses must be immediately avail-
able. When the decision is made to perform a procedure within 
the ICU, speed of preparation is of the essence. We are fortunate 
in our practice that we can obtain a set of premade drugs, elec-
trolytes, and infusions within a 15-minute period. Invariably, if a 
patient is within a few hours’ window from returning from the 
operating room this same set of drugs will have accompanied the 
patient from the operating room to the ICU and can thus be 
accessed. Emergent preparation includes ensuring that blood is 
checked and that a warmer is set up ready for use, emergency 
drugs are present as mentioned, and the code cart (with internal 
paddles) is readily available. #e blood that will be used for these 
procedures will include fresh whole blood (<48 hours old and 
remaining from the operating room) or packed red blood cells, 
which in our practice is less than 7 days old, or for blood older 
than this we would prefer it to be washed to avoid the possibility 
of acute hyperkalemia with transfusion. An anesthesiologist’s role 
here is thus one of facilitation of the entire procedure from seda-
tion of the patient, positioning and preparation, readying the 
blood, and continuing ongoing volume resuscitation, resuscita-
tive drug use, and airway management.

#e premature infant with a patent ductus arteriosus poses 
an interesting management problem to cardiac surgery teams 
because frequently these ill neonates are at hospitals remote from 
major centers where the team is normally assembled. As refer-
enced in an article by Gould and associates, our team has been 

Table 83-15 Infective Endocarditis Prophylaxis

Single Dose 30-60 min before  
Dental Procedure

Situation Drug Adults Children

Oral Amoxicillin 2 g 50 mg/kg

Unable to take oral medication Ampicillin or 2 g IM/IV 50 mg/kg IM/IV

Cefazolin/ceftriaxone 1 g IM/IV 50 mg/kg IM/IV

Allergic to penicillins/oral Cephalexin or 2 g 50 mg/kg IM/IV

Clindamycin or 600 mg 20 mg/kg IM/IV

Azithromycin/clarithromycin 500 mg 15 mg/kg

Allergic to penicillins/unable to take oral medication Cefazolin/ceftriaxone or 1 g IM/IV 50 mg/kg IM/IV

Clindamycin 600 mg 20 mg/kg

Vancomycin is an alternative for patients who are unable to tolerate a β-lactam or when the infective agent is considered to be methicillin-resistant Staphylococcus 
aureus.
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Table 84-3 Vasoactive and Inotropic Agents in Pediatrics

Drug Effect Dose* Inotropy Chronotropy Vasodilation Vasoconstriction

Epinephrine (Adrenalin) , 0.05-2.0

Isoproterenol (Isuprel) 1, 2 0.05-2.0

Dopamine (Inotropin) 1-3 Renal splanchnic
  5-15 /
, 15

Milrinone Bolus: 50 g/kg over 10-min period
Infusion: 0.375-0.75

Norepinephrine   0.05-1.0 sl

Nitroprusside 0.5-10
Arterial  venous

Nitroglycerin 1-20

*All infusions are g/kg/min.
sl, slight.

require higher doses of dopamine than adults do to produce the 
same effect. In one study, an infusion of 15 g/kg/min was 
required to increase cardiac output above control levels a"er 
cardiac surgery.33 #is may reflect the decreased releasable myo-
cardial stores of norepinephrine in immature ventricles.

Isoproterenol
Isoproterenol is a pure -agonist with strong chronotropic effects 
and is usually well tolerated in children. However, high doses of 
isoproterenol can cause myocardia ischemia.34 Isoproterenol also 
induces vasodilation that is responsive to acute volume 
administration.

Dobutamine
Dobutamine provides positive inotropy and a"erload reduction. 
In children but not in adults it causes tachycardia.35,36

Norepinephrine
Norepinephrine, a drug with - and -agonist effects, has had a 
resurgence of use in infants and children.37 Children with nearly 
normal cardiac function and marked peripheral vasodilation 
have good responses to this drug. It is expecially useful in instances 
of warm septic shock, anaphylaxis, liver failure, and sympathetic 
blockade with regional anesthesia.

Milrinone
Milrinone is a phosphodiesterase III inhibitor that increases 
cyclic adenosine monophosphate. Its has both inotropic and 
vasodilator effects. #is drug has improved the outcome of chil-
dren who have low cardiac output syndrome a"er cardiac 
surgery.38 #e loading dose of milrinone is 25 to 75 g/kg admin-
istered over a period of 10 minutes; the maintenance infusion rate 
is 0.25 to 0.75 g/kg/min. Hypotension and tachycardia occur 
primarily with the loading dose of the drug and generally respond 
to an infusion of fluid. Renal failure significantly increases the 
elimination half-life of this drug.39-41

Digitalis
Digitalis is useful for the long-term treatment of myocardial 
failure in children but may not be effective in neonates.42 Because 

of its long half-life and unpredictability, digitalis should be admin-
istered cautiously to children who have changing levels of serum 
potassium, calcium, and pH. In these cases, it is more appropriate 
to use rapid-acting, titratable inotropic agents.

Calcium
When serum ionized calcium levels are below normal, adminis-
tration of calcium produces a positive inotropic effect. If the 
patient’s ionized calcium levels are normal, less marked inotropic 
effects occur. Low ionized calcium levels most commonly occur 
in patients with DiGeorge’s syndrome, when large volumes of 
citrate-containing blood products are rapid administered, and in 
neonates with relatively unstable calcium metabolism. Calcium 
also has effects on the cardiac conduction system. Rapid admin-
istration of calcium can cause severe bradycardia or asystole. #is 
effect may be exaggerated in hypokalemic children or in those 
receiving digitalis. #e vasomotor effects of calcium are contro-
versial, but most reports show an increase in both SVR and PVR 
when the drug is administered.43

Bicarbonate Therapy
Severe acidosis decreases myocardial function and tissue per-
fusion. Correction of acidosis with 1 to 2 mEq/kg of sodium 
bicarbonate is indicated for a pH below 7.20 if ventilation is ade-
quate (P2 40 mm Hg if possible). Treatment is necessary 
because the circulatory system is refractory to sympathomimetic 
amines when the pH is less than 7.00. A"er initial correction of 
pH, persistence or reappearance of metabolic acidosis suggests a 
continuing underperfused state and the need for further therapy. 
Administration of sodium bicarbonate is only a stopgap measure 
to improve the response to drugs. Repeat infusions of sodium 
bicarbonate can cause hypernatremia and hyperosmolarity. Every 
50 mEq of bicarbonate administered produces 1250 mL of CO2 
when the bicarbonate is fully reacted with acid. Consequently, 
adequate ventilation must be ensured while the drug is adminis-
tered to avoid worsening the acidosis. Trishydroxymethylami-
nomethane (THAM) is an alternative to sodium bicarbonate, but 
larger volumes of THAM are required to produce the same 
amount of acid-base correction, which may be a problem in 
patients who have CHF. THAM does not increase Pa2.
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Box 84-3 Antihypertensive Medications

Converting enzyme inhibitors to decrease angiotensin II
Caution in the face of renovascular disease

Captopril
Enalapril

Calcium channel blockers, usually type II blockers
Caution: Myocardial decompensation

Nifedipine
Nimodipine

Diuretics, usually as an adjunct

-Adrenergic blockers
Caution: Reactive airway disease

Propranolol
Esmolol

2-Antagonist
Prazosin

Central -agonist
Clonidine

- and -adrenergic blocker
Labetalol

Dilators
Hydralazine
Diazoxide

Box 84-2 Causes of Severe Hypertension in Children

Renal
Acute glomerulonephritis (e.g., poststreptococcal, Henoch-
Schönlein purpura)

Hemolytic-uremic syndrome

Chronic glomerulonephritis (all types)

Acute and chronic pyelonephritis

Congenital malformations (dysplasia, hypoplasia, cystic 
diseases)

Tumors (e.g., Wilms’, leukemic infiltrate)

Post–renal transplantation status; also rejection

Oliguric renal failure

Trauma

Obstructive uropathy

After genitourinary surgery

Blood transfusions in children with azotemia

Cardiovascular
Coarctation of the aorta

Renal artery abnormalities (e.g., stenosis, thrombosis)

Takayasu’s disease

Endocrine
Pheochromocytoma

Neuroblastoma

Adrenogenital disease

Cushing’s syndrome

Hyperaldosteronism

Hyperthyroidism

Hyperparathyroidism

Iatrogenic
Intravascular volume overload

Administration of sympathomimetic drugs (e.g., epinephrine, 
ephedrine)

Administration of corticosteroid

Rapid intravenous infusion of methyldopa

Miscellaneous
Immobilization (e.g., fractures, burns, Guillain-Barré syndrome)

Hypercalcemia (e.g., hypervitaminosis D, metastatic disease, 
sarcoidosis, some immobilized patients)

Hypernatremia

Stevens-Johnson syndrome

Increased intracranial pressure (any cause)

Dysautonomia

After resuscitation

Specific Pediatric Diseases

Kawasaki Disease
Kawasaki disease (mucocutaneous lymph node syndrome) occurs 
primarily in children 4 years of age or older. !e disease is divided 
into three stages: an acute febrile stage (1 to 2 weeks), a subacute 
phase, and finally, the convalescent stage (typically 6 weeks a"er 
onset). !e cause is uncertain, but it is presumed to be 
infectious.

Although the disease affects many organ systems, cardio-
vascular involvement is the usual cause of ICU admission. Forty 
percent of patients with this disease have myocarditis, pericardial 
effusions, arrhythmias, or any combination of these findings. 
Coronary aneurysms, with and without thrombosis, develop in 
20% of cases. Acute myocardial infarction is responsible for the 
death of 3% to 4% of patients.

Laboratory tests reveal an elevated leukocyte count with a 
le" shi", increased acute-phase reactants, and a platelet count that 
is o"en grossly elevated a"er the first few weeks of the disease. 
An echocardiogram is required for any child with this presumed 
diagnosis.

Treatment includes high-dose aspirin (20 to 25 mg/kg 
every 6 hours) and intravenous gamma globulin, 2 g/kg adminis-
tered as a 10- to 12-hour infusion. Some patients require inotropic 
support. !ere is considerable controversy about whether chil-
dren with thrombosed coronary arteries should receive antico-
agulants. Survivors frequently resolve their aneurysms, although 
some require coronary artery bypass surgery to provide adequate 
myocardial blood flow.55,56
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Table 84-5 Classification of Causes of Neonatal Respiratory Failure

Congenital Abnormalities Developmental Immaturity Specific Neonatal “Stress”

Impaired control of 
ventilation

Central nervous system dysgenesis
Ondine’s curse

Apnea of prematurity
Intracranial hemorrhage

Drug intoxication (note maternal drugs)
Sepsis
Central nervous system infections
Seizures

Neuromuscular disorders Congenital myopathies High cervical cord injuries

Structural impairment Thoracic deformities
Lung hypoplasia
Diaphragmatic hernia
Potter’s syndrome
Abdominal malfunction
Gastroschisis
Omphalocele

Severe abdominal distention
Pneumothorax or other air leak

Airway obstruction Choanal atresia Massive meconium aspiration
 Upper airway Pierre Robin syndrome

Laryngeal web/cleft
Congenital tracheal/laryngeal stenosis
Recurrent laryngeal palsy
Hemangioma
Lymphangioma

Vocal cord paralysis secondary to 
myelodysplasia

 Lower airway Tracheoesophageal fistula
Lobar emphysema

Meconium/blood aspiration

Alveolar disorders Respiratory distress syndrome Bronchopulmonary dysplasia

Cardiovascular disorders Congenital cardiac malformations
Congestive heart failure (critical coarctation or 

aortic stenosis)
Total anomalous pulmonary venous return

Persistent pulmonary hypertension

ured continuously. However, this technology has limited applica-
tion in small children because of the increased dead space and 
the weight of the sampling device on the end of the ETT, which 
can kink the ETT and cause accidental extubation. !e volume 
of gas withdrawn for sampling (about 75 mL/min) can alter the 
tidal volume of an extremely small child.74

Causes of Respiratory Failure
!e cause of respiratory failure depends to some degree on the 
age of the patient. Newborn respiratory failure is o"en the result 
of congenital anomalies and immaturity of the lungs and their 
blood vessels. Congenital anomalies can include airway malfor-
mations, dysgenesis or malfunction of the lung or nonpulmonary 
organs, and abnormalities of the pulmonary vessels. Lesions of 
immaturity include apnea of prematurity, hyaline membrane 
disease, and abnormalites of surfactant production and secretion. 
During the perinatal period neonates are subject to infections and 
stress. Persistent pulmonary hypertension can complicate neona-
tal pulmonary and nonpulmonary problems. !ese and other 
important causes of respiratory failure in the newborn are listed 
in Table 84-5. A wide variety of disorders cause respiratory failure 
in older children (Box 84-4). Regardless of the specific cause, 
respiratory failure can be categorized as hypoventilation syn-
dromes in patients with normal lungs, intrinsic alveolar and inter-
stitial disease, and obstructive airway disease.

Hypoventilation Syndromes in Children with  
Normal Lungs
Causes of hypoventilation include neuromuscular disease, central 
hypoventilation, and structural/anatomic impairment of lung 

expansion (i.e., upper airway obstruction, massive abdominal dis-
tention). !ese clinical conditions are characterized by inadequate 
lung expansion, secondary atelectasis, intrapulmonary right-to-
le" shunting, and systemic hypoxia. Atelectasis and the secondary 
reduction in FRC increase the work of breathing. !e child’s 
response to the increased work of breathing and lower lung 
volumes is to breathe faster with a smaller tidal volume. !is 
pattern of breathing eventually increases the amount of atelectasis 
and shunting. As a result, children with intrinsically normal lungs 
and hypoventilation syndromes exhibit tachypnea, small tidal 
volumes, increased work of breathing, and cyanosis. Chest radio-
graphs reveal small lung volumes and miliary or lobar atelectasis. 
Positive-pressure ventilation and PEEP quickly reverse the patho-
logic processes.

Primary Pulmonary Alveolar or Interstitial Disorders
Intrinsic lung disease involving the alveoli or pulmonary intersti-
tium decreases lung compliance and increases airway closure, 
both of which cause atelectesis and increase the work of breath-
ing. Edema or inflammation of the alveoli or fibrosis of the inter-
stitium decreases lung compliance. !e stiffer lung requires  
a greater negative intrapleural pressure for air movement,  
thereby increasing the work of breathing and the risk for 
pneumothorax.

Obstructive Airway Disease
Airway obstruction can be extrinsic or intrinsic. Intrinsic  
small airway obstruction commonly occurs with bronchiolitis, 
bronchopneumonia, asthma, and bronchopulmonary dysplasia 
(BPD).
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Figure 12-9 Metabolism of catecholamines. COMT, catechol O-methyltransferase; MAO, monoamine oxidase. (From Lake CR, Chernow B, Feuerstein G, et al: 
The sympathetic nervous system in man, its evaluation and the measurement of plasma norepinephrine. In Zigler M, Lake C [eds]: Frontiers of Clinical 
Neuroscience, vol 2. Baltimore, Williams & Wilkins, 1984, p 1.)
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Table 12-2 Responses Elicited in Effector Organs by Stimulation of Sympathetic and Parasympathetic Nerves

Effector Organ Adrenergic Response Receptor Involved Cholinergic Response Dominant Response (A or C)

Heart
 Rate of contraction Increase β1 Decrease C
 Force of contraction Increase β1 Decrease C

Blood vessels
 Arteries (most) Vasoconstriction α1 A
 Skeletal muscle Vasodilation β2 A
 Veins Vasoconstriction α2 A

Bronchial tree Bronchodilation β2 Bronchoconstriction C

Splenic capsule Contraction α1 A

Uterus Contraction α1 Variable A

Vas deferens Contraction α1 A

Prostatic capsule Contraction α1 A

Gastrointestinal tract Relaxation α2 Contraction C

Eye
 Radial muscle, iris Contraction (mydriasis) α1 A
 Circular muscle, iris Contraction (miosis) C
 Ciliary muscle Relaxation β Contraction 

(accommodation)
C

Kidney Renin secretion β1 A

Urinary bladder
 Detrusor Relaxation β Contraction C
 Trigone and sphincter Contraction α1 Relaxation A, C

Ureter Contraction α1 Relaxation A

Insulin release from pancreas Decrease α2 A

Fat cells Lipolysis β1 A

Liver glycogenolysis Increase α1 A

Hair follicles, smooth muscle Contraction 
(piloerection)

α1 A

Nasal secretion Increase C

Salivary glands Increase secretion α1 Increase secretion C

Sweat glands Increase secretion α1 Increase secretion C

A, adrenergic; C, cholinergic.

contractility, and conduction through the AV node. One of the 
two systems normally dominates the organ’s function and thus 
provides its “resting tone” (Table 12-3). In a few organs, the sym-
pathetic system alone provides innervation; most blood vessels, 
the spleen, and piloerector muscles are examples.

To predict the e!ects of drugs, the interaction of the sym-
pathetic and parasympathetic system in di!erent organs must be 
understood. Blockade of sympathetic function unmasks preexist-
ing parasympathetic activity, and the converse relationship is also 
true. For example, administration of atropine blocks the resting 
muscarinic tone of the parasympathetically dominated heart, and 
the unopposed sympathetic tone then causes tachycardia. Clini-
cally, cardiac autonomic denervation occurs with cardiac trans-
plantation; it may occur with neuraxial anesthesia, diabetes, and 

MI; and it can be assessed by changes in the time interval between 
successive heartbeats (i.e., beat-to-beat or heart rate variability) 
as a measure of sympathovagal balance.2

Adrenergic Function

Overview of the Effects of Sympathetic Mediators
Adrenergic neurons in"uence and adjust body functions, their 
e!ects on circulation and respiration being among the most 
important (Table 12-4).

#e endogenous catecholamines norepinephrine and 
epinephrine possess α- and β-receptor agonist activity. Nor-
epinephrine has minimal β2-receptor activity, whereas epine-

From Ruffolo R: Physiology and biochemistry of the peripheral autonomic nervous system. In Wingard L, Brody T, Larner J, et al (eds): Human Pharmacology: Molecular to 
Clinical. St. Louis, Mosby–Year Book, 1991, p 77.
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phrine stimulates β1- and β2-receptors (Table 12-5). α-Receptor–
mediated activity is responsible for most of the sympathetically 
induced smooth muscle contraction throughout the body, includ-
ing the ciliary muscle of the eye and vascular, bronchial, and 
ureteral smooth muscle. !e gastrointestinal and genitourinary 
sphincter mechanisms are stimulated by α-adrenergic receptors. 
α-Receptor agonism also mediates sympathetic nervous system 
control of pancreatic insulin secretion, with stimulation of α2-
receptors leading to decreased release of insulin from pancreatic 
beta cells. In the peripheral vasculature, α1- and α2-receptors 
modulate vascular tone in response to humorally borne neuro-
transmitters and exogenously administered drugs.

β-Receptor agonism is primarily responsible for sympa-
thetic stimulation of the heart, relaxation of vascular and bron-
chial smooth muscle, stimulation of renin secretion by the kidney, 

and several metabolic consequences, including lipolysis and gly-
cogenolysis. !e β1-receptor mechanism is thought to primarily 
be involved in cardiac e"ects3 and release of fatty acids and renin, 
whereas β2-receptors are primarily responsible for smooth muscle 
relaxation and hyperglycemia. In specialized circumstances, 
however, β2-receptors may also mediate cardiac activity. Although 
acute changes in arterial pressure and heart rate can be caused by 
norepinephrine or epinephrine, chronic hypertension does not 
appear to be related to circulating levels of these hormones. 
Eighty-#ve percent of resting arterial pressure is determined by 
the level of renin activity (Fig. 12-5). An additional important 
e"ect of epinephrine is to increase gap junctions in bone, which 
causes an increase in circulating blood elements.4

Psychological and physical stimuli may evoke di"erent 
sympathetic compensatory responses. Public speaking activates 
the adrenal gland with a disproportionate rise in serum epine-
phrine, whereas physical exercise elicits primarily a marked rise 
in serum norepinephrine.5 !us, the stress response should not 
be thought of as a uniform response; it can vary in mechanism, 
intensity, and manifestations.

Table 12-3 Usual Sympathetic or Parasympathetic Dominance at Specific 
Effector Sites

Site Predominant Tone

Ciliary muscle Parasympathetic

Iris Parasympathetic

Sinoatrial node Parasympathetic

Arterioles Sympathetic

Veins Sympathetic

Gastrointestinal tract Parasympathetic

Uterus Parasympathetic

Urinary bladder Parasympathetic

Salivary glands Parasympathetic

Sweat glands Sympathetic (cholinergic)

Table 12-4 Effects of Activation of the Sympathetic Nervous System

Site of Action Stimulation Inhibition

Heart Rate, conduction, 
contractility

Blood vessels Vasoconstriction (skin, 
gut, liver, heart, kidney)

Vasodilation 
(skeletal muscle, 
heart, brain)

Respiration Respiratory center
Bronchodilation

Gastrointestinal tract Sphincters Smooth muscle

Genitourinary tract Sphincters Ureteral and 
uterine muscle

Metabolic and 
endocrine effects

Glycogenolysis (muscle, 
liver)

Insulin release  
(α stimulation or 
β1 antagonism)

Gluconeogenesis Lipolysis
Insulin release (β1)
Renin release
ADH release

ADH, antidiuretic hormone or arginine vasopressin.

Table 12-5 Adrenergic Receptor Differentiation

Receptor Stimulation Inhibition

Alpha

Heart

Blood vessels Vasoconstriction 
(skin, gut, kidney, 
liver, heart)

Gastrointestinal tract Sphincters

Genitourinary tract Sphincters

Metabolic and endocrine 
effects

Insulin release

Beta

Heart (1) Rate, conduction 
contractility

Blood vessels (2) Vasodilation 
(skeletal muscle, 
heart, brain)

Respiration (?) Respiratory 
center

(2) Bronchodilation

Gastrointestinal tract (2) Smooth muscle

Genitourinary tract (2) Ureteral and 
uterine muscle

Metabolic and endocrine 
effects

(2) Glycogenolysis 
(muscle, liver)

(1) Lipolysis
(2) Gluconeogenesis
(1) Insulin release
(?) Renin release
(?) Antidiuretic 

hormone release

(1), Mediated by β1-receptors; (2), mediated by β2-receptors; (?), controversial.
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adrenergic receptor kinase. !e β-receptor has mechanistic and 
structural similarities with muscarinic but not nicotinic receptors, 
primarily in the transmembrane sections.

β-Receptors have been further divided into β1-, β2-, and 
β3-subtypes, all of which increase cyclic adenosine monophos-
phate (cAMP) through adenylate cyclase and the mediation of G 
proteins.41 Although β1-receptors were traditionally thought to be 
isolated to cardiac tissue and β2-receptors were believed to be 
restricted to vascular and bronchial smooth muscle, we now know 
that the β2-receptor population in human cardiac tissue is sub-
stantial and accounts for 15% of β-receptors in the ventricles and 
30% to 40% in the atria.42 β2-Receptors may help compensate for 
disease by maintaining response to catecholamine stimulation 
when β1-receptors are downregulated during chronic cate-
cholamine stimulation and in CHF.43 !e β2-population is almost 
una"ected in end-stage congestive cardiomyopathy.44 In addition 
to positive inotropic e"ects, β2-receptors in the human atria par-
ticipate in regulation of the heart rate. Generation of cAMP in 
the human heart appears to be mediated primarily by β2-
receptors, although this may be an artifact related to the lability 
of β1-receptors.44 Localization of β3-receptors to fat cells suggests 
a new therapy for obesity. Polymorphism of this β-receptor 
subtype is associated with obesity and the potential for the devel-
opment of diabetes.45-47 Point mutations in genes encoding β2-
receptors are correlated with decreased downregulation of 
β-receptors and nocturnal asthma.48,49

Dopamine Receptors
Dopamine exists as an intermediate in the biosynthesis of nor-
epinephrine, and in addition, exogenous dopamine exerts α- or 
β-adrenergic e"ects (depending on the dose administered). Fur-
thermore, Goldberg and Rajfer50 demonstrated physiologically 
distinct dopamine type 1 (DA1) and dopamine type 2 (DA2) 
receptors, and these remain the most important of the #ve 
dopamine receptors cloned (Fig. 12-12). DA1 receptors are post-
synaptic and act on renal, mesenteric, splenic, and coronary vas-
cular smooth muscle to mediate vasodilation through stimulation 
of adenylate cyclase and increased production of cAMP. !e 
vasodilatory e"ect tends to be strongest in the renal arteries. It is 
for this action, particularly the redistribution of blood $ow to the 
kidneys, that dopamine is most frequently used. Additional renal 
DA1 receptors located in the tubules modulate natriuresis through 
the sodium-potassium ATPase pump and the sodium-hydrogen 
exchanger.50-53 DA2 receptors are presynaptic; they may inhibit 
release of norepinephrine and perhaps acetylcholine. !ere are 
also central DA2 receptors that may mediate nausea and vomiting, 

Table 12-7 Distribution of α- and β-Receptors

Receptor Distribution Response Agonist Antagonist

α1 Smooth muscle Constriction Methoxamine Prazosin
Phenylephrine

α2 Presynaptic Inhibits norepinephrine release Clonidine Yohimbine
Dexmedetomidine

β1 Heart Inotropy Dobutamine Metoprolol
Chronotropy

β2 Smooth muscle Dilation Terbutaline
Relaxation

10. !ere is more than theoretical relevance in the subclassi#ca-
tion of receptors35 in that mutations that decrease α2c presynaptic 
function and enhance β1-receptor linkage cause adrenergic 
hyperactivity and predispose to CHF.36

Amino acid sequence comparisons indicate that α-
receptors are members of the seven–transmembrane segment 
gene superfamily, which uses G protein for signal transduction. A 
core of 175 amino acids constitutes the seven transmembrane 
regions and is highly conserved among di"erent family members. 
!e plethora of receptor subtypes remains incompletely explained, 
although the observation that di"erent signal transduction mech-
anisms are used suggests #ner control and physiologic signi#-
cance. It may be important that there is considerable variability 
in α-adrenergic receptor subtypes among species.37

Receptors can be presynaptic as well as postsynaptic. Presy-
naptic receptors may act as heteroreceptors or autoreceptors. An 
autoreceptor is a presynaptic receptor that reacts with the neuro-
transmitter released from its own nerve terminal to provide feed-
back regulation. A heteroreceptor is a presynaptic receptor that 
responds to substances other than the neurotransmitter released 
from that speci#c nerve terminal. !is regulatory scheme is 
present throughout the nervous system but is particularly impor-
tant in the sympathetic nervous system.38

Although several presynaptic receptors have been identi-
#ed, the α2-receptor may have the greatest clinical import. Pre-
synaptic α2-receptors regulate the release of norepinephrine and 
ATP through a negative-feedback mechanism.39 Activation of 
presynaptic α2-receptors by norepinephrine inhibits subsequent 
release of norepinephrine in response to nerve stimulation. A 
similar inhibitory response is produced by attachment of acetyl-
choline to presynaptic cholinergic receptors. In the human brain, 
ligand studies reveal a high density of α2-receptors, particularly 
in the cerebral cortex and medulla.40 !is latter distribution may 
account for the bradycardiac and hypotensive responses to α2-
agonist drugs.

β-Adrenergic Receptors
Like the α-receptor, the β-receptor is one of the superfamily of 
proteins that have seven helices woven through the cellular mem-
brane. !ese transmembrane domains are labeled M1 through M7; 
antagonists have speci#c binding sites, whereas agonists are more 
di"usely attached to hydrophobic membrane-spanning domains 
(Fig. 12-11). !e extracellular portion of the receptor ends in an 
amino group. A carboxyl group occupies the intracellular termi-
nal, where phosphorylation occurs. At the cytoplasmic domains, 
there is interaction with G proteins and kinases, including β-
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longer duration of action because they are not metabolized by 
COMT or MAO.

Epinephrine
Epinephrine is used intravenously in life-threatening circum-
stances, including the treatment of cardiac arrest, circulatory col-
lapse, and anaphylaxis, but it is also commonly used locally to 
limit the spread of local anesthetics or to reduce blood loss. !e 
systemic e"ects of epinephrine are variable and are related to 
blood levels. !e choice of dosing and the route of administration 
are determined by the indication for use and its urgency.

Epinephrine activates all adrenergic receptors: α1, α2, β1, β2, 
and β3. Potential therapeutic e"ects of epinephrine include posi-
tive inotropy, chronotropy, and enhanced conduction in the heart 
(β1); smooth muscle relaxation in the vasculature and bronchial 
tree (β2); and vasoconstriction (α1). With vasoconstriction, aortic 
diastolic pressure is increased, thereby promoting coronary #ow 
during cardiac arrest, which may be the single most important 
determinant of survival.86 Endocrine and metabolic e"ects of 
epinephrine include increased levels of glucose, lactate, and free 
fatty acids.

Epinephrine may be given intravenously as a bolus or by 
infusion. !e usual bolus doses for pressure support begin at 2 to 
8 µg given intravenously; 0.02 mg/kg or approximately 1.0 mg is 
given for cardiovascular collapse, asystole, ventricular $brillation, 
electromechanical dissociation, or anaphylactic shock87 (see also 
Chapter 97). !e larger dose range is recommended in these criti-
cal situations to maintain myocardial and cerebral perfusion 
through peripheral vasoconstriction. High-dose epinephrine (0.1 
to 0.2 mg/kg) has been studied in resuscitation from cardiac 
arrest, but it does not appear to improve rates of survival in adults. 
In pediatric patients, outcome a%er asystole and pulseless cardiac 
arrest is abysmal, and the current recommendation is an initial 
dose of 0.01 mg/kg repeated every 3 to 5 minutes throughout 
resuscitative attempts.41,88 In unusual circumstances, higher doses 
may be given and doses as large as 0.2 mg/kg may be e"ective.89 
Patients vary tremendously in their response to epinephrine, and 
given rates of infusion cannot guarantee the expected serum 
levels in all patients; the “pressors” should therefore be carefully 
titrated, and measures to monitor renal, cerebral, and myocardial 
perfusion are more critical than adherence to a rigid dosing 
scheme (Table 12-9). A rate of 1 to 2 µg/min, though rarely used, 
should predominantly activate β2-receptors, with resulting vascu-
lar and bronchial smooth muscle relaxation. A rate of 2 to 10 µg/
min (25 to 120 ng/kg/min) increases heart rate, contractility, and 
conduction through the AV node and decreases the refractory 
period. Doses in excess of 10 µg/min (100 ng/kg/min) cause 
marked α-adrenergic stimulation with resultant generalized 
vasoconstriction. Epinephrine is a potent renal vasoconstrictor 
that acts directly by α-receptor stimulation and indirectly by 
stimulation of renin release. Although low-dose epinephrine 
increases the heart rate by direct β1-adrenergic stimulation, 
re#ex bradycardia is seen with higher doses because of the marked 
elevation in blood pressure resulting from peripheral 
vasoconstriction.

Racemic epinephrine (i.e., mixture of the levorotary and 
dextrorotary isomers) constricts edematous mucosa and is used 
for the treatment of severe croup90 and postextubation and trau-
matic airway edema. A 2.25% solution (MicroNefrin or Vapone-
frin) is diluted with water or saline in a 1 : 8 ratio and nebulized. 
Treatments may be given as frequently as every 2 hours, with 

e"ects lasting 30 to 60 minutes; the patient should remain under 
observation for at least 2 hours because initial improvement may 
be followed by rebound swelling up to 2 hours a%er administra-
tion. Although it is common clinical practice to use the racemic 
form of epinephrine for these clinical applications, data show that 
l-epinephrine is 15 to 30 times more potent than the mixture91 
and is equally e"ective and less expensive for treating these clini-
cal complications.92

Bronchospasm may also be treated by subcutaneous admin-
istration of epinephrine in doses of 300 µg every 20 minutes with 
a maximum of three doses. In addition to its direct bronchodila-
tory e"ects, epinephrine may decrease antigen-induced release of 
endogenous bronchospastic substances from mast cells and is 
particularly useful in anaphylactic reactions.93 Relative contrain-
dications include advanced age, signi$cant tachycardia, hyperten-
sion, and coronary occlusive disease. Absorption of subcutaneous 
epinephrine is extremely slow because of intense local vasocon-
striction, and the e"ect of a very large subcutaneous dose of 0.5 
to 1.5 mg is roughly equivalent to an intravenous infusion of 10 
to 30 µg/min. Intravenous injection of epinephrine in a dose 
appropriate for subcutaneous administration can result in life-
threatening ventricular arrhythmias, hypertension, and cerebral 
hemorrhage. Sus-Phrine, a sustained-release form of epinephrine, 
may be used in children by subcutaneous injection but should 
never be given intravenously.

Epinephrine is o%en applied locally to mucosal surfaces to 
decrease bleeding in the operative site. It is mixed with local 
anesthetics for in$ltration into tissues or intrathecal injection. 
!e α-mediated vasoconstriction decreases bleeding in the area 
and slows vascular uptake of local anesthetic, thereby prolonging 
the duration of e"ect and decreasing the peak serum level of the 

Table 12-9 Dose-Dependent Actions of Inotropes and Chronotropes

Drug* (Proprietary 
Name) Receptors

Usual Infusion 
Rate

Epinephrine (Adrenalin) β2 1-2 µg/min
β1 + β2 2-10 µg/min
α1 ≥10 µg/min† 

(bolus: 2-10 µg; 
0.5-1.0 mg‡)

Norepinephrine 
(Levophed)

α1, β1, >>β2 4-12 µg/min†

Dopamine (Intropin) Dopaminergic 0-3 µg/kg/min
β 3-10 µg/kg/min
α >10 µg/kg/min†

Dobutamine (Dobutrex) β1 >> β2, α 2.5-10 µg/kg/min†

Isoproterenol (Isuprel) β1 > β2 0.5-10 µg/min

Amrinone (Inocor) Increase cyclic adenosine 
monophosphate through 
inhibition of 
phosphodiesterase

0.75 mg/kg load over 
a period of 2-3 min

5- to 10-µg/kg/min 
infusion

*All agents have elimination half-lives of a few minutes except amrinone ( t 1
2
, 3.6 

hours; 5.8 hours in congestive heart failure).
†Much higher doses have been used in clinical practice.
‡With anaphylaxis or cardiac arrest.
Data from Hoffman BB, Lefkowitz RJ: Catecholamines and sympathetic drugs. In 
Goodman A, Rall T, Nies A, et al (eds): Goodman and Gilman’s the Pharmacological 
Basis of Therapeutics, 8th ed. New York, Pergamon Press, 1990, p 187.
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use of methacholine (Provocholine) is as a provocative agent in 
diagnosing hyperreactive airways, thereby making positive use of 
the deleterious bronchoconstrictive e!ect of muscarinic agonists. 
It is administered only by inhalation; serious adverse e!ects 
include gastrointestinal symptoms, chest pain, hypotension, loss 
of consciousness, and complete heart block when the drug is given 
orally or parenterally. An excessive bronchoconstrictive response 
should be treated by an inhaled β-agonist; coexisting β-blockade 
is considered a contraindication to the use of methacholine.

"e carbamate derivative of methacholine, bethanecol 
(Urecholine), is occasionally used postoperatively to reinstitute 
peristaltic activity in the gut or to force the extrusion of urine 
from an atonic bladder. Bethanecol shows preferential activity at 
intestinal and urinary receptors relative to cardiac sites, so stimu-
lation of the gastrointestinal tract and bladder is achieved with 
minimal cardiovascular e!ects. Bethanecol is usually given orally, 
but if there is inadequate gastrointestinal function to permit 
absorption of an oral dose, it can be given subcutaneously as 
well.

Carbachol is used topically or intraocularly to constrict the 
pupil for the long-term treatment of wide-angle glaucoma. When 
used topically, it is o#en better tolerated than the ophthalmic 
anticholinesterase agents, and it may be e!ective in patients resist-
ant to pilocarpine and physostigmine. "e rapid pupillary con-
striction is caused by the combination of ganglionic blockade and 
muscarinic e!ects. Another natural alkaloid, pilocarpine, was 
used to treat glaucoma until the advent of more modern drugs.

Muscarinic Antagonists
Muscarinic antagonists are the active ingredients in some 
common plants used since antiquity for medicinal and poisonous 
e!ects. Despite their age, muscarinic antagonists still represent 
important drugs in anesthesia and critical care.

Muscarinic antagonists compete with neurally released 
acetylcholine for access to muscarinic cholinoceptors and block 
its e!ects. "ey also antagonize the actions of muscarinic agonists 
at noninnervated, muscarinic cholinoceptors. Presynaptic mus-
carinic receptors on the adrenergic nerve terminal may inhibit 
release of norepinephrine, and muscarinic antagonists may 
enhance sympathetic activity. With the exception of quaternary 
ammonium compounds that do not readily cross the blood-brain 
barrier and have few CNS actions, there is no signi$cant speci$-
city of action among these drugs; they block all muscarinic e!ects 
with equal e%cacy, although some quantitative di!erences in 
e!ect may be seen (Table 12-11). Research has revealed several 
subtypes of muscarinic receptors, and agonists and antagonists 
have been synthesized that bind preferentially to one or another 

of these subtypes. Pirenzepine preferentially blocks the M1 recep-
tor, tripitramine shows highest a%nity for the M2 receptor, and 
darifenacin binds preferentially to the M3 receptor. "e distinctive 
pharmacology of the various antimuscarinic agents has played a 
major role in the development of new treatments of overactive 
bladder disorders. Oxybutynin, tolterodine, darifenacin, soli-
fenacin, and trospium have all been developed to optimize the 
relief of bladder symptoms while minimizing e!ects on mus-
carinic receptors outside the bladder.

Historically, muscarinic antagonists were used for peptic 
ulcer disease, various forms of spastic bowel syndrome, upper 
respiratory illness, and asthma. However, with the availability of 
speci$c histamine (H2)-blocking drugs such as cimetidine for 
peptic ulcer disease, these uses have markedly decreased. Atro-
pine, once used to treat bronchospasm, was displaced with the 
introduction of β2-agonist drugs that did not dry secretions or 
diminish ciliary motility. Topical use of atropine analogs in oph-
thalmologic practice to dilate the pupil is still common.

"e addition of a muscarinic anticholinergic drug to anes-
thetic premedication for decreasing secretions and preventing 
harmful vagal re&exes was mandatory in the era of ether anesthe-
sia, but it is less important with modern inhaled agents. Routine 
preoperative use of these drugs as antisialagogues continues in 
some pediatric and otorhinolaryngologic cases or when $beroptic 
intubation is planned.

Atropine has a tertiary structure that easily crosses the 
blood-brain barrier (Fig. 12-18). CNS e!ects have been seen with 
the relatively large doses (1 to 2 mg) given to block the adverse 
muscarinic e!ects of the anticholinesterase drugs that reverse 
neuromuscular blockade (see Chapter 29). In contrast, one of the 
synthetic antimuscarinic drugs, glycopyrrolate (Robinul), does 
not cross the blood-brain barrier because of its quaternary struc-
ture and has gained popularity for this use. Glycopyrrolate has a 
longer duration of action than atropine does.

Scopolamine, which resembles the others of this class in 
peripheral actions, has pronounced CNS e!ects. It is the active 
ingredient in most over-the-counter preparations sold as soporif-
ics, and it is e!ective in preventing motion sickness. "e patch 
preparation of scopolamine can be used prophylactically for 
motion sickness and for postoperative nausea and vomiting, but 
like the oral and parenteral forms, it may be associated with 
adverse eye, bladder, skin, and psychological e!ects.299,300

Table 12-11 Muscarinic Anticholinergic Drugs

Drug Duration

Central 
Nervous 
System* Antisialagogue Heart Rate

Atropine Short Stimulation + ++

Glycopyrrolate Long 0 ++ +

Scopolamine Short Sedation ++ 0/+

*The effects of atropine are limited with the usual clinical doses, but they can be 
significant in the elderly.

Figure 12-18 Structural formulas of clinically useful antimuscarinic drugs.
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!is chapter reviews the effects of anesthetic drugs and tech-
niques on cerebral physiology, in particular, their effects on cere-
bral blood flow (CBF) and metabolism. !e final section presents 
a brief discussion of pathophysiologic states, including cerebral 
ischemia, as well as discussion of cerebral protection. !e chapter 
gives greatest emphasis to information that is of immediate rele-
vance to the rationale for use of the anesthetic and intensive care 
management of patients with intracranial pathology. Chapter 63 
presents the clinical management of these patients in detail. Neu-
rologic monitoring, including the effects of anesthetics on the 
electroencephalogram (EEG) and evoked responses, is reviewed 
in Chapter 46.

Regulation of Cerebral  
Blood Flow

Anesthetic drugs cause dose-related and reversible alterations in 
many aspects of cerebral physiology, including CBF, cerebral 
metabolic rate (CMR), and electrophysiologic function (EEG, 
evoked responses). !e effects of anesthetic drugs and techniques 
have the potential to adversely affect the diseased brain and 
conduct of the neurosurgical procedure and are thus of clinical 
importance in patients with neurosurgical disease. However, in 
certain instances, the effects of general anesthesia on CBF and 
CMR can be manipulated to improve both the operative course 
and the clinical outcome of patients with neurologic disorders.

!e adult human brain weighs approximately 1350 g and 
therefore represents about 2% percent of total-body weight. 
However, it receives 12% to 15% of cardiac output. !is high flow 
rate is a reflection of the brain’s high metabolic rate. At rest, the 
brain consumes oxygen at an average rate of approximately 
3.5 mL of oxygen per 100 g of brain tissue per minute. Whole-
brain O2 consumption (50 mL/min) represents about 20% of 
total-body oxygen utilization. Normal values for CBF, CMR, and 
other physiologic variables are provided in Table 13-1.

Approximately 60% of the brain’s energy consumption is 
used to support electrophysiologic function. !e depolarization-
repolarization activity that occurs and is reflected in the EEG 
requires expenditure of energy for the maintenance and restora-
tion of ionic gradients and for the synthesis, transport, and 
reuptake of neurotransmitters. !e remainder of the energy con-

sumed by the brain is involved in cellular homeostatic activities. 
Local CBF and CMR within the brain are very heterogeneous, and 
both are approximately four times greater in gray matter than in 
white matter. !e cell population of the brain is also heterogene-
ous in its oxygen requirements. Glial cells make up about half the 
brain’s volume and require less energy than neurons do. Besides 
providing a physically supportive latticework for the brain, glial 
cells are important in reuptake of neurotransmitters, in delivery 
and removal of metabolic substrates and wastes, and in blood-
brain barrier (BBB) function.

!e brain’s substantial demand for substrate must be met 
by adequate delivery of oxygen and glucose. However, the space 
constraints imposed by the noncompliant cranium and meninges 
require that blood flow not be excessive. Not surprisingly, there 
are elaborate mechanisms for regulation of CBF. !ese mecha-
nisms, which include chemical, myogenic, and neurogenic factors, 
are listed in Table 13-2.

Chemical Regulation of Cerebral Blood Flow

Several factors, including changes in CMR, Pa2, and Pa2, cause 
alterations in the cerebral biochemical environment that result in 
adjustments in CBF.

Cerebral Metabolic Rate
Increased neuronal activity results in increased local brain metab-
olism, and this increase in CMR is associated with a well-matched, 

Table 13-1 Normal Cerebral Physiologic Values

CBF
 Global 45-55 mL/100 g/min
 Cortical (mostly gray matter) 75-80 mL/100 g/min
 Subcortical (mostly white matter) ≈20 mL/100 g/min

CMRO2 3-3.5 mL/100 g/min

CVR 1.5-2.1 mm Hg/100 g/min/mL

Cerebral venous PO2 32-44 mm Hg

Cerebral venous SO2 55%-70%

ICP (supine) 8-12 mm Hg

CBF, cerebral blood flow; CMRO2, cerebral metabolic rate of oxygen; CVR, cerebral 
vascular resistance; ICP, intracranial pressure.

Table 13-2 Factors Influencing Cerebral Blood Flow*

Factor Comment

Chemical/Metabolic/Humoral

CMR CMR influence assumes intact flow-
metabolism coupling, the mechanism of 
which is not fully understood

 Anesthetics
 Temperature
 Arousal/seizures

PaCO2

PaO2

Vasoactive drugs
 Anesthetics
 Vasodilators
 Vasopressors

Myogenic

Autoregulation/MAP The autoregulation mechanism is fragile, 
and in many pathologic states CBF is 
regionally pressure passive

Rheologic

Blood viscosity

Neurogenic

Extracranial sympathetic and 
parasympathetic pathways

Contribution and clinical significance poorly 
defined

Intra-axial pathways

*See text for discussion.
CBF, cerebral blood flow; CMR, cerebral metabolic rate; MAP, mean arterial 
pressure.
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both are approximately four times greater in gray matter than in 
white matter. !e cell population of the brain is also heterogene-
ous in its oxygen requirements. Glial cells make up about half the 
brain’s volume and require less energy than neurons do. Besides 
providing a physically supportive latticework for the brain, glial 
cells are important in reuptake of neurotransmitters, in delivery 
and removal of metabolic substrates and wastes, and in blood-
brain barrier (BBB) function.

!e brain’s substantial demand for substrate must be met 
by adequate delivery of oxygen and glucose. However, the space 
constraints imposed by the noncompliant cranium and meninges 
require that blood flow not be excessive. Not surprisingly, there 
are elaborate mechanisms for regulation of CBF. !ese mecha-
nisms, which include chemical, myogenic, and neurogenic factors, 
are listed in Table 13-2.

Chemical Regulation of Cerebral Blood Flow

Several factors, including changes in CMR, Pa2, and Pa2, cause 
alterations in the cerebral biochemical environment that result in 
adjustments in CBF.

Cerebral Metabolic Rate
Increased neuronal activity results in increased local brain metab-
olism, and this increase in CMR is associated with a well-matched, 

Table 13-1 Normal Cerebral Physiologic Values

CBF
 Global 45-55 mL/100 g/min
 Cortical (mostly gray matter) 75-80 mL/100 g/min
 Subcortical (mostly white matter) ≈20 mL/100 g/min

CMRO2 3-3.5 mL/100 g/min

CVR 1.5-2.1 mm Hg/100 g/min/mL

Cerebral venous PO2 32-44 mm Hg

Cerebral venous SO2 55%-70%

ICP (supine) 8-12 mm Hg

CBF, cerebral blood flow; CMRO2, cerebral metabolic rate of oxygen; CVR, cerebral 
vascular resistance; ICP, intracranial pressure.

Table 13-2 Factors Influencing Cerebral Blood Flow*

Factor Comment

Chemical/Metabolic/Humoral

CMR CMR influence assumes intact flow-
metabolism coupling, the mechanism of 
which is not fully understood

 Anesthetics
 Temperature
 Arousal/seizures

PaCO2

PaO2

Vasoactive drugs
 Anesthetics
 Vasodilators
 Vasopressors

Myogenic

Autoregulation/MAP The autoregulation mechanism is fragile, 
and in many pathologic states CBF is 
regionally pressure passive

Rheologic
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Extracranial sympathetic and 
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Contribution and clinical significance poorly 
defined

Intra-axial pathways

*See text for discussion.
CBF, cerebral blood flow; CMR, cerebral metabolic rate; MAP, mean arterial 
pressure.
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will lower Pa2 and affect consciousness. In respiratory tests of 
ventilatory capacity it is therefore necessary to perform the test 
during rebreathing of expired gas or add CO2 to the respiratory 
gas so that Pa2 is maintained at a normal or nearly normal level. 
$e increase in ventilation is brought about by an increase in V 
to approximately two thirds of vital capacity (VC) (see later), or 
2.5 to 4 L, and an increase in frequency to 40 breaths/min or 
greater. However, during maximum physical exercise, minute ven-
tilation increases less, to around two thirds of maximum capacity, 
which means an increase to 65 to 100 L/min in normally fit 
women and men. In athletes, ventilation may exceed 150 L/min.

Lung Volumes

Functional Residual Capacity
$ere is a certain amount of air in the lungs a&er an ordinary 
expiration. $is volume is called functional residual capacity 
(FRC) (Fig. 15-2). It amounts to approximately 3 to 4 L and is 

Box 15-1 Alveolar Gas Equations 

Alveolar Oxygen Tension (PAO2)

P P
P
R

P F
R

R
AO IO

ACO
ACO IO2 2

2
2 2

1= − + × × −





where PIO2 is inspired oxygen tension, PACO2 is alveolar CO2 
tension (assumed to equal arterial PCO2), R is the respiratory 
exchange ratio (normally in the range of 0.8 to 1.0), and FIO2 
is the inspired oxygen fraction.

The term within brackets compensates for the larger 
O2 uptake than CO2 elimination over the alveolar capillary 
membranes.

A simplified equation can be written without the com-
pensation term:

P P
P
R

AO IO
ACO

2 2
2= − .

Alveolar Ventilation
Alveolar ventilation ( !VA ) can be expressed as

!V f V VA T DS= × −( )

where f is breaths/min, VT is tidal volume, and VDS is physio-
logic dead space.

Alveolar ventilation can also be derived from

! !V c V FCO A ACO2 2= × ×

where !VCO2  is CO2 elimination, c is a conversion constant, 
and FACO2 is the alveolar CO2 concentration.

If !VA  is expressed in L/min, !VCO2  in mL/min, and FACO2 
is replaced by PACO2 in mm Hg, c = 0.863. By rearranging,

! !
V

V
P

A
CO

ACO
= ×2

2

0 863.
.

dependent on sex, age, height, and weight. FRC goes up with 
height and age and down with weight and is smaller in women 
than in men.1,6 $e balance of the inward force of the lung and 
the outward force of the chest wall determines the volume. $e 
inward force of the lung, or “elastic recoil,” consists of the elastic 
fibers of the lung tissue, as well as the contractile forces of airway 
smooth muscles and the surface tension of alveoli. $e outward 
force of the chest wall is exerted by the ribs, joints, and muscles. 
It can be asked why any gas volume persists in the lung a&er 
expiration. $ere are two good reasons, at the least. One is that if 
alveoli collapse during expiration, much more effort would have 
to be spent to reopen them again than during a normal breath 
with no collapse because less resistance is encountered when 
expanding an alveolar wall in an open lung with a liquid-gas 
interphase unit than expanding a collapsed alveolus with a liquid-
liquid interphase. $e other reason is that the inspired air mixes 
with the remaining gas in the lung, thereby leveling off the varia-
tion in O2 and CO2 concentrations that occur during the respira-
tory cycle. With just little air in the lung, the gas variations in 
alveoli would be much greater, and they would cause a similarly 
varying Pa2 and Pa2 in blood. $is can indeed be observed in 
patients with reduced lung volumes (see later).

With increased ventilation, as during exercise, V is raised 
by increasing both inspiration and expiration so that FRC is 
lowered by approximately 0.5 L. However, in the presence of 
airway obstruction, as in asthma, for example, expiration is slowed 
down so that the end-expiratory level is elevated instead of being 
lowered.7 $is is called air trapping and is a means of reducing 
the resistance to gas flow in the narrowed airways (Fig. 15-2). 
However, it has to be paid for because the increased level of 
breathing increases the elastic work of breathing.

FRC increases with age because of loss of elastic lung tissue, 
which lessens the contractile force of the lung and moves the 
balancing point between the outward force of the chest wall and 
the inward force of the lung to higher lung volume. In patients 
with chronic obstructive pulmonary disease (COPD), FRC 
increases faster over the years than in normal subjects because of 
an effect of chronic air trapping and more severe loss of elastic 
tissue (in particular in emphysema).1

FRC is reduced in lung diseases characterized by fibrosis 
of the lung, such as idiopathic fibrosis, pneumoconiosis, and dif-
ferent forms of granulomatosis and vasculitis.7 In extreme cases, 
the reduction can be down to 1.5 to 2 L (see Fig. 15-2). Obviously, 
pulmonectomy (e.g., for treatment of lung cancer) will also reduce 
FRC. However, the remaining lung will expand and fill in some 
of the space le& a&er resection of lung tissue, sometimes called 
“compensatory emphysema.”

Total Lung Capacity and Subdivisions
$e gas volume in the lung a&er a maximum inspiration is called 
total lung capacity (TLC). It is typically 6 to 8 L.1 TLC can be 
increased in patients with COPD either by overexpansion or 
“hyperinflation” of essentially normal alveoli or by destruction of 
the alveolar wall with loss of elastic tissue, as in emphysema (see 
Fig. 15-2).7 In extreme cases, TLC can be increased by 50%, or up 
to 11 to 12 L. In restrictive disorders, TLC is reduced in propor-
tion to the severity of the fibrotic process and may be as low as 3 
to 4 L (see Fig. 15-2).7

Even a&er a maximum expiratory effort, some air is le& in 
the lung and no region normally collapses. $is persisting gas 
volume is called residual volume (RV) and amounts to 2 to 2.5 L. 
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lung regions. !e major stimulus for HPV is low alveolar oxygen 
tension, whether caused by hypoventilation or by breathing gas 
with a low P2. !e stimulus of mixed venous P2 is much 
weaker.42,43 !e strength of the constriction is also dependent on 
the size of the lung segment exposed to the hypoxia, being 
stronger the smaller the region. !us, in humans studied during 
intravenous anesthesia that was assumed to not affect the HPV, 
one-lung hypoxia with 8% and 4% O2 during contralateral hyper-
oxia (F2 of 1.0) caused blood flow to be diverted away from the 
hypoxic to the other, hyperoxic lung, from 52% to 40% and 30% 
of cardiac output.44

Pulmonary hypertension and pulmonary edema may 
develop in humans at high altitude because of more general pul-
monary vasoconstriction.45 Chronic lung disease with hypoxemia 
also causes HPV, but the slow progress of the disease allows time 
for remodeling of the pulmonary vascular wall, with thickening 
of the wall preventing edema formation.32

Causes of Hypoxemia and Hypercapnia

In the previous sections we discussed ventilation, gas distribution, 
and the respiratory mechanics that govern distribution, diffusion, 
and pulmonary perfusion. All these components of lung function 
can affect the oxygenation of blood, and all except diffusion can 
also measurably affect CO2 elimination. !e different mecha-
nisms behind hypoxemia and CO2 retention, or hypercapnia or 
hypercarbia, have been touched on in previous paragraphs but 
will be analyzed in more detail here.

Causes of hypoxemia can suitably be classified as hypoven-
tilation, ! !V QA  mismatch, impaired diffusion, and right-to-le% 
shunt. Hypercapnia can be caused by hypoventilation, ! !V QA  
mismatch, and shunt, although in practice hypoventilation is the 
only cause of real importance (Tables 15-1 and 15-2).

Hypoventilation
If ventilation is low in proportion to metabolic demand, elimina-
tion of CO2 will be inadequate and it will accumulate in the 
alveoli, blood, and other body tissues. Hypoventilation is o%en 
defined as ventilation that results in a Pa2 above 45 mm Hg 

(6 kPa). With this definition, hypoventilation can be present even 
when minute ventilation is high if the metabolic demand or dead 
space ventilation is increased more than minute ventilation.

!e increased alveolar P2 reduces the space available for 
oxygen in the alveoli. P2 can be estimated by the alveolar gas 
equation, shown in Box 15-1. A simplified form is derived here. 
!us, assuming a normal respiratory exchange ratio, P2 can be 
calculated as

 P P PAO IO ACO2 2 21 25= − ×( ).

!e factor 1.25 is correct if the respiratory exchange ratio is 0.8, 
and this can reasonably be assumed under resting conditions. 
P2 can be assumed to equal Pa2. !us, with a P2 of 
149 mm Hg (19.9 kPa) and a Pa2 of 40 mm Hg (5.3 kPa), P2 
is 99 mm Hg (13.2 kPa), and during hypoventilation with a Pa2 
of 60 mm Hg (8 kPa), P2 is 74 mm Hg (9.9 kPa). !at gives 
the highest possible Pa2 that can exist at that level of alveolar 
ventilation. !us, whether a low Pa2 can be explained by hypov-
entilation can easily be tested with this simple formula. If there is 
a gap between the estimated P2 and the measured Pa2, another 
or an additional cause of hypoxemia must be sought. It is also 

Figure 15-12 Distribution of blood flow from ventral to dorsal lung regions in a canine experiment with the animal supine and prone. Note the similar 
distributions from ventral to dorsal irrespective of posture. This may suggest that the distribution of perfusion in the vertical direction is determined by 
anatomic differences in the vasculature rather than by gravity. The bars show the spread of perfusion around the mean value. As can be seen, this 
nongravitational inhomogeneity is larger than that caused in the gravitational orientation. (From Glenny RW, Lamm WJE, Albert RK, et al: Gravity is a minor 
determinant of pulmonary blood-flow distribution. J Appl Physiol 71:620-629, 1991.)
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Table 15-1 Causes of Hypoxemia

Disturbance

PaO2 
(breathing 
air) at 
Rest

PaO2 
(breathing 
oxygen) 
at Rest

PaO2 
(breathing air) 
with Exercise 
(Versus Rest) PaCO2

Hypoventilation Reduced Normal No change or 
further 
decrease

Increased

! !V QA  mismatch Reduced Normal No or minor 
increase or 
decrease

Normal

Shunt Reduced Reduced No change or 
further 
decrease

Normal

Diffusion 
impairment

Reduced Normal Small to large 
decrease

Normal
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Shunt, which is o!en claimed to exist in patients with COPD, is 
mostly absent when analyzed with more sophisticated technique 
such as MIGET. Indeed, shunt in an obstructive patient should be 
considered indicative of a complicating factor in the disease (Fig. 
15-14, lower le! panel).

In severe asthma it is common to see a distinct mode of 
low ! !V QA  ratios when using MIGET.48 "us, a bimodal distribu-
tion of ! !V QA  ratios can be seen (Fig. 15-14, upper right panel). 
"e explanation is probably that alveoli behind completely 
obstructed airways (edema, mucous plug, spasm) can still be ven-
tilated through alveolar pores and interbronchial communica-
tions, so-called collateral ventilation. "is may also explain why 
shunting is not normally seen in patients with COPD. However, 
with standard techniques, such as calculation of shunt by the 
oxygen equation, low ! !V QA  cannot be separated from shunt. 
One should rather use the expression “venous admixture” in this 
case.

Airway obstruction is unevenly distributed over the lung, 
and a large variation in ! !V QA  ratios can be seen in a single 
patient. Indeed, ventilation is redistributed from regions with 
high airway resistance to other regions that may become over-
ventilated in proportion to their perfusion. "is causes high 
! !V QA  ratios. "ere are normally regions in the upper part of the 

lung that have ! !V QA  ratios of up to 5, but in obstructive patients 
ratios of up to 100 or greater can be seen, thus making them 
practically indistinguishable from true dead space. "is is what 
causes the increase in “physiologic” dead space in obstructive lung 
disease. "e effect of high ! !V QA  is also the same as for airway 
dead space, that is, ventilation that seems to not participate in gas 
exchange (“wasted ventilation”). Consequently, at the same time 
an obstructive patient suffers from low ! !V QA , which causes 
hypoxemia, and high ! !V QA , which mimics dead space ventilation 
and impedes CO2 elimination. However, the complexity of MIGET 
makes it essentially a research tool, and for clinical purposes and 
many scientific studies, calculation of dead space must rely on 
measurement of expired CO2. Derivation of the CO2 dead space 
is shown in Box 15-2.

! !V QA  mismatch exists to varying degree in all patients 
with COPD and can, as said earlier, explain all hypoxemia in most 
of these patients. Hypoventilation may be a contributing factor, 
whereas impaired diffusion (to the extent that it causes hypox-
emia) and shunt are less common (see later).

Pulmonary vessels can be affected by lung disease and 
cause ! !V QA  mismatch by impeding regional blood flow. Sys-
temic diseases with vascular involvement such as periarteritis 
nodosa, disseminated lupus erythematosus, scleroderma, and 
rheumatoid diseases may cause severe pulmonary dysfunction 
with ! !V QA  mismatch, impaired diffusion, and shunt. ! !V QA  
mismatch causes most of the hypoxemia that can be seen in pul-

monary fibrosis at rest.49 In addition, hypoxemia can be caused 
by impaired diffusion (in particular, during exercise, when it may 
dominate) and a varying degree of shunt (see later). Pulmonary 
emboli cause ! !V QA  mismatch because the occluded vascular 
bed forces blood flow to other, open regions, thus making these 
regions overperfused in relation to their ventilation. "is, again, 
causes low ! !V QA . Shunt may be small unless pulmonary artery 
pressure is markedly increased.50

Pneumonia and various forms of acute respiratory failure 
are signified by shunt and to a varying extent by ! !V QA  mismatch 
(Fig. 15-14, lower right panel). "is can easily be understood from 
the presence of atelectasis, fluid filling, and consolidation seen 
with these diseases.51

Is CO2 removal less affected than oxygenation of blood by 
! !V QA  mismatch? It is perhaps if the CO2 content of blood is 

more linearly related to CO2 tension than the O2 content is related 
to P2, according to the oxygen dissociation curve. However, this 
is not true. Elimination of CO2 is even more limited by ! !V QA  
mismatch than O2 transfer is.31 Still, it is rare to see hypercapnia 
caused by mismatch because any increase in CO2 tension stimu-
lates increased ventilation to bring Pa2 back toward normal. If 
alveolar ventilation is already impaired and cannot be increased, 
the addition of ! !V QA  mismatch may make matters worse.

Impaired Diffusion
Impaired diffusion to the extent that it reduces Pa2 can occur if 
the alveolar-capillary membranes are thickened, as in fibrosis and 
systemic vascular diseases. Diffusion is slowed down and the 
whole capillary distance may be required before the capillary 
blood has been fully oxygenated, even in resting conditions. On 

Table 15-3 Mean (SD) Ventilation-Perfusion Relationships with No Cardiopulmonary Disease (normal, n = 45), Awake and During General Anesthesia and 
Muscle Paralysis

!Qmean log SDQ! !Vmean log SDV! Shunt (% QT) Dead Space (% VT) PaO2/FIO2* (kPa)

Awake 0.76 (0-33) 0.68 (0.28) 1.11 (0.52) 0.52 (0.15) 0.5 (1.0) 34.8 (14.2) 59.5 (8.1)

Anesthetized 0.65 (0.34) 1.04 (0.36) 1.38 (0.76) 0.76 (0.31) 4.8 (4.1) 35.0 (9.9) 50.9 (15.2)

*FIO2 (inspired oxygen fraction): awake, 0.21; anesthetized, 0.42.
log SDQ! , standard deviations of the logarithmic distribution of perfusion; log SDV! , standard deviations of the logarithmic distribution of ventilation; !Qmean, mean ! !V QA  of 
the perfusion distribution; !Vmean, mean ! !V QA  of ventilation distribution.

Box 15-2 Derivation of the Physiologic Dead Space Equation

F V F V V F VE T A T DS I DS× = −( ) + ×( )

By rearranging,
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If FI = 0, F replaced by P, and PA replaced by Pa, for CO2,
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where FE , FA, and FI are mixed expired, alveolar, and 
inspired gas concentration, respectively, and VT, VDS, and VA 
are tidal volume, dead space, and part of the tidal volume to 
perfused alveoli, respectively.
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study of anesthetized human subjects, shunt and log SDQ 
increased from 1% and 0.47 while awake to 6% and 1.03 during 
anesthesia with spontaneous breathing and 8% and 1.01 during 
mechanical ventilation.52 !us, most of the gas exchange effects 
of anesthesia can be seen even during spontaneous breathing, 
with little or no further derangement added by muscle paralysis 
and mechanical ventilation.

Increased Oxygen Fraction
In the studies cited thus far, an inspired oxygen fraction (F2) of 
around 0.4 was used. Anjou-Lindskog and associates98 induced 
anesthesia on air (F2 of 0.21) in middle-aged to elderly patients 
during intravenous anesthesia before elective lung surgery and 
found only small shunts of 1% to 2%, although log SDQ increased 
from 0.77 to 1.13. When F2 was increased to 0.5, an increase in 

shunt of 3% to 4% was noticed. In another study on elderly 
patients during halothane anesthesia (see Hedenstierna52), an 
increase in F2 from 0.53 to 0.85 caused an increase in shunt 
from 7% to 10% of cardiac output. !us, a certain dependence on 
F2 appears to exist, possibly explained by attenuation of the 
HPV response with increasing F2

85 or further development of 
atelectasis and shunt in lung units with low ! !V QA  ratios.88

Body Position
Because FRC is dramatically reduced by the combined effect of 
the supine position and anesthesia (see Chapter 36), it might be 
advantageous to choose a more upright position in an anesthe-
tized subject to preserve FRC. !is was tested by Heneghan and 
colleagues99 in lung-healthy patients who underwent general 
anesthesia. However, no clear improvement in oxygenation was 
noticed when the patient was semirecumbent as opposed to the 
supine position. It is likely that pulmonary blood flow is impeded 
by the semirecumbent position because of a possible decrease in 
cardiac output and enhanced inhomogeneity of blood flow dis-
tribution. Fractional perfusion of the most dependent lung 
regions, which may still be poorly or not at all ventilated, may 
have been increased in the semirecumbent position. In the lateral 
position, differences in lung mechanics, resting lung volumes, and 
atelectasis formation between the dependent and nondependent 
portions of the lung have been demonstrated100 and shown to 
result in further disturbance of the ventilation-perfusion match, 
with severe impairment in arterial oxygenation in some patients. 
However, there are large and unpredictable interindividual varia-
tions.101 With the use of isotope techniques, an increase in ! !V QA  
mismatch was also demonstrated in anesthetized, paralyzed 
patients in the lateral position,102 and an improvement was noticed 
in the prone position.103 !ere are findings suggesting that the 
vertical inhomogeneity of the distribution of perfusion is less 
obvious in the prone position.104 !is may indicate that there are 
regional differences in vascular configuration that promote per-
fusion of dorsal lung regions, regardless of whether they are in a 
dependent or nondependent position. It is also worthy of note 
that the ventilation distribution was more uniform in anesthe-
tized subjects who were in the prone position.105

Age
It is well known that arterial oxygenation is further impeded with 
increasing age of the patient (see Chapters 71 and 82).73 As 
mentioned earlier, formation of atelectasis does not increase with 
age in adults, and the sparse number of babies who have been 
studied in the CT scanner during anesthesia appear to have a 
larger percentage of atelectasis in the transthoracic area than 
patients of other ages do.63 Similarly, shunt is independent of age 
in the tested range of 23 to 69 years. In contrast, there appears to 
be increasing ! !V QA  mismatch with age, with enhanced per-
fusion of low-V QA! !  regions both in awake subjects and when 
they are subsequently anesthetized. Figure 15-25 shows the rela-
tionship between shunt, perfusion of low- ! !V QA  regions, and age 
of the patient. !us, the major cause of impaired gas exchange 
during anesthesia at ages younger than 50 years is shunt, whereas 
at higher ages mismatch (increased log SDQ) becomes increas-
ingly important. Because the correlation between log SDQ and 
age during anesthesia is almost parallel with that during the 
awake state, it can be said that anesthesia worsens the match of 
ventilation and blood flow by as much as 20 years of aging. Hope-
fully, log SDQ returns to the preanesthesia level a%er surgery!

Figure 15-25 Influence of age on shunt, shunt + low ! !V QA , and venous 
admixture in anesthetized subjects. There is a slight and insignificant increase 
in shunt with age, whereas shunt + low ! !V QA  increases rapidly. Note also 
that venous admixture is more similar to shunt + perfusion of low ! !V QA  
regions than to shunt alone. (From Gunnarsson L, Tokics L, Gustavsson H, 
et al: Influence of age on atelectasis formation and gas-exchange impairment 
during general-anesthesia. Br J Anaesth 66:423-432, 1991.)
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Box 15-3 Derivation of the Venous Admixture 
(“Shunt”) Equation

 Ca Q Cc Q Cv QsT× = ′ ×( ) + ×( )! ! !c  (1)

 ! ! !Qc Q QsT= −  (2)

By inserting Equation 2 into Equation 1,

Ca Q Cc Q Qs Cv QsT T× = × − ( ) + ×( )! ! ! !

Rearranging,

!
!
Qs
Q

Cc Ca
Cc CvT

= ′ −
′ −

where Cc′, Ca, and Cv  are oxygen content in pulmonary end-
capillary, arterial, and mixed venous blood, respectively; !QT  
is cardiac output; !Qc  is capillary flow; and !Qs  is shunt.
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stimulation, changes in pH, temperature, and drugs such as digi-
talis. !e ability of the LV to develop and generate pressure and 
sustain the pressure for ejection of blood is the intrinsic inotropic 
state of the heart.

In isolated muscle, the maximal velocity of contraction, or 
Vmax, is de"ned as the maximal velocity of ejection at zero load. 
Vmax is obtained by plotting the velocity of muscle shortening in 
isolated papillary muscle at varying degrees of force. Although 
this relationship can be replicated in isolated myocytes, Vmax 
cannot be measured in an intact heart because complete unload-
ing is impossible. To measure the intrinsic contractile activity of 
an intact heart, several strategies have been attempted with 
varying success. Pressure-volume loops, albeit requiring catheter-
ization of the le# side of the heart, are currently the best way to 
determine contractility in an intact heart (Fig. 16-6).7 !e 
pressure-volume loop represents an indirect measure of the  
Starling relationship between force (pressure) and muscle length 
(volume). Clinically, the most commonly used noninvasive index 
of ventricular contractile function is the ejection fraction, which 
is assessed by echocardiography, angiography, or radionuclide 
ventriculography.
 Ejection fraction LVEDV LVESV LVEDV= −( ) ,

where LVESV is le# ventricular end-systolic volume.

Cardiac Work
!e work of the heart can be divided into external and internal 
work. External work is expended to eject blood under pressure, 
whereas internal work is expended within the ventricle to change 
the shape of the heart and prepare it for ejection. Internal work 
contributes to ine$ciency in performance of the heart. Wall stress 
is directly proportional to the internal work of the heart.11

External work, or stroke work, is a product of the stroke 
volume (SV) and pressure (P) developed during ejection of the 
stroke volume.

 Stroke work SV P or LVEDV LVESV P= × −( )×

!e external work and internal work of the ventricle both 
consume O2. !e clinical signi"cance of internal work is illus-
trated in the case of a poorly drained LV during cardiopulmonary 
bypass. Although external work is provided by the roller pump 
during bypass, myocardial ischemia can still occur because poor 
drainage of the LV creates tension on the LV wall and increases 
internal work.

!e e$ciency of cardiac contraction is estimated by the 
following formula12:

 
Cardiac efficiency External work Engergy equivalent of

oxyge
=

nn consumption
!e corkscrew motion of the heart for the ejection of blood 

is the most favorable in terms of work e$ciency based on the 
architecture in a normal LV (with the cardiac muscle bundles 
arranged so that a circumferentially oriented middle layer is sand-
wiched by longitudinally oriented outer layers). In heart failure, 
ventricular dilation reduces cardiac e$ciency because it increases 
wall stress, which in turn increases oxygen consumption.11

Heart Rate and Force-Frequency Relationship
In isolated cardiac muscle, an increase in the frequency of stimu-
lation induces an increase in the force of contraction. !is rela-
tionship is termed the “treppe” (Treppe means staircase in German) 
phenomenon or the force-frequency relationship.12,13 At between 
150 and 180 stimuli per minute, maximal contractile force is 
reached in an isolated heart muscle at a "xed muscle length. !us, 
an increased frequency incrementally increases inotropy, whereas 
stimulation at lower frequency decreases contractile force. 
However, when the stimulation becomes extremely rapid, the 
force of contraction decreases. In the clinical context, pacing-
induced positive inotropic e%ects may be e%ective only up to a 
certain heart rate based on the force-frequency relationship. In a 

Figure 16-5 A family of Starling curves is shown. A leftward shift of the 
curve denotes enhancement of the inotropic state, whereas a rightward shift 
denotes decreased inotropy. (From Opie LH: Ventricular function. In The 
Heart. Physiology from Cell to Circulation, 4th ed. Philadelphia, Lippincott-
Raven, 2004, pp 355-401.)
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Figure 16-6 Pressure-volume loop. Point a depicts the start of isovolumic 
contraction. The aortic valve opens at point b, and ejection of blood follows 
(b→c). The mitral valve opens at d, and ventricular filling ensues. External 
work is defined by a, b, c, and d and internal work by e, d, and c. The 
pressure-volume area is the sum of external and internal work. (From Opie 
LH: Ventricular function. In The Heart. Physiology from Cell to Circulation, 
4th ed. Philadelphia, Lippincott-Raven, 2004, pp 355-401.)
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immunoglobulin A, cholesterol, and various forms of bile salts 
and bilirubin. !e most toxic of these is unconjugated bilirubin; 
high concentrations of unconjugated bilirubin cause membrane 
dysfunction and disrupt major metabolic pathways such as the 
tricarboxylic acid cycle and oxidative phosphorylation. Patients 
with cholestatic syndromes typically have marked increases in 
serum bile salts, but normal or slightly elevated serum bilirubin.

!e clinical findings in cholestatic syndromes are depend-
ent on the severity of the cholestatic disorder and its pathogene-
sis.297-301 Pruritus is a hallmark feature and results mainly from 
retained bile salts.277,284,302,303 As cholestatic disorders increase in 
severity, jaundice develops.304 !e stool becomes lighter in color 
and the urine darkens as bile pigments are diverted from the gut 
to the kidney for excretion.

Coagulation Disorders
Enteric absorption of lipids such as vitamin K requires bile salts 
and an intact enterohepatic circulation. With cholestasis-induced 

coagulopathies, the liver continues to make procoagulants. 
However, without vitamin K, hepatocytes cannot add the γ-car-
boxyl glutamate residues that these procoagulants need for sub-
sequent activation. Parenteral vitamin K should correct this 
coagulopathy, but if it does not, there must be another cause of 
the problem. Prolonged cholestasis can induce liver dysfunction 
and a coagulopathy that would not be cured by vitamin K 
therapy.

Renal Dysfunction
Cholestatic disorders can cause dysfunction of the splanchnic 
reservoir. Because the reservoir cannot effectively transfer blood 
volume to the central circulation, severe hypotension and renal 
hypoperfusion can result from even mild losses of plasma volume. 
!is predisposes to prerenal ARF and ATN from the prerenal 
ARF. If liver dysfunction supervenes, ATN may result from 
unconjugated bilirubin, which can directly cause renal tubular 
injury.

Figure 17-13 Schematic of pathways for cirrhosis-induced portal hypertension: the forward and backward theories. Cirrhosis and portal hypertension induce 
circulatory changes that decrease effective blood volume. This activates volume receptors and stimulates neurohumoral and intrarenal reflexes, which 
decreases renal blood flow and increases renal retention of sodium. ADH, antidiuretic hormone; ANF, atrial natriuretic factor; AV, arteriovenous; HABF, hepatic 
arterial blood flow; PAF, platelet-activating factor; PGs, prostaglandins; PVBF, portal venous blood flow; THBF, total hepatic blood flow. (Reprinted with 
permission from Mushlin PS, Gelman S: Anesthesia and the liver. In Barash PG, Cullen BF, Stoelting RK [eds]: Clinical Anesthesia, 4th ed. Philadelphia, Lippincott 
Williams & Wilkins, 2001, p 1088.)
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afferent arteriolar dilation and maintains glomerular filtration 
pressure in the presence of decreased RPF. Conversely, a decrease 
in filtration fraction implies that GFR is decreased relative to RPF 
by afferent arteriolar constriction or efferent arteriolar dilation.

Total Renal Blood Flow
Flow Probes
Flow measurement by electromagnetic flow probes is based on 
the creation of a magnetic field around the circumference of the 
vessel. "e field is disrupted by blood flow, and a voltage output 
proportional to blood velocity is generated. Ultrasonic flow 
probes use the Doppler technique, in which high-frequency 
sound is transmitted across the lumen of the vessel. A shi# in 
sound frequency is created by the movement of blood and is 
proportional to blood velocity.

Flow in mL blood velocity in cm
area of vessel in c

min min( ) = ( )
× mm2( )

Flow-probe placement is invasive and requires direct surgi-
cal exposure of the renal arteries. Probes must be calibrated in 
vitro before and a#er measurements. However, they are generally 
accurate.

Thermodilution Estimation of Renal Vein Effluent
Schaer and associates43 used a double-lumen pigtail catheter with 
a thermistor placed in the renal vein of dogs under direct vision 
or with fluoroscopy. RBF was calculated by thermodilution with 
cold saline, which allowed repeated measurements in conscious 
animals. "e effect of the presence of the probe itself on RBF is 
unknown. A similar technique was used by Haywood and associ-
ates44 to measure RBF for the assessment of renal oxygen delivery 
and consumption during septic shock in pigs.

Contrast Ultrasonography
Aronson and coworkers45 attempted to measure RBF in vivo 
using contrast ultrasonography. "ey injected sonicated albumin 
microspheres into the aorta of anesthetized dogs and then 
recorded simultaneous ultrasonograpic images of the kidney and 
aorta and calculated RBF using a mathematical model. RBF was 
altered by means of a renal artery occluder or vasoactive drugs 
(dopamine or fenoldopam), and the results were compared with 
direct measurements by electromagnetic flow probe. Although 
the correlation between ultrasonography and flow probe meas-
urements of RBF was reasonable (0.84), there was a large bias (in 
many cases greater than 200 mL/min) and variance. Ultrasonog-
raphy tended to overestimate RBF, especially when cardiac output 
was changing. "e authors concluded that this method allows 
estimation of trends in RBF and may be helpful in the qualitative 
assessment of regional distribution of blood flow between the 
renal cortex and medulla.

Neurohormonal Regulation of 
Renal Function

Two mutually dependent but opposing neurohormonal systems 
maintain blood pressure, intravascular volume, and salt and water 
homeostasis (Fig. 18-16). "e sympathoadrenal axis, the renin-

angiotensin-aldosterone system, and AVP defend against hypo-
tension and hypovolemia by promoting vasoconstriction and salt 
and water retention. "e prostaglandins and natriuretic peptides 
defend against hypertension and hypervolemia by promoting 
vasodilation and salt and water excretion (Fig. 18-17).

Anesthesia does not perturb these systems to any substan-
tial degree. In the intact organism, anesthetics appear to affect 
renal function through extrarenal circulatory changes rather than 
by their direct actions on the kidney. Surgical or traumatic injury, 
on the other hand, induces profound vasoconstriction and salt 
and water retention, which may persist for several days. "e clini-
cal sequel is postoperative oliguria and edema. Renal vasocon-
striction also predisposes the kidney to further perioperative 
ischemic and nephrotoxic insults. Release of endogenous natriu-
retic peptides by atrial and ventricular stretch reinforces the 
notion that renal vasoconstriction can be prevented or modified 
by maintenance of normal or increased intravascular volume.

Figure 18-16 Neurohormonal regulation of renal function. Normally, there is 
a balance between those systems promoting renal vasoconstriction and 
sodium retention versus those systems promoting renal vasodilation and 
sodium excretion. Surgical stress, ischemia, and sepsis tip the balance in 
favor of vasoconstriction and sodium retention. On the other hand, 
hypervolemia (or the induction of atrial stretch) tips the balance in favor of 
vasodilation and sodium excretion.
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Figure 18-17 Neurohormonal renal regulatory systems. GFR, glomerular 
filtration rate; Na, sodium; RBF, renal blood flow; ↓, decreased; ↑, increased. 
(Modified from Sladen RN: Effect of anesthesia and surgery on renal function. 
Crit Care Clin 3:380, 1987.)

Vasoconstrictor
Systems

Sympathoadrenal system
Renin-angiotensin system
Aldosterone
Antidiuretic hormone (ADH)

RBF
GFR
Urine flow
Na excretion

RBF
GFR
Urine flow
Na excretion

Prostaglandins
Kinins
Atrial natriuretic peptide (ANP)

Vasodilator
Systems

A

Renal Physiology 459 18
Sectio

n II 
A

nesthetic Physiology
Systems Promoting Vasoconstriction and 
Salt Retention

The Sympathoadrenal Axis

Sympathetic effects on the kidney are mediated by circulating 
epinephrine and neuronal release of norepinephrine. "e renal 
cortex has a dense plexus of autonomic nerve fibers derived from 
the T12 to L4 spinal segments via the celiac plexus. "e primary 
stimulus to the sympathetic response is a decrease in arterial 
blood pressure sensed by baroreceptors in the aortic arch, carotid 
sinus, and afferent arteriole. Afferent fibers travel via the vagus 
nerve and decrease impulse transmission rate to the mediating 
centers in the hypothalamus, which results in increased adrener-
gic nerve activity. "e kidney does not have any parasympathetic 
innervation.

A G protein–coupled phospholipase-C receptor populates 
vascular smooth muscle and the mesangium and responds to α-
adrenergic stimulation by epinephrine and norepinephrine. It 
also mediates vasoconstriction induced by a variety of other hor-
mones and peptides, including angiotensin II, vasopressin, 
endothelin, platelet-activating factor, and leukotrienes.3 "e 
receptor subunit in the cell membrane is coupled through Gq 
protein to phospholipase C, which hydrolyzes phosphatidylinosi-
tol biphosphate (PIP2) to inositol triphosphate (IP3) and diacyl-
glycerol (DAG). In turn, DAG activates protein kinase, opening 
up a calcium channel in the membrane, and IP3 triggers the 
release of calcium from the sarcoplasmic or endoplasmic reticu-
lum. Both mechanisms result in a rapid increase in intracellular 
calcium, which binds with calmodulin and thereby activates 
myosin light-chain kinase, resulting in smooth muscle contrac-
tion. "e calcium-calmodulin complex simultaneously activates 
phospholipase A2, resulting in the production of vasodilator pros-
taglandins (see later).

Mild α-adrenergic stimulation appears to cause preferen-
tial efferent arteriolar constriction, which preserves the filtration 
fraction. Severe α-adrenergic stimulation causes predominant 
afferent arteriolar constriction and decreases filtration fraction. 
"us, the adrenergic response to a moderate decrease in renal 
perfusion (e.g., general anesthesia) favors the preservation of the 
GFR. In contrast, the adrenergic response to shock exacerbates 
the decrease in GFR already induced by renal hypoperfusion (see 
Fig. 18-4).

Adrenergic nerves also supply the proximal tubule, thick 
ascending limb of the loop of Henle, and collecting duct, and their 
stimulation enhances NaCl reabsorption at these sites. Gas tracer 
studies suggested that sympathetic activation caused sodium 
retention by intrarenal redistribution of RBF from the outer 
cortex to salt-retaining juxtamedullary nephrons, but this was not 
confirmed by microsphere studies.

"ere is a close relationship between sympathetic stimula-
tion and activation of the renin-angiotensin system. Adrenergic 
stimulation releases renin from the juxtaglomerular apparatus, 
and adrenergically induced vasoconstriction can be blocked by 
angiotensin-converting enzyme (ACE) inhibitor drugs such as 
captopril.

"e effects of the administration of exogenous adrenergic 
drugs depend on their agonist activity. Drugs with predominantly 
α-adrenergic effects, such as norepinephrine, epinephrine, phe-
nylephrine, and high-dose dopamine (>10 µg/kg/min) exacerbate 
the endogenous sympathetic responses to hypotension. Drugs 

with predominantly β1- and β2-adrenergic activity, such as 
dobutamine or isoproterenol, cause marked increases in cardiac 
output and thus RBF, but it is difficult to ascertain their intrarenal 
effects. Dopaminergic agonists (Table 18-2) selectively increase 
RBF and may oppose α-adrenergic renal vasoconstriction.43

The Renin-Angiotensin-Aldosterone System
Renin and Angiotensin
"e juxtaglomerular apparatus consists of three groups of special-
ized tissues. In the afferent arteriole, modified fenestrated endothe-
lial cells produce renin; in the juxtaposed distal tubule, cells of 
the macula densa act as chemoreceptors; and in the glomerulus, 
mesangial cells have contractile properties (see Fig. 18-3). Together 
these provide an important regulating system for blood pressure, 
salt, and water homeostasis.46

Renin secretion is stimulated by hypovolemia that may be 
overt (hemorrhage, diuresis, sodium loss or restriction) or covert 
(positive-pressure ventilation, congestive heart failure, sepsis, or 
cirrhosis with ascites). A decrease in renal artery perfusion pres-
sure triggers baroreceptors in the afferent arterioles. Sympathetic 
nerve stimulation and circulating catecholamines act on β-adren-
ergic receptors in the afferent arterioles. An increase in chloride 
concentration in the distal tubular fluid activates the cells of the 
macula densa, which trigger renin release from the afferent arte-
riole. "is tubuloglomerular feedback appears to play a role in 
modulating GFR during normal and abnormal renal function 
through a continuous feedback loop.4,5

Renin acts on angiotensinogen, a large circulating glyco-
protein released from the liver, and cleaves off a decapeptide, 
angiotensin I. In the kidney and in the lung angiotensin I is 
further cleaved by endothelial-based ACE to form an octapeptide, 
angiotensin II, a potent vasoconstrictor (Fig. 18-18). Renin is the 
rate-limiting enzyme in the production of angiotensin II.47

Activation of modest amounts of angiotensin II causes 
renal cortical vasoconstriction predominantly at the level of the 
efferent arterioles (see Fig. 18-4). "is acts to maintain glomerular 
filtration fraction in the presence of mild to moderate decreases 
in RBF or perfusion pressure. "e importance of this protective 
mechanism is emphasized by the deterioration in GFR that occurs 
when angiotensin-converting enzyme inhibitors are administered 
to patients with hypotension, renal insufficiency, or unilateral 
renal artery stenosis.48,49 Severe stress induces the release of high 
levels of angiotensin II, which constricts the glomerular mesang-
ial cells and decreases the glomerular filtration fraction. Angi-
otensin II promotes systemic vasoconstriction at about one tenth 
of its renal effect. "e effect of angiotensin II in causing salt and 

Table 18-2 Dopamine and its Analogs

Receptor DA1 DA2 β1 β2 α1

Dopamine +++ ++ ++ ± +++

Dobutamine 0 0 +++ ++ ±

Dopexamine ++ + ± +++ 0

Fenoldopam ++++ 0 0 0 0

Dobutamine, dopexamine, and fenoldopam are all pharmacologic analogs of 
dopamine. However, dobutamine is devoid of dopaminergic activity; dopexamine 
has about one third of the dopaminergic activity of dopamine; and fenoldopam is a 
pure, selective dopamine1-receptor agonist. α1, alpha1-receptor; β1, beta1-receptor; 
β2, beta2-receptor; DA1, dopamine1-receptor; DA2, dopamine2-receptor.
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conversion of guanidine triphosphate (GTP) to cyclic GMP. 
Cyclic GMP has two major actions: relaxation of vascular smooth 
muscle and suppression of the inflammatory response. It inhibits 
leukocyte adhesion, platelet activation and aggregation, and cel-
lular proliferation. Cyclic GMP is converted to GMP by phos-
phodiesterase I and V. !us, the local action of nitric oxide can 
be enhanced by the administration of a selective phosphodieste-
rase V inhibitor, such as sildenafil. Nitric oxide itself is rapidly 
inactivated by binding to intracellular heme and heme proteins 
(oxyhemoglobin, oxymyoglobin, guanylate cyclase, cyclooxygen-
ase, cytochrome P450).

Nitric Oxide Synthase (NOS)
!ere are several distinct subtypes of NOS that determine the site 
and function of nitric oxide synthesis. Constitutive NOS is 
calcium and calmodulin dependent and releases small amounts 
of nitric oxide for short periods of time (“tonic” release). Consti-
tutive NOS has two subtypes: neuronal NOS, which acts as a 
peripheral neurotransmitter and induces cerebral vasodilation, 
and endothelial NOS, which exists in the vascular endothelium 
and mediates the activity previously ascribed to endothelium 
derived relaxing factor (EDRF). !e latter is an important modu-
lator of systemic and pulmonary vascular resistance. In the kidney, 
endogenous nitric oxide preserves blood flow to the oligemic 
juxtamedullary cortex and medulla and may also provide endog-
enous protection against ischemic and nephrotoxic medullary 
injury.74-76

Inducible NOS is calcium and calmodulin independent 
and is induced by cytokines predominantly in inflammatory cells 
(macrophages, granulocytes) but also in vascular smooth muscle. 
At low levels of activation, inducible NOS enhances the response 
to infection and promotes inflammation and wound healing. In 
severe sepsis, inducible NOS produces huge amounts of nitric 
oxide for protracted periods of time (“phasic” release) and is 
largely responsible for the characteristically profound systemic 
vasodilation that is refractory to norepinephrine.77 High levels of 
nitric oxide, and its reactive products nitrogen dioxide and per-
oxynitrite, induce lipid peroxidation and denaturation of proteins 
that drive the systemic inflammatory response syndrome (SIRS) 
and its attendant acute renal injury.

Duality of Nitric Oxide in Renal Function and Injury
Goligorsky and coworkers78 have framed the hypothesis that an 
imbalance between the expression and activity of constitutive and 
inducible NOS plays an important role in the pathophysiology of 
acute renal failure. In experimental models of sepsis, nonselective 
inhibitors of both constitutive and inducible NOS improve blood 
pressure but worsen overall perfusion, including renal perfusion. 
Selective inhibitors of inducible NOS show promise in suppress-
ing severe inflammation and vasodilation while maintaining 
tonic perfusion to vital organs, including the kidneys.79

The Renal Adenosine System
Adenosine Receptors
Adenosine, the endogenous degradation product of ATP, is pro-
duced by every mammalian cell type and is normally thought of 
as a potent vasodilator. However, in the kidney, it plays an essen-
tial role in regulating intrarenal blood flow by inducing outer 
cortical vasoconstriction and preserving juxtamedullary per-
fusion. !is variance in function is explained by the identification 
of at least four subtypes of adenosine receptor: A1, A2a, A2b, and 

A3 (Table 18-3). Activation of the A1 adenosine receptor induces 
outer cortical vasoconstriction; it also decreases renin release and 
inhibits diuresis and natriuresis. In contrast, A2a adenosine recep-
tors increase medullary renal blood flow and enhance renin 
release, diuresis, and natriuresis.

Perioperative Ischemic and 
Nephrotoxic Injury

!is section will review perioperative agents and events that may 
disrupt normal renal physiology. If the disruption is severe enough 
or occurs in susceptible individuals, it may induce ischemic or 
nephrotoxic acute tubular necrosis, the most common form of 
perioperative acute kidney injury.

Pathogenesis

Ischemia-Reperfusion Injury
In many clinical situations (e.g., hypovolemic shock, suprarenal 
aortic-cross clamping) the kidney is subject to a classic ischemia-
reperfusion injury that involves several distinct phases.80 Acute 
injury to the tubular epithelium and vascular endothelium initi-
ates a rapid decline in GFR. !e injury is extended by epithelial 
and endothelial cell apoptosis and necrosis. !e injury becomes 
stabilized during the maintenance phase, with the beginning of 
cellular reorganization that culminates in the recovery phase. !e 
initiation phase is o"en transient, so the extension phase is the 
most important “window of opportunity” for therapeutic inter-
vention that might reverse acute kidney injury. !is emphasizes 
the importance of early, sensitive detection of rapid declines in 
GFR.27

Nephrotoxic Injury
!e putative mechanisms of nephrotoxic tubular injury have been 
previously discussed (see “Oxygen Balance in the Medullary 
!ick Ascending Loop”). !e risk of nephrotoxic acute kidney 
injury is exponentially related to the number of nephrotoxic 
insults.13 An isolated nephrotoxin (e.g., radiocontrast dye) is 
unlikely to cause acute kidney injury when the kidney is well 
perfused. In animal models of nephrotoxic acute tubular necrosis, 

Table 18-3 Adenosine Receptor Subtypes and Functions

Receptor Agonist Function Ischemic Injury

A1 Outer cortical vasoconstriction Highly protective

Decreased renin release

Inhibition of diuresis and natriuresis

A2a Juxtamedullary vasodilation Highly protective

Increased renin release

Promotion of diuresis and natriuresis

A2b Unknown

A3 Unknown Potentiates injury

From Fozard JR, Hannon JP: Adenosine receptor ligands: potential as therapeutic 
agents in asthma and COPD. Pulm Pharmacol Ther 12:111-114, 1999.
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metabolic capacity. Cout!ow becomes indistinguishable from Cin!ow 
because the "nite hepatic capacity metabolizes only an in"nitesi-
mal fraction of the drug !owing through the liver. As a result, 

clearance becomes V
K C

m

m inflow+
. We can solve for this in the 

“linear range” by "nding clearance when C V
Kinflow

m

m
= 0 : . #is is 

the intrinsic clearance, Clint. In brief, it can be readily demon-
strated (although we will spare you the details) from the de"ni-
tion of Clint that in the linear range, Clint is directly related to the 
extraction ratio:

 Extraction ratio Cl
Q Cl

int

int
=

+!
 (7)

Combining this with Equation 6 yields the relationship between 
hepatic clearance and Clint:

 Hepatic clearance Q Cl
Q Cl

int

int
=

+

!
!  (8)

#e relationship between intrinsic clearance and extraction 
ratio is shown in Figure 19-9 and was calculated at a hepatic 
blood !ow of 1400 mL/min. In general, true hepatic clearance 
and extraction ratio are more useful concepts for anesthetic drugs 
than intrinsic clearance is. However, intrinsic clearance is intro-
duced here because it is occasionally used in pharmacokinetic 
analysis of anesthetic drugs.

#us far we have focused on linear pharmacokinetics, that 
is, the pharmacokinetics of drugs whose metabolic rate at clinical 

doses is less than Vm/3. Clearance of such drugs is generally 
expressed as a constant (e.g., propofol clearance = 1.6 L/min). 
Some drugs, such as phenytoin, exhibit saturable pharmacokinet-
ics (i.e., have such low Vm that typical doses exceed the linear 
portion of Fig. 19-6). Clearance of drugs with saturable metabo-
lism is a function of drug concentration rather than a constant.

Renal Clearance
#e kidneys clear drug from plasma by "ltration at the glomeru-
lus and direct transport into the tubules. Renal blood !ow is 
inversely correlated with age, as is creatinine clearance, which can 
be predicted from age and weight according to the equation of 
Cockro$ and Gault5:
Men:

 Creatinine clearance mL min
Age yr Weight kg

( )
= − [ ]× [ ]( )

×
140
72 SSerum creatinine mg%( )

 
(9)

Women:
85% of the above.

Equation 9 shows that age is an independent predictor of 
creatinine clearance. #us, elderly patients have decreased creati-
nine clearance, even in the presence of normal serum creatinine 
levels. Inhaled anesthetics also decrease renal blood !ow. 
Decreased renal clearance will delay the o%set of e%ect for renally 
excreted drugs or their metabolites.

Tissue Clearance
Some anesthetic drugs are cleared in other tissues, such as blood, 
muscle, and the lungs. For example, remifentanil is cleared by 
nonspeci"c esterases located primarily in muscle and intestines, 
with the lungs, liver, kidneys, and blood each contributing mini-
mally to clearance of remifentanil. Succinylcholine, mivacurium, 
and 2-chloroprocaine are all metabolized by plasma butyrylcho-

Figure 19-8 Corollary to Figure 19-7 showing the relationship between 
metabolic capacity, clearance, and extraction ratio (E.R.). Changes in 
maximum metabolic velocity (Vm) have little effect on drugs with a high 
extraction ratio, but they cause a nearly proportional decrease in clearance of 
drugs with a low extraction ratio.
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calculated for a liver blood flow of 1400 mL/min.
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Figure 19-34 Dose- or concentration-versus-response relationships. A 
sigmoidal concentration-response curve is generated when the log drug 
concentration is plotted against the clinical response or effect. The 
concentration-response curve is shifted to the right (B→C) in the presence of 
a competitive antagonist after desensitization. Curve C might also represent 
an agonist with lower receptor affinity (Ka) or potency than curve B (or both). 
Curve A represents an agonist with higher receptor affinity or potency than 
curve B.
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Table 19-2 Site of Action of Sedatives and Hypnotics

Anesthetic GABAA Glycine Neuronal nAChR 5-HT3 AMPA (GluR1-4) NMDA

Barbiturates +++ +/0 −−− −/0 −−− 0

Chloroform +++ +++ −−− Unknown −−− 0

Diethyl ether +++ +++ −−− +++ −−− −−−

Enflurane +++ +++ −−− +++ −−− −/0

Etomidate +++ +/0 −/0 0 Unknown Unknown

Halothane +++ +++ −−− +++ −−− −/0

Isoflurane +++ +++ −−− +++ −−− −/0

Ketamine +/0 0 −−− +/0 0 −−−

Methoxyflurane +++ +++ −−− +++ Unknown Unknown

Nitrous oxide +++ +/0 Unknown Unknown −/0 −−−

Propofol +++ +++ −/0 0 −/0 −/0

Sevoflurane +++ +++ −−− Unknown Unknown Unknown

Steroidal anesthetics +++ 0 −/0 −/0 0 0

Xenon 0 Unknown Unknown Unknown 0 −−−

AMPA, α-amino-3-hyudroxy-5-methyl-4-isoxazoleproprionate; GABA, γ-aminobutyric acid; 5-HT, 5-hydroxytryptamine; nAChR, nicotinic acetylcholine receptor; NMDA, N-
methyl-D-aspartate; +++, potentiation of the agonist; −−−, inhibition of the agonist; +/0 and −/0, little potentiation or inhibition, except at concentrations well in excess of 
the clinical range; 0, no effect at any concentration.
From Krasowski MD, Harrison NL: General anaesthetic actions on ligand-gated ion channels. Cell Mol Life Sci 55:1278-1303, 1999.

Figure 19-35 Relationship among efficacy, potency, and individual variability 
as they relate to a typical sigmoidal dose- or concentration-versus-response 
curve.

100

0

Dose, concentration, or
other measure of exposure

Efficacy

Potency

Individual
variability

E
ffe

ct



137

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013

A

540 Anesthetic PharmacologyIII

able quantities of anesthetics are taken up because the solubilities 
of anesthetics far exceed the solubility of oxygen (or nitrogen).  
At low inspired concentrations, the balance between delivery  
of anesthetic by ventilation and removal of anesthetic by uptake 
determines the F/F ratio. #e relationship is a simple one. For 
example, if uptake removes a third of the inspired anesthetic 
molecules, F/F equals two thirds; if uptake removes two thirds 
of the inspired molecules, F/F equals a third.

Anesthetic Uptake Factors

#ree factors determine anesthetic uptake: solubility (λ), cardiac 
output (Q), and alveolar-to-venous partial pressure difference  
(P − Pv).1 Uptake equals the product of these factors: λ × Q × 
(P − Pv) divided by barometric pressure.

Because uptake is the product of these factors rather than 
a sum, if any factor approaches zero, uptake must approach zero, 
and ventilation rapidly drives the F/F ratio to 1.0. #us, if solu-
bility is low (as in the case of oxygen), if cardiac output approaches 
zero (as in profound myocardial depression or death), or if the 
alveolar-to-venous difference becomes inconsequential (as might 
occur a%er an extraordinarily long course of anesthesia), uptake 
would be minimal, and F/F would equal 1.

Solubility
A partition coefficient describes the relative affinity of an anes-
thetic for two phases and hence how that anesthetic partitions 
itself between the two phases when equilibrium has been achieved. 
#e blood-gas partition coefficient (λ, or “blood solubility”) 
describes the partitioning of an anesthetic between blood and gas. 
For example, isoflurane has a blood-gas partition coefficient of 
1.4, which means that at equilibrium, the concentration of isoflu-
rane in blood is 1.4 times its concentration in the gas (alveolar) 
phase. “Equilibrium” means that no difference in partial pressure 
exists (i.e., a blood-gas partition coefficient of 1.4 does not indi-
cate that the partial pressure in blood is 1.4 times that in the gas 
phase). #e partition coefficient may be thought of in another 
way—it indicates the relative capacity of the two phases. #us, a 
value of 1.4 means that each milliliter of blood holds 1.4 times as 
much isoflurane as a milliliter of alveolar gas does.

A larger blood-gas partition coefficient produces greater 
uptake and hence a lower F/F ratio. Because the partial pressure 

of an anesthetic in the alveoli is transmitted to arterial blood and 
thence to all tissues (especially the central nervous system), devel-
opment of an adequate central nervous system anesthetic partial 
pressure may be delayed in the case of highly blood-soluble agents 
such as ether and methoxyflurane (Table 21-1).1-8 Indeed, the 
delay in development of an anesthetizing cerebral partial pressure 
has contributed to the elimination of such highly blood-soluble 
agents from anesthetic practice. Even the moderate solubility of 
isoflurane could slow induction of anesthesia were it not for the 
use of anesthetic overpressure—that is, we compensate for the 
uptake of anesthetic by delivering a higher concentration than we 
hope to achieve in the alveoli, perhaps 2% isoflurane to produce 
an alveolar concentration of 1%.

Cardiac Output
#e effect of altering cardiac output is intuitively obvious. If more 
blood passes through the lungs, more blood is available to remove 
anesthetic and thereby lower the F/F ratio. To the student of 

Table 21-1 Partition Coefficients at 37°C

Anesthetic Blood-Gas Brain-Blood Liver-Blood Kidney-Blood Muscle-Blood Fat-Blood

Desflurane 0.45 1.3 1.4 1.0 2.0 27

Nitrous oxide 0.47 1.1 0.8 — 1.2 2.3

Sevoflurane 0.65 1.7 1.8 1.2 3.1 48

Isoflurane 1.4 1.6 1.8 1.2 2.9 45

Enflurane 1.8 1.4 2.1 — 1.7 36

Halothane 2.5 1.9 2.1 1.2 3.4 51

Diethyl ether 12 2.0 1.9 0.9 1.3 5

Methoxyflurane 15 1.4 2.0 0.9 1.6 38

Data from references 1 through 8.

Figure 21-1 Washin of oxygen was determined in two patients breathing 
from a mask. A 63% change was obtained in about 30 seconds, an 86% 
change in about 1 minute, and a 95% to 98% change in 2 minutes. (From Eger 
EI II [unpublished data].)
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Burns

A!er a period of immobilization, burn injury causes upregulation 
of both fetal (α2βγδ) and mature (α2βεδ) nAChRs.429 "is upreg-
ulation of nAChRs is usually associated with resistance to non-
depolarizing neuromuscular blockers and increased sensitivity to 
succinylcholine.430 Causes of upregulation of nAChRs are listed 
in Box 29-1. A significant increase in the quantal content of 
evoked acetylcholine release is noted by 72 hours a!er scald 
injury in rats.431 "is also contributes to the resistance to nonde-
polarizing blockers in burn patients. In mice, thermal injury 
induces changes in diaphragm acetylcholinesterase with respect 
to total content and specific molecular forms.432

Resistance to the effects of nondepolarizing neuromuscular 
blocking drugs is usually seen in patients with burns over at least 
25% of their total body surface area.140,430 Recovery of neuromus-
cular function to preburn levels may take several months or even 
years a!er the burn injury.433 "e increase in serum potassium 
concentration that normally follows the administration of succi-
nylcholine is markedly exaggerated in burned victims.434 Potas-
sium concentrations as high as 13 mEq/L have been reported to 
result in ventricular tachycardia, fibrillation, and cardiac arrest.434 
"e magnitude of the hyperkalemic response does not appear to 
closely correlate with the magnitude of the burn injury. Poten-
tially lethal hyperkalemia was seen in a patient with only an 8% 
total body surface area burn.435 Succinylcholine has been safely 
administered within 24 hours of a burn injury. A!er this initial 
24 hours, however, sufficient alteration in muscle response may 
have occurred, and the use of succinylcholine is best avoided.

"e time course of abnormal muscle membrane function 
corresponds with that of the healing process. Once normal skin 
has regrown and any infection subsides, the normal acetylcholine 
receptor populations appear to return.433 Normal responses to 
succinylcholine have been demonstrated in burn patients studied 
3 years a!er injury.433 "e length of time during which a burn 

patient may be at risk for a hyperkalemic response is not well 
defined. A conservative guideline therefore would be to avoid the 
use of succinylcholine in patients 24 to 48 hours a!er a thermal 
injury and for at least 1 or 2 years a!er the burned skin has 
healed.

Neuromuscular Blockers and Weakness 
Syndromes in the Critically Ill

Neuromuscular blocking drugs are frequently used in conjunc-
tion with sedatives and analgesics in ICUs. Indications for the use 
of neuromuscular blockers in the ICU are outlined in Box 29-2. 
Few available data support their use, and evidence for a beneficial 
effect on pulmonary function or patient oxygenation is inconclu-
sive.436 Yet nondepolarizing neuromuscular blockers are com-
monly used for weeks in ICU patients, most of the time without 
monitoring and frequently at doses exceeding those used in the 
operating room.437 "e results of two surveys in the United States, 
including anesthesiologists and nurses with special certificates of 
competence in critical care, indicated that 98% of those surveyed 
use neuromuscular blocking drugs at least occasionally.437

Of particular concern in intensive care settings is the risk 
that paralyzed patients will receive inadequate analgesia and 
sedation.438 "is may be due to the fact that ICU nurses and physi-
cians are unfamiliar with the pharmacology of neuromuscular 
blocking drugs.437,438 For instance, pancuronium was thought to 
be an anxiolytic by 50% to 70% of ICU nurses and house staff, 
and 5% to 10% thought that it was an analgesic.438 In the United 
Kingdom, the erroneous use of neuromuscular blockers as seda-
tives in intensive care was not uncommon in the 1980s.439 Approxi-
mately 96% of ICU patients received neuromuscular blockers to 
aid mechanical ventilation in 1980. By 1986, their use had fallen 
to 16% of ventilated patients.439 In the United States, neuromus-
cular blockers are used in less than 20% of all patients requiring 
mechanical ventilation.437

A prolonged ICU stay during critical illness is associated 
with disorders of neuromuscular function that contribute to mor-
bidity, length of hospital stay, weaning difficulty, and prolonged 
rehabilitation.440 Complications of long-term administration of 

Box 29-1 Conditions Associated with Upregulation and 
Downregulation of Acetylcholine Receptors

nAChR upregulation

Spinal cord injury

Stroke

Burns

Prolonged immobility

Prolonged exposure to neuromuscular blockers

Multiple sclerosis

Guillain-Barré syndrome

nAChR downregulation

Myasthenia gravis

Anticholinesterase poisoning

Organophosphate poisoning
nAChR, nicotinic acetylcholine receptor.
From Naguib M, Flood P, McArdle JJ, Brenner HR: Advances in 

neurobiology of the neuromuscular junction: Implicatifons for the 
anesthesiologist. Anesthesiology 96:202-231, 2002, with 
permission from Anesthesiology.

Box 29-2 Reported Indications for the Use of Muscle 
Relaxants in the Intensive Care Unit

Facilitate mechanical ventilation

Facilitation of endotracheal intubation

Enable patients to tolerate mechanical ventilation

High pulmonary inflation pressures, e.g., acute respiratory 
distress syndrome

Hyperventilation for increased intracranial pressure

Facilitate therapeutic or diagnostic procedures

Tetanus

Status epilepticus

Reduce oxygen consumption

Abolish shivering

Reduce work of breathing
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neurally derived mediator of reflex bronchospasm). Inhaled anes-
thetics may remain effective bronchodilators even with severe 
serotonin- or histamine-induced bronchospasm that is refractory 
to β2-adrenoceptor therapy.

Volatile anesthetic–induced decreases in bronchomotor 
tone and neurally mediated airway reflexes may be partially 
opposed by a simultaneous reduction in functional residual 
capacity (FRC) in anesthetized patients. "is decrease in FRC 
increases airway resistance. An increased risk for morbidity  
and mortality during the perioperative period has been well 
established in patients with asthma and may be partially  
attributed to these FRC-mediated increases in airway resistance. 
Exposure of airway smooth muscle to low temperatures may 
abolish the inhibitory effects of volatile anesthetics on carbachol-
induced contraction.56 "ese findings suggest that intraoperative 
hypothermia also may attenuate volatile anesthetic–induced 
bronchodilation.

Bronchospasm may occur with respiratory diseases other 
than asthma. For example, healthy patients undergoing surgical 
stimulation of the pulmonary parenchyma or airways (including 
tracheal stimulation by an endotracheal tube) are at risk for bron-
chospasm. "e choice of preoperative medication, induction 
agent, muscle relaxant, and type of inhaled agent are important 
factors in determining the development of bronchospasm in 
patients with known reactive airway disease. Recently, Iwasaki 
and coworkers29 demonstrated that sevoflurane-induced rela-
xation of airway smooth muscle and VDCs was dependent on  

Figure 22-4 Proposed signaling pathways underlying volatile anesthetic (specifically, halothane)-induced bronchodilation or inhibition (or both) of muscarinic 
agonist–induced contraction of airway smooth muscle. +, excitatory action of muscarinic receptor agonist; ↑, activation or increase attributable to the volatile 
anesthetic; ↓, inhibition or decrease attributable to the volatile anesthetic. Signal transduction along pathway A is supported by work from Warner and 
coworkers on a role of halothane in decreasing Ca2+ sensitivity rather than a change in ICa2+ content. (Adapted from Pabelick CM, Prakash YS, Kannan MS, et 
al: Effects of halothane on sarcoplasmic reticulum calcium release channels in porcine airway smooth muscle cells. Anesthesiology 95:207, 2001; and Hanazaki 
M, Jones KA, Perkins WJ, et al: Halothane increases smooth muscle protein phosphatase in airway smooth muscle. Anesthesiology 94:129, 2001, with 
permission.)
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Figure 22-5 Percent change in respiratory system resistance in patients 
after 5 and 10 minutes of maintenance anesthesia with either 0.25 mg/kg/min 
thiopental plus 50% nitrous oxide or 1.1 minimum alveolar concentration 
(MAC) sevoflurane, halothane, or isoflurane or approximately 1 MAC 
desflurane. All volatile anesthetics except desflurane decreased resistance. 
Sevoflurane decreased resistance more than isoflurane did. (Modified from 
Rooke GA, Choi J-H, Bishop MJ: The effect of isoflurane, halothane, 
sevoflurane, and thiopental/nitrous oxide on respiratory system resistance 
after tracheal intubation. Anesthesiology 86:1294, 1997; and Goff MJ, Arain 
SR, Ficke DJ, et al: Absence of bronchodilation during desflurane anesthesia: 
A comparison to sevoflurane and thiopental. Anesthesiology 93:404, 2000, 
with permission.)
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recovered in the process of fractional distillation of liquefied air, 
and a!er several separation steps, a purity of greater than 99.99% 
can be obtained. "e cost of xenon is presently about $10.00  
(U.S.) per liter (100 times more expensive than nitrous oxide), 
and it may be unlikely to enjoy widespread use because of the 
expense associated with its extraction from air. If this problem 
could be overcome, xenon would be the most ideal inhaled anes-
thetic agent because xenon (minimum alveolar concentration 
[MAC] of 71%) is more potent than nitrous oxide, can provide 
surgical anesthesia in 30% oxygen, is very insoluble (blood-gas 
partition coefficient of 0.14), and has positive medical and envi-
ronmental effects (Table 24-1). Xenon exhibits minimal cardio-
vascular and hemodynamic side effects, is not known to be 
metabolized in the liver or kidney, is not teratogenic, and does 
not trigger malignant hyperthermia in susceptible swine.30 Recent 
evidence suggests both a neuroprotective31 and a cardioprotective 
effect a!er exposure to xenon.32 Environmental positives are that 
xenon does not deplete stratospheric ozone or contribute to 
global warming and the greenhouse effect. "e unique combina-
tion of analgesia, hypnosis, and lack of cardiovascular depression 
in this one agent makes xenon a very attractive choice for patients 
with limited cardiovascular reserve. Xenon has a density of 
5.887 g/L, with nitrous oxide and air having densities of 1.53 and 
1.00 g/L, respectively. Because of its greater density, xenon does 
lead to an increase in pulmonary resistance, which results in an 
increase in the work of breathing.33 "us, xenon should be used 
with caution in patients with moderate to severe chronic obstruc-
tive pulmonary disease, the morbidly obese, premature infants, 
and any other patient in whom an increase in the work of breath-
ing might have adverse effects.

Xenon was first used successfully for general anesthesia in 
human volunteers and patients in the 1950s,29,34 was largely for-
gotten for 40 years, and then was rediscovered in 1990.35 Over the 
past 20 years, xenon has been studied intensively in Europe and 
Japan in a number of clinical trials with very promising results.36-38 
Lachmann and colleagues showed that patients anesthetized with 
70% xenon and 30% oxygen required 80% less supplemental fen-
tanyl than did a similar group anesthetized with 70% nitrous 
oxide and 30% oxygen.35 In a comparison of 30 American Society 
of Anesthesiologists (ASA) class I and II patients undergoing total 
abdominal hysterectomy and receiving either 60% xenon, 60% 
nitrous oxide with 0.5% isoflurane, or 60% nitrous oxide with 
0.7% sevoflurane (all patients had epidurals and received mepi-
vacaine to control the heart rate and blood pressure to within 20% 
of baseline), Goto and associates found that emergence from 
xenon anesthesia was two to three times faster than either com-
parison group.39 In a randomized controlled multicenter trial, a 
total of 224 patients from six centers received either 60% xenon 
in 40% oxygen or 60% nitrous oxide in 0.5% isoflurane, with 1 µg 
sufentanil administered if indicated by defined criteria.40 "is 
study demonstrated significantly faster recovery from xenon 
anesthesia than from isoflurane–nitrous oxide anesthesia. Goto 

and coworkers showed that hemodynamic stability was better 
with xenon than with nitrous oxide with respect to maintenance 
of le! ventricular systolic function.41 More recently, a randomized 
multicenter trial was undertaken to compare le! ventricular 
function in patients without cardiac disease who were undergoing 
elective surgery under either xenon or isoflurane anesthesia.42 
Xenon did not reduce contractility, whereas isoflurane decreased 
the contractile index, suggesting that xenon provides favorable 
cardiovascular stability in patients without cardiovascular disease. 
Although it is clear that emergence from xenon anesthesia is more 
rapid than emergence from desflurane or propofol anesthesia, 
studies have not found any significant differences in postoperative 
cognitive measures in patients exposed to these two agents.43 In 
a recent study involving ASA III patients undergoing aortic 
surgery and receiving xenon (n = 20) or remifentanil (n = 19), no 
advantage of total intravenous anesthesia over xenon was dem-
onstrated.44 A recent study that included 40 ASA III and IV 
patients with known coronary artery disease randomized to 
either xenon (n = 20) or propofol (n = 20) anesthesia, both sup-
plemented with remifentanil, showed higher arterial pressure and 
better le! ventricular function, as assessed by echocardiograph 
indices, with xenon than with propofol.45 It is certainly too early 
to know whether xenon anesthesia improves clinical outcomes, 
particularly in high-risk patients, and thus justifies the additional 
cost associated with its use in clinical anesthesia.

During xenon anesthesia, nitrogen released from the 
patient’s body accumulates in the anesthesia circuit. Consequently, 
it is necessary to perform prolonged denitrogenation before start-
ing xenon administration to reduce the risk for hypoxia. Another 
technical challenge lies in the transition from denitrogenation to 
closed-circuit xenon anesthesia. One could simply increase fresh 
gas flow (too expensive) or add xenon to the circuit as oxygen is 
consumed by the patient. "is second method is too slow because 
patients typically consume only 200 to 250 mL of oxygen per 
minute. Several investigators use a second anesthesia machine 
already primed with 4 L of xenon. "us, xenon must be given with 
a rebreathing system, low fresh gas flow, or a closed-circuit system. 
A closed-circuit system is the most economical technique for the 
clinical use of xenon. In the 2-hour study from Japan by Goto and 
colleagues, the estimated cost of providing anesthesia per patient 
was $170.00 for xenon ($17.00/L), $57.00 for isoflurane, and 
$60.00 for sevoflurane.39 "ese differences in cost would be dif-
ferent in the United States, where xenon is $10.00/L, and would 
become progressively smaller with a longer duration of anesthesia 
because the rate of xenon consumption declines exponentially as 
body tissues become saturated in a closed rebreathing system. "e 
total yearly production of xenon is approximately 6 million L, or 
enough for about 400,000 anesthetic procedures. If delivery 
systems become available that allow recycling of anesthetic gases, 
xenon anesthesia may become more economical and accessible 
to selected patients who might benefit from its lack of adverse 
systemic effects.

Table 24-1 Anesthetic Properties of Xenon versus Other Anesthetics

Xenon Nitrous Oxide Isoflurane Desflurane Sevoflurane

Oil-gas partition coefficient 1.9 1.4 90 18.7 53.4

Blood-gas partition coefficient 0.14 0.47 1.4 0.42 0.6

Minimum alveolar concentration (%) 71 ≈105 1.15 6.0 1.71
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liver injury. !e dose threshold for intrinsic toxicity may be 
achieved as a result of increased production, altered tissue seques-
tration, or decreased elimination of toxic metabolites. Moreover, 
other pharmacologic agents or chemicals, altered physiologic 
states, or pathologic states may affect the dose threshold for these 
toxicities. Nonetheless, when the dose threshold is surpassed, 
tissue injury may be caused by direct actions of the metabolite, 
which may result in inhibition or modification of the enzymatic 
and structural systems necessary for maintaining cellular integ-
rity. In contrast to the intrinsic mechanisms of toxicity, many 
pharmacologic agents produce adverse reactions through an idi-
osyncratic pathway. !ese reactions are generally host dependent, 
relatively rare, and difficult to produce in animals in which the 
mechanisms can be systematically studied. Many idiosyncratic 
reactions, including liver injury caused by inhaled anesthetics, 
may have an immune basis. !e injury is not due to the prodrug 
itself because small molecules are not immunogenic. Instead, 
reactive metabolites bind irreversibly to tissue proteins and 
produce a drug-protein adduct (or hapten-carrier conjugate)  
that can induce an immune response. !e hapten hypothesis 
involves a chemically reactive drug or reactive metabolite  
acting as a hapten by binding to protein, which is then taken up 
by an antigen-presenting cell and processed. !e processed 
antigen is presented in the context of the major histocompatibility 
complex to a helper T cell (signal 1). !e danger hypothesis 
involves cell damage or stress (possibly caused by the drug or 
reactive metabolite) leading to the release of danger signals that 
result in the upregulation of costimulatory factors (signal 2). 
Without signal 2, the result is immune tolerance (Fig. 24-12).88 In 
addition to the inhaled anesthetics halothane, enflurane, isoflu-
rane, and desflurane, other examples of well-studied immune-
mediated idiosyncratic drug reactions include penicillin and 
acetaminophen.89

Immune-Mediated Halothane Hepatotoxicity
Two distinct types of hepatic injury have been associated with the 
clinical use of halothane (Table 24-2). Mild injury occurs in 20% 
of adults who receive halothane, and laboratory tests show mild 
elevations in alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST). !e second type of injury is the fulminant 
form, commonly known as halothane hepatitis, which is charac-
terized by elevated ALT, AST, bilirubin, and alkaline phosphatase 
levels; massive hepatic necrosis; and a fatality rate ranging from 
50% to 75%. Because of the potential for halothane-induced hepa-
titis, halothane is not generally recommended for use in adults. 
In several medical malpractice cases, injury or death as a result 
of the use of halothane has been successfully litigated against 
anesthesia health care providers. Although there are some indica-
tions for the use of halothane in adults, they must be clearly 
evaluated and written in the medical record before each such 
use.

Figure 24-12 Hapten and danger hypotheses. The hapten hypothesis involves a chemically reactive drug or reactive metabolite acting as a hapten by 
binding to protein, which is then taken up by an antigen-presenting cell (APC) and processed. The processed antigen is presented in the context of the major 
histocompatibility complex (MHC) to a helper T cell; this represents signal 1. The danger hypothesis involves cell damage or stress (possibly caused by the drug 
or reactive metabolite) leading to the release of danger signals that result in upregulation of costimulatory factors; this is signal 2. Without signal 2, the result is 
immune tolerance. (Redrawn from Uetrecht J: Idiosyncratic drug reactions: Past, present, and future. Chem Res Toxicol 21:84-92, 2008.)
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Table 24-2 Clinical Features of Halothane Hepatitis

Mild Form Fulminant Form

Incidence, 1 : 5 Incidence, 1 : 10,000

Repeat exposure not necessary Multiple exposures

Mild elevation of ALT, AST Marked elevation of ALT, AST, bilirubin, 
alkaline phosphatase

Focal necrosis Massive hepatic necrosis

Self-limited Mortality rate, 50%

Antibodies to halothane-altered protein 
antigens

ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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importance of developing an animal model of this disease. Several 
other associations exist for development of this disease. !ere is 
a clear sex difference observed in patients with halothane hepati-
tis. !e disease develops in approximately twice as many females 
as males, the reason for which is unclear at present. In addition, 
the vast majority of cases of halothane hepatitis have occurred in 
middle-aged adults, with relatively few cases reported in prepu-
bertal children,102,103 and the disease is more common in obese 
than in nonobese patients. !ere is currently no evidence to 
suggest that the incidence of halothane hepatitis is increased in 
patients with liver disease unrelated to previous halothane expo-
sure. However, because halothane can cause direct hepatotoxicity 
and other alternatives exist for the provision of general anesthesia, 
it is prudent to avoid halothane, as well as the other related fluoro-
carbon inhaled anesthetics, in patients with preexisting hepatic 
dysfunction.

Assays to Detect Patients Sensitized to  
Fluorinated Anesthetics
!e diagnosis of halothane hepatitis has always been one of exclu-
sion, whereas other potential causes of liver injury, such as hepa-
titis A, hepatitis B, hepatitis C, cytomegalovirus, Epstein-Barr 
virus, hepatotoxic drugs, hypotension, and hypoxia, are systemati-
cally ruled out as precipitating causes. One of the important goals 
of halothane hepatitis research is the development of an assay 
capable of detecting sensitized patients who may be at risk for the 
development of a hypersensitivity response on re-exposure to 
halothane or other fluorinated anesthetics, as well as detecting 
patients with the disease (Box 24-3). !e assays that have been 
developed measure serum antibodies in halothane hepatitis 
patients. Two general types of immunochemical assays have been 
reported for detection of these antibodies. !e first is immuno-
blotting. In this procedure, test antigens are microsomal proteins 
from halothane-treated rats or rabbits that have been separated 
into constituent polypeptides by sodium dodecyl sulfate– 
polyacrylamide gel electrophoresis and transferred electrophor-
etically to the surface of nitrocellulose membranes. With this 

technique, 42 of 68 (62%) patients with a clinical diagnosis of 
halothane hepatitis have been found to test positive for the 
halothane-induced antibodies.92 Although this approach provides 
important information about the apparent molecular mass of the 
neoantigens reacting with the patients’ antibodies, it is laborious 
and time consuming. It also has the potential disadvantage of 
being inherently less sensitive than other methods because it 
involves the protein-denaturing conditions of sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis. !is could lead to a 
decreased level of response if a patient’s antibodies were directed 
against, at least in part, conformational epitopes of the TFA 
neoantigens.

!e second immunochemical assay that has been used for 
detection of antibodies in the sera of patients with a clinical 
diagnosis of halothane hepatitis is based on the more rapid, facile, 
and potentially more sensitive enzyme-linked immunosorbent 
assay methodology, in which test antigen is applied directly to the 
wells of a microtiter plate. One reported enzyme-linked immu-
nosorbent assay procedure uses microsomes from halothane-
treated rabbits as test antigen. With this approach, investigators 
have demonstrated the presence of the antibodies in the sera of 
16 of 24 (67%)126 and 28 of 39 (72%)126 patients with a clinical 
diagnosis of halothane hepatitis. In another enzyme-linked 
immunosorbent assay that uses the TFA hapten as test antigen in 
the form of TFA–rabbit serum, albumin-positive responses in 
patients with a clinical diagnosis of halothane hepatitis were 
found in two of six (33%) patients127 and five of six patients 
(83%).128 More recently, purified proteins from rat liver have been 
used as test antigens in the enzyme-linked immunosorbent assay. 
In a study using three of the purified TFA-protein neoantigens 
(100, 80, and 57 kd), 79% of a group of 24 halothane hepatitis 
patients tested positive with this assay.129

Fluoride-Associated Nephrotoxicity

Evidence suggests that inhaled anesthetics may induce differential 
effects on renal physiology. For example, halothane and enflurane 
decrease the glomerular filtration rate and renal blood flow, 
whereas isoflurane may also decrease the glomerular filtration 
rate but has minimal effects on renal blood flow. Conversely, the 
newest inhaled halogenated anesthetics have minimal effects on 
renal physiology. Nevertheless, despite these physiologic effects, 
renal autoregulation protects the kidney from decreases in blood 
flow that may be caused by the inhaled anesthetic. Moreover, it 
has been suggested that decreases in the glomerular filtration rate 
caused by decreases in arterial pressure will return to baseline 
when arterial pressure normalizes. !e metabolism of certain 
inhaled halogenated anesthetics can produce inorganic fluoride, 
which may be directly nephrotoxic. !e potential for fluoride-
associated nephrotoxicity a#er the administration of inhaled 
halogenated anesthetics is reviewed subsequently.

Methoxyflurane
Methoxyflurane is no longer used in clinical practice; however, 
nephrotoxicity from inorganic fluoride released a#er the metabo-
lism of methoxyflurane is discussed as a basis for understanding 
the nephrotoxic potential of all current and future fluorinated 
anesthetics. Studies investigating methoxyflurane demonstrated 
an association with polyuric renal failure as a result of high levels 
of inorganic fluoride. Patients with inorganic fluoride levels of less 
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importance of developing an animal model of this disease. Several 
other associations exist for development of this disease. !ere is 
a clear sex difference observed in patients with halothane hepati-
tis. !e disease develops in approximately twice as many females 
as males, the reason for which is unclear at present. In addition, 
the vast majority of cases of halothane hepatitis have occurred in 
middle-aged adults, with relatively few cases reported in prepu-
bertal children,102,103 and the disease is more common in obese 
than in nonobese patients. !ere is currently no evidence to 
suggest that the incidence of halothane hepatitis is increased in 
patients with liver disease unrelated to previous halothane expo-
sure. However, because halothane can cause direct hepatotoxicity 
and other alternatives exist for the provision of general anesthesia, 
it is prudent to avoid halothane, as well as the other related fluoro-
carbon inhaled anesthetics, in patients with preexisting hepatic 
dysfunction.

Assays to Detect Patients Sensitized to  
Fluorinated Anesthetics
!e diagnosis of halothane hepatitis has always been one of exclu-
sion, whereas other potential causes of liver injury, such as hepa-
titis A, hepatitis B, hepatitis C, cytomegalovirus, Epstein-Barr 
virus, hepatotoxic drugs, hypotension, and hypoxia, are systemati-
cally ruled out as precipitating causes. One of the important goals 
of halothane hepatitis research is the development of an assay 
capable of detecting sensitized patients who may be at risk for the 
development of a hypersensitivity response on re-exposure to 
halothane or other fluorinated anesthetics, as well as detecting 
patients with the disease (Box 24-3). !e assays that have been 
developed measure serum antibodies in halothane hepatitis 
patients. Two general types of immunochemical assays have been 
reported for detection of these antibodies. !e first is immuno-
blotting. In this procedure, test antigens are microsomal proteins 
from halothane-treated rats or rabbits that have been separated 
into constituent polypeptides by sodium dodecyl sulfate– 
polyacrylamide gel electrophoresis and transferred electrophor-
etically to the surface of nitrocellulose membranes. With this 

technique, 42 of 68 (62%) patients with a clinical diagnosis of 
halothane hepatitis have been found to test positive for the 
halothane-induced antibodies.92 Although this approach provides 
important information about the apparent molecular mass of the 
neoantigens reacting with the patients’ antibodies, it is laborious 
and time consuming. It also has the potential disadvantage of 
being inherently less sensitive than other methods because it 
involves the protein-denaturing conditions of sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis. !is could lead to a 
decreased level of response if a patient’s antibodies were directed 
against, at least in part, conformational epitopes of the TFA 
neoantigens.

!e second immunochemical assay that has been used for 
detection of antibodies in the sera of patients with a clinical 
diagnosis of halothane hepatitis is based on the more rapid, facile, 
and potentially more sensitive enzyme-linked immunosorbent 
assay methodology, in which test antigen is applied directly to the 
wells of a microtiter plate. One reported enzyme-linked immu-
nosorbent assay procedure uses microsomes from halothane-
treated rabbits as test antigen. With this approach, investigators 
have demonstrated the presence of the antibodies in the sera of 
16 of 24 (67%)126 and 28 of 39 (72%)126 patients with a clinical 
diagnosis of halothane hepatitis. In another enzyme-linked 
immunosorbent assay that uses the TFA hapten as test antigen in 
the form of TFA–rabbit serum, albumin-positive responses in 
patients with a clinical diagnosis of halothane hepatitis were 
found in two of six (33%) patients127 and five of six patients 
(83%).128 More recently, purified proteins from rat liver have been 
used as test antigens in the enzyme-linked immunosorbent assay. 
In a study using three of the purified TFA-protein neoantigens 
(100, 80, and 57 kd), 79% of a group of 24 halothane hepatitis 
patients tested positive with this assay.129

Fluoride-Associated Nephrotoxicity

Evidence suggests that inhaled anesthetics may induce differential 
effects on renal physiology. For example, halothane and enflurane 
decrease the glomerular filtration rate and renal blood flow, 
whereas isoflurane may also decrease the glomerular filtration 
rate but has minimal effects on renal blood flow. Conversely, the 
newest inhaled halogenated anesthetics have minimal effects on 
renal physiology. Nevertheless, despite these physiologic effects, 
renal autoregulation protects the kidney from decreases in blood 
flow that may be caused by the inhaled anesthetic. Moreover, it 
has been suggested that decreases in the glomerular filtration rate 
caused by decreases in arterial pressure will return to baseline 
when arterial pressure normalizes. !e metabolism of certain 
inhaled halogenated anesthetics can produce inorganic fluoride, 
which may be directly nephrotoxic. !e potential for fluoride-
associated nephrotoxicity a#er the administration of inhaled 
halogenated anesthetics is reviewed subsequently.

Methoxyflurane
Methoxyflurane is no longer used in clinical practice; however, 
nephrotoxicity from inorganic fluoride released a#er the metabo-
lism of methoxyflurane is discussed as a basis for understanding 
the nephrotoxic potential of all current and future fluorinated 
anesthetics. Studies investigating methoxyflurane demonstrated 
an association with polyuric renal failure as a result of high levels 
of inorganic fluoride. Patients with inorganic fluoride levels of less 
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fol resulted in a 17% less frequent incidence of tachycardia, a 28% 
less frequent incidence of hypertension, and a 17% more frequent 
incidence in hypotension. !ese differences in hemodynamic 
variables resulted in no difference in the number or severity of 
ischemic events between the two groups. An infusion of propofol 
results in a significant reduction in myocardial blood flow and 
myocardial oxygen consumption,108,111 a finding that suggests 
that the global myocardial oxygen supply-to-demand ratio is 
preserved.

!e cardioprotective effect of propofol versus volatile anes-
thetics in patients having cardiac surgery on or off cardiopulmo-
nary bypass is less debatable. In two large studies comparing 
propofol with sevoflurane in patients undergoing cardiac surgery, 
postoperative troponin were lower and hemodynamic function 
better in patients receiving sevoflurane.130,131 A study comparing 
desflurane with propofol in patients undergoing off-pump coro-
nary artery bypass showed similar results.132 In contrast, a small 
study that administered high-dose propofol (120 µg/kg/min), 
low-dose propofol (60 µg/kg/min) while on pump, or titrated 
isoflurane throughout surgery showed improved troponin levels 
and better hemodynamic function in the large-dose propofol 
group compared to the isoflurane or low-dose propofol group.133 
!is study may indicate that cardioprotection with propofol is 
dose dependent, but needs confirmation.

Heart rate may increase,111 decrease,110 or remain 
unchanged109 when anesthesia is maintained with propofol. !e 
extent of hypotension, the ability for the patient to compensate, 
and the use of any other concomitant drugs are likely the most 
important factors in determining what happens to the heart rate 
a#er propofol administration.

Other Effects
Propofol, similar to thiopental, does not enhance neuromuscular 
blockade produced by neuromuscular blocking drugs. Propofol 
produces no effect on the evoked electromyogram or twitch 
tension; however, good intubating conditions a#er propofol alone 
have been reported.134 Propofol does not trigger malignant hyper-
thermia and is an appropriate choice in patients with this 
condition.135

Propofol a#er a single dose or a prolonged infusion does 
not affect corticosteroid synthesis or alter the normal response to 
adrenocorticotropic hormone (ACTH) stimulation.136 Propofol 
in the emulsion formulation does not alter hepatic, hematologic, 
or fibrinolytic function. Lipid emulsion per se reduces in vitro 
platelet aggregation, however.137 Anaphylactoid reactions to the 
present formulation of propofol have been reported. In at least 
some patients, the immune response was entirely due to propofol 
and not to the lipid emulsion. A high percentage of the patients 
developing the anaphylactoid response to propofol had a previous 
history of allergic responses. In patients with multiple drug aller-
gies, propofol should be used with caution.138 Propofol alone in 
intralipid does not trigger histamine release.139 Fospropofol is 
metabolized to propofol and formate. Formate concentrations do 
not increase a#er fospropofol administration.40

Propofol also possesses significant antiemetic activity at 
low (subhypnotic) doses. It has been used successfully to treat 
postoperative nausea in a bolus dose of 10 mg.140 !e median 
concentration of propofol that was associated with an antiemetic 
effect was 343 ng/mL.141 !is concentration can be achieved by a 
propofol infusion of 10 to 20 mg loading dose followed by 10 µg/
kg/min. Propofol used as a maintenance anesthetic during breast 

surgery was more effective than 4 mg of ondansetron given as 
prophylaxis in preventing postoperative nausea and vomiting 
(PONV). In the same study, the maintenance propofol infusion 
also was superior to adding propofol only at the end of the pro-
cedure (sandwich technique).142 Propofol as an infusion of 1 mg/
kg/hr (17 µg/kg/min) also has provided excellent antiemetic 
action a#er anticancer chemotherapy. At subhypnotic doses, pro-
pofol relieves cholestatic pruritus and is as effective as naloxone 
in treating pruritus induced by spinal opiates,143 although not all 
studies have confirmed this effect of propofol.

Propofol decreases polymorphonuclear leukocyte chemo-
taxis, but not adherence phagocytosis and killing. !is action 
contrasts with the effect of thiopental, which inhibits all these 
chemotactic responses.144 Propofol inhibits phagocytosis and 
killing of Staphylococcus aureus and Escherichia coli, however.145 
!ese findings are particularly pertinent in view of the observa-
tion of increased life-threatening systemic infections associated 
with the use of propofol.146 In hospitals where these infections 
occurred, opened vials and syringes of propofol had positive cul-
tures for the offending organisms. !e intralipid that acts as the 
solvent for propofol is an excellent culture medium. Disodium 
edetate or metabisulfite has been added to the formulation of 
propofol in an attempt to retard such bacterial growth. Strict 
aseptic technique still must be observed.

!e administration of propofol also has been associated 
with the development of pancreatitis.147 !e development of pan-
creatitis seems to be related to hypertriglyceridemia. Patients who 
developed hypertriglyceridemia tended to be older, had a longer 
intensive care unit (ICU) stay, and received propofol for a longer 
duration. It seems prudent, if propofol is being used for pro-
longed sedation or at higher infusion rates (especially in elderly  
patients), that serum triglyceride concentrations should be rou-
tinely monitored.148

Uses

Induction and Maintenance of Anesthesia
Propofol is suitable for the induction and maintenance of anesthe-
sia (Table 26-3). !e induction dose is 1 to 2.5 mg/kg. Physiologic 
characteristics that best determine the induction dose are age, 
lean body mass, and central blood volume.149 Premedication with 
an opiate or a benzodiazepine, or both, markedly reduces the 
induction dose.150,151 A dose of 1 mg/kg (with premedication) to 
1.75 mg/kg (without premedication) is recommended for induc-
ing anesthesia in patients older than 60 years (see Chapter 71).152 
As noted earlier, older and sicker (ASA class III to IV) patients 
develop more profound hypotension, especially when propofol is 

Table 26-3 Uses and Doses of Intravenous Propofol

Induction of general 
anesthesia

1-2.5 mg/kg IV dose reduced with 
increasing age

Maintenance of general 
anesthesia

50-150 µg/kg/min IV combined with N2O 
or an opiate

Sedation 25-75 µg/kg/min IV

Antiemetic 10-20 mg IV, can repeat every 5-10 min 
or start infusion of 10 µg/kg/min

N2O, nitrous oxide.

A

Intravenous Anesthetics 733 26

Sectio
n III 

A
nesthetic Pharm

acology

Methohexital is the only IV barbiturate used for induction 
that offers a serious challenge to thiopental. With a dose of 1 to 
2 mg/kg, induction is swi", and so is emergence. Methohexital 
also may be used as the hypnotic component to maintain anesthe-
sia. Similar to thiopental, it is not an analgesic. Additional opioids 
or volatile anesthetics are required to provide a balanced tech-
nique satisfactory for general anesthesia during surgery. Because 
methohexital is cleared more rapidly than thiopental, it is supe-
rior to thiopental for the maintenance of anesthesia, as accumula-
tion and saturation of peripheral sites takes longer. For brief 
infusion (<60 minutes), recovery from a methohexital infusion 
titrated to maintain hypnosis (50 to 150 µg/kg/min) is similar to 
that provided by propofol. #ere are probably upper limits of safe 
infusion doses yet to be defined, but seizures have occurred in 
neurosurgical patients a"er large doses of methohexital (24 mg/
kg).214 Finally, some clinicians advocate the use of methohexital 
in pediatric patients as a rectal premedication drug (see Chapter 
82). Methohexital may be given rectally and is absorbed rapidly. 
Mean peak plasma levels occur within 14 minutes a"er rectal 
administration and are associated with a rapid hypnotic effect. 
#e dose recommended for this use is 25 mg/kg rectal instillation 
(10% solution through a 14F catheter, 7 cm into rectum).215 With 
this method of administration, sleep onset is rapid.

Dosing

Dosing for the three most commonly used barbiturates is listed 
in Table 26-4. #e usual doses of thiopental (3 to 4 mg/kg) and 
thiamylal (3 to 4 mg/kg) are about twice the dose of methohexital 
(1 to 2 mg/kg). In dose-response studies, the ED50 for thiopental 
ranged from 2.2 to 2.7 mg/kg, and the ED50 for methohexital was 
1.1 mg/kg.208 Because the ED50 induces anesthesia in only 50% of 
a given group of patients, higher doses are needed to induce 
anesthesia reliably in all patients. #e usual dose of thiopental is 
3 to 4 mg/kg given intravenously over 5 to 15 seconds. #ere is 
less interpatient variability in the dose response to barbiturates 
than to benzodiazepines when used for anesthesia induction, but 
there still is significant variability in the doses of thiopental 
required to induce anesthesia.208

Interpatient dose variability is related to the presence of 
hemorrhagic shock, cardiac output, lean body mass, obesity, sex, 
and age. Hemorrhagic shock, lean body mass, age, and obesity 
explain variability of patient response owing to a decrease in the 
central volume of distribution. Less blood volume (patients with 
shock, patients with dehydration) or less lean body mass (obese 
patients, elderly patients, female patients) decreases the volume 
in which the drug is diluted (less blood volume), or decreases the 

volume into which it is quickly redistributed (less lean body 
mass). Finally, patients who have severe anemia, burns, malnutri-
tion, widespread malignant disease, uremia, ulcerative colitis, or 
intestinal obstruction also require lower induction doses of 
barbiturate.

Side Effects

#e effects of barbiturates on various organ systems have been 
studied extensively. Some side effects occur in unpredictable, 
varying proportions of patients, whereas cardiovascular and pul-
monary side effects are dose related. #ere are no important dif-
ferences between the barbiturates with regard to their effects on 
the various organ systems (respiratory, cardiovascular, gastroin-
testinal, hepatic, and renal), but there are differences in other 
complications with these drugs. #e complications of injecting 
barbiturates include a garlic or onion taste (40% of patients), 
allergic reactions, local tissue irritation, and rarely tissue necrosis. 
An urticarial rash may develop on the head, neck, and trunk that 
lasts a few minutes. More severe reactions, such as facial edema, 
hives, bronchospasm, and anaphylaxis, can occur. Treatment of 
anaphylaxis is symptomatic.

#iopental and thiamylal produce fewer excitatory symp-
toms with induction than methohexital, which produces cough, 
hiccough, tremors, and twitching approximately five times more 
o"en. Tissue irritation and local complications may occur more 
frequently with the use of thiopental and thiamylal than with 
methohexital. In comparative studies, pain on injection was 
shown to be greater with methohexital (12%) than with thiopen-
tal (9%). Results also show phlebitis occurs more frequently with 
methohexital use (8%) than with thiopental use (1%).216 Tissue 
and venous irritation are more common if a 5% solution is used, 
rather than the standard 2% solution.

Rarely, intra-arterial injection can occur. #e consequences 
of accidental arterial injection may be severe. #e degree of injury 
is related to the concentration of the drug. Treatment consists of 
(1) dilution of the drug by the administration of saline into the 
artery, (2) heparinization to prevent thrombosis, and (3) brachial 
plexus block. Overall, the proper administration of thiopental 
intravenously is remarkably free of local toxicity.

Cardiovascular System
Cardiovascular depression from barbiturates is a result of central 
and peripheral (direct vascular and cardiac) effects. #e hemody-
namic changes produced by barbiturates have been studied in 
healthy subjects and in patients with heart disease.217,218 #e 
primary cardiovascular effect of barbiturate induction is periph-
eral vasodilation that results in a pooling of blood in the venous 
system.219 A decrease in contractility is another effect, which is 
related to reduce availability of calcium to the myofibrils. #ere 
also is an increase in heart rate.218 Mechanisms for the decrease 
in cardiac output include (1) direct negative inotropic action,  
(2) decreased ventricular filling owing to increased capacitance, 
and (3) transiently decreased sympathetic outflow from the 
CNS.214,220

#e increase in heart rate (10% to 36%) that accompanies 
thiopental administration probably results from the barorecep-
tor-mediated sympathetic reflex stimulation of the heart in 
response to the decrease in output and pressure. #iopental pro-
duces dose-related negative inotropic effects, which seem to result 

Table 26-4 Recommended Doses of Barbiturates for Anesthesia Induction 
and Maintenance

Drug

Induction 
Dose 
(mg/kg)*† Onset (sec)

Intravenous 
Maintenance Infusion

Thiopental 3-4 10-30 50-100 mg every 
10-12 min

Methohexital 1-1.5 10-30 20-40 mg every 4-7 min

*Adult and pediatric IV doses are roughly the same in milligrams per kilogram.
†Methohexital can be given rectally in pediatric patients as 20-25 mg/kg/dose.
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ene glycol, with 2% benzyl alcohol as a preservative. Midazolam 
solution (1 or 5 mg/mL) contains 0.8% sodium chloride and 
0.01% disodium edetate, with 1% benzyl alcohol as a preservative. 
!e pH is adjusted to 3 with hydrochloric acid and sodium 
hydroxide. Midazolam is the most lipid soluble of the three drugs 
in vivo,232 but because of its pH-dependent solubility, it is water 
soluble as formulated in a buffered acidic medium (pH 3.5). !e 
imidazole ring of midazolam accounts for its stability in solution 
and rapid metabolism. !e high lipophilicity of all three accounts 
for the rapid CNS effect and relatively large volumes of 
distribution.233

Metabolism

Biotransformation of the benzodiazepines occurs in the liver. !e 
two principal pathways involve either hepatic microsomal oxida-
tion (N-dealkylation or aliphatic hydroxylation) or glucuronide 
conjugation. !e difference in the two pathways is significant 
because oxidation is susceptible to outside influences and can be 

impaired by certain population characteristics (e.g., old age), 
disease states (e.g., hepatic cirrhosis), or the coadministration of 
other drugs that can impair oxidizing capacity (e.g., cimetidine). 
Conjugation is less susceptible to these factors. Midazolam and 
diazepam undergo oxidation reduction or phase I reactions in the 
liver. !e fused imidazole ring of midazolam is oxidized rapidly 
by the liver, much more rapidly than the methylene group of the 
diazepine ring of other benzodiazepines. !is fast oxidation 
accounts for the greater hepatic clearance of midazolam com-
pared with diazepam. Lorazepam is less affected by enzyme 
induction and some of the other factors known to alter the cyto-
chrome P-450 and other phase I enzymes.

Cimetidine inhibition of oxidative enzyme function impairs 
the clearance of diazepam,234 but it has no effect on lorazepam. 
Age decreases and smoking increases the clearance of diazepam,235 
but neither has a significant effect on midazolam biotransforma-
tion. Habitual alcohol consumption increases the clearance of 
midazolam.236 Race, because of differences in isoenzymes respon-
sible for hydroxylations, produces genetic differences in drug 
metabolism.237 !e high frequency of mutated alleles in Asians in 
the genes coding for CYP2C19 may explain the reduced hepatic 
biotransformation of diazepam.

!e metabolites of the benzodiazepines can be important. 
Diazepam forms two active metabolites, oxazepam and desmeth-
yldiazepam, which add to and prolong the drug’s effects. Midaz-
olam is biotransformed to hydroxymidazolams, which have 
activity, and when given over a longer time can accumulate.238 
!ese metabolites are rapidly conjugated and excreted in the 
urine, however. !e α-hydroxymidazolam has an estimated clini-
cal potency 20% to 30% of midazolam.239 It is excreted largely by 
the kidneys and can cause profound sedation in patients with 
renal impairment.240 !e primary hydroxymetabolite is cleared 
more rapidly90 than midazolam in healthy patients (Table 26-6). 
!e metabolites are less potent and normally cleared more rapidly 
than midazolam, making them of little concern in patients with 
normal hepatic and renal function. Lorazepam has five metabo-
lites, but the principal one is conjugated to glucuronide. !is 

Figure 26-8 The structures of four benzodiazepines used in clinical anesthesia practice.
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Table 26-5 Physicochemical Characterization of Three Benzodiazepines

Diazepam Lorazepam Midazolam

Molecular 
weight (D)

284.7* 321.2* 362*

pKa 3.3 (20°) 11.5 (20°) 6.2 (20°)*

Water soluble No* Almost insoluble Yes†

Lipid soluble Yes* Yes (less so, 
however)

Yes†

Highly 
lipophilic

Relatively less 
lipophilic

Highly lipophilic

*Data from Moffet.581

†pH dependent: pH >4, lipid soluble; pH <4, water soluble.

Table 26-6 Pharmacokinetic and Pharmacodynamic Comparison of Midazolam and Its Active Metabolite*

EC50
EEG EC50

SVT Clearance Vss Clearance Half-Life

Midazolam 1.8 ng/mL 0.9 mg/mL 523 mL/min 60 L 98 min

α-Hydroxymidazolam 10.2 ng/mL 5.3 ng/mL 680 mL/min 69 L 69 min

*All values are significantly (P < .05) different between midazolam and α-hydroxymidazolam.

From Mandema JW, Tuk B, van Steveninck AL, et al: Pharmacokinetic-pharmacodynamic modeling of the central nervous system effects of midazolam and its main 
metabolite alpha-hydroxymidazolam in healthy volunteers. Clin Pharmacol Ther 51:715-728, 1992.

EC50, median effective concentration; EEG, peak electroencephalogram change; SVT, saccadic velocity (eye movement); Vss, volume at steady state.
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must be monitored when these drugs are used for sedation to 
prevent undesirable degrees of respiratory depression. !ere may 
be a slight synergistic action between midazolam and spinal 
anesthesia with respect to ventilation.273 !e use of midazolam 
for sedation during regional and epidural anesthesia requires 
vigilance with regard to respiratory function, similar to when 
these drugs are given with opioids.

Sedation for longer periods, such as in the ICU, also is 
accomplished with benzodiazepines. Prolonged infusion results 
in accumulation of drug and, in the case of midazolam, significant 
concentration of the active metabolite. Reviews have pointed out 
concerns and advantages of benzodiazepine sedation.238,274,275 !e 
chief advantages are the amnesia and hemodynamic stability, and 
the disadvantage compared with propofol is the sometimes longer 
dissipation of effects when infusions are terminated. !e superi-
ority of one drug over the other has not been established; both 
drugs should always be titrated downward to maintain sedation 
as required. Dosing should not be fixed, but it should be reduced 
over time to avoid accumulation of parent or metabolites during 
prolonged infusion.

Finally, two more recent studies have challenged the idea 
that maternal sedation with midazolam may be unsafe for 
neonates and infants of breastfeeding mothers (see Chapter 69). 
Frolich and colleagues276 showed that a single IV dose of mida-
zolam (0.02 mg/kg) combined with a single IV dose of fentanyl 
(1 µg/kg) before cesarean section was a safe practice, showing no 
detriment in Apgar scores, neurobehavioral scores, continuous 
oxygen saturation, or the ability of the mother to recall the birth 
events.276 Nitsun and associates277 found that 0.005% of the mater-
nal dose of midazolam is transferred into the breast milk during 
a 24-hour milk collection. Although verification of these findings 
is needed, they highlight an important clinical use of midazolam 
that may be safe for mother and infant.

Oral Sedation
For many years, diazepam was given orally for preoperative seda-
tion. It is still used in 5- to 15-mg doses in adults for this purpose. 
More recently, an oral formulation of midazolam has been used 
primarily for oral premedication in pediatric patients (see Chapter 
82). !e dose is 0.5 mg/kg, and one preparation is from the Roche 
parenteral formulation of 0.5 mg/mL (Roche Laboratories, Inc, 
Nutley, NJ) mixed in with 10 mg/kg of oral acetaminophen 
(McNeil-PPC, Inc, Fort Washington, PA).278 Other preparations 
have been developed, including strawberry-flavored glucose (pH 
4.5) prepared by the pharmacy, which is stable for 8 weeks.279 !e 
0.5-mg/kg oral dose is rapid-acting, providing reliable amnesia 
within 10 minutes and rendering children effectively sedated for 
anesthesia induction.278

Induction and Maintenance of Anesthesia
Midazolam is the benzodiazepine of choice to induce anesthesia. 
When midazolam is used in appropriate doses (see Table 26-7), 
induction occurs less rapidly than with thiopental,230 but the 
amnesia is more reliable. Numerous factors influence the rapidity 
of action of midazolam and the other benzodiazepines when used 
for induction of general anesthesia, including dose, speed of 
injection, degree of premedication, age, ASA physical status, and 
concurrent anesthetic drugs.230,280 In a well-premedicated, healthy 
patient, midazolam (0.2 mg/kg given in 5 to 15 seconds) induces 
anesthesia in 28 seconds, whereas induction occurs in 39 seconds 
with diazepam (0.5 mg/kg given in 5 to 15 seconds).260 Elderly 
patients require smaller doses of midazolam than younger patients 
(Fig. 26-11).281,282 Patients older than 55 years and patients with 
ASA physical status greater than III require a 20% or greater 
reduction in the induction dose of midazolam.230 !e usual 
induction dose of midazolam in premedicated patients is 0.05 to 
0.15 mg/kg. When midazolam is used with other anesthetic drugs 
(coinduction), there is a synergistic interaction,254,283 and the 
induction dose is less than 0.1 mg/kg (Fig. 26-12). !e synergy is 
seen when midazolam is used with opioids or other hypnotics, 
such as thiopental and propofol.

Awakening a#er benzodiazepine anesthesia (defined as ori-
entation to time and place) of young, healthy volunteers who 
received 10 mg of IV midazolam occurred in about 15 minutes,254 
and awakening occurred in about 17 minutes a#er an induction 
dose of 0.15 mg/kg.284 Emergence time is related to the dose of 
midazolam and to the dose of adjuvant anesthetic drugs.230 Emer-
gence from midazolam (0.32 mg/kg)/fentanyl anesthesia is about 
10 minutes longer than emergence from thiopental (4.75 mg/kg)/
fentanyl anesthesia,262 and is more prolonged than with propo-
fol.285 !is difference accounts for some anesthesiologists’ prefer-
ence for propofol induction for short operations.

Benzodiazepines lack analgesic properties and must be 
used with other anesthetic drugs to provide sufficient analgesia; 
however, as maintenance anesthetic drugs during general anesthe-
sia, benzodiazepines provide hypnosis and amnesia. Double-blind 
studies comparing midazolam and thiopental as the hypnotic 
component for balanced anesthesia262,286 have shown that mida-

Table 26-7 Uses and Doses of Intravenous Benzodiazepines

Midazolam Diazepam Lorazepam

Induction 0.05-0.15 mg/kg 0.3-0.5 mg/kg 0.1 mg/kg

Maintenance 0.05 mg/kg prn 0.1 mg/kg prn 0.02 mg/kg prn
1 µg/kg/min

Sedation* 0.5-1 mg repeated 2 mg repeated 0.25 mg repeated
0.07 mg/kg IM

*Incremental doses given until desired degree of sedation is obtained.

Figure 26-11 Simulated quantal concentration-response curves generated 
by the parameterized pharmacodynamic model for midazolam. (Redrawn 
from Jacobs JR, Reves JG, Marty J, et al: Aging increases pharmacodynamic 
sensitivity to the hypnotic effects of midazolam. Anesth Analg 80:143-148, 
1995.)
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without a benzodiazepine.375 Inhalation anesthetics376 and propo-
fol blunt the hemodynamic effect of ketamine. Ketamine can 
produce hemodynamic depression in the setting of deep 
an esthesia, when sympathetic responses do not accompany its 
administration.

Uses

"e many unique features of ketamine pharmacology, especially 
its propensity to produce unwanted emergence reactions, have 
limited its use for routine anesthesia. Nevertheless, ketamine has 
an important niche in the practice of anesthesiology when its 
unique sympathomimetic activity and bronchodilating capabili-
ties are indicated during induction of anesthesia. It is used for 
premedication, sedation, induction, and maintenance of general 
anesthesia (Table 26-9). "ere has been increased interest in the 
routine use of ketamine in small doses (20 to 60 mg) for preven-
tive analgesia and for the treatment or prevention of opiate toler-
ance and hyperalgesia.

Induction and Maintenance of Anesthesia
Most candidates for ketamine induction are poor-risk patients 
(ASA class IV) with respiratory and cardiovascular system disor-
ders (excluding ischemic heart disease), in particular, patients 
with reactive airway disease or patients with hemodynamic com-
promise based on either hypovolemia or cardiomyopathy (not 
coronary artery disease). Ketamine bronchodilation and pro-
found analgesia allowing the use of high oxygen concentrations 
make ketamine an excellent choice for induction in patients with 
reactive airway disease. Otherwise healthy trauma victims whose 
blood loss is extensive also are candidates for rapid-sequence 
anesthesia induction with ketamine.377 Patients with septic shock 
also may benefit from ketamine.378 "e intrinsic myocardial 
depressant effect of ketamine may manifest in this situation, 
however, if trauma or sepsis has caused depletion of catecho-
lamine stores before the patient’s arrival in the operating room. 
Use of ketamine in these patients does not obviate the need for 
appropriate preoperative preparation, including restoration of 
blood volume.

Other cardiac diseases that can be well managed with keta-
mine anesthesia are cardiac tamponade and restrictive pericardi-

tis.379 "e finding that ketamine preserves heart rate and right 
atrial pressure through its sympathetic stimulating effects makes 
ketamine an excellent anesthetic induction and maintenance 
drug in this setting. Ketamine also is o#en used in patients with 
congenital heart disease, especially patients in whom the propen-
sity for right-to-le# shunting exists. Use of ketamine has been 
reported in a patient susceptible to malignant hyperthermia.380

Ketamine combined with propofol or midazolam can be 
given by continuous infusion to produce satisfactory cardiac 
anesthesia for patients with valvular and ischemic heart disease. 
"e combination of a benzodiazepine375 or of a benzodiazepine 
plus sufentanil381 with ketamine attenuates or eliminates the 
unwanted tachycardia and hypertension and postoperative psy-
chological derangements. With this technique, there are minimal 
hemodynamic perturbations, profound analgesia, dependable 
amnesia, and an uneventful convalescence. "e use of propofol 
plus low-dose ketamine also has gained increasing popularity as 
a total IV anesthesia technique for patients undergoing noncar-
diac surgery. "e advantages of this combination are maintenance 
of stable hemodynamics and minimal ventilatory depression 
when allowing spontaneous ventilation.

Pain Management
Ketamine administered in small doses decreases postoperative 
analgesic consumption (see Chapter 87). Several meta-analyses of 
the use of low-dose ketamine (20 to 60 mg) perioperatively have 
been done. "ese meta-analyses showed an overall decrease in 
opiate use or improved analgesia and a decrease in opiate-induced 
side effects, especially PONV. Side effects, especially psychotomi-
metic effects, were minimal, especially if a benzodiazepine also 
was administered.382 Ketamine in a 1 : 1 combination with mor-
phine using an 8-minute lockout interval provided optimal post-
operative analgesia for this combination.383 Alternatively, an initial 
bolus of 0.5 mg/kg of ketamine followed by a continuous infusion 
of 3 µg/kg/min during surgery and 1.5 µg/kg/min for 48 hours 
a#er surgery has been used successfully in total knee 
arthroplasty.384

"e action of ketamine on opiate tolerance and hyperalge-
sia combined with its direct analgesic activity has prompted 
increasing use of ketamine in chronic pain states. Ketamine may 
be effective in the treatment of cancer pain, chronic peripheral 
and central neuropathic pain, phantom and ischemic limb pain, 
fibromyalgia, complex regional pain syndrome, visceral pain, and 
migraine. "ese indications are based largely on a few short-term 
trials with limited clinical application or limited nonrandomized 
trials and case studies.385 "ere also have been a limited number 
of reports that indicate the value of multimodal pain therapy 
including ketamine in preventing postoperative chronic 
pain.386,387

"e epidural/caudal administration of ketamine (0.5 to 
1 mg/kg) has been increasingly reported. Although the efficacy of 
these doses of ketamine seems to be established, the safety of this 
technique has not yet received regulatory approval. "e preserva-
tive of racemic mixture is potentially neurotoxic, whereas studies 
to date indicate preservative-free S(+) ketamine may be safe.388

Sedation
Ketamine is particularly suitable for sedation of pediatric patients 
undergoing procedures outside of the operating room (see 
Chapter 82). Pediatric patients have fewer adverse emergence 
reactions346 than adults, and this feature makes the use of keta-

Table 26-9 Uses and Doses of Ketamine

Induction of general 
anesthesia*

0.5-2 mg/kg IV
4-6 mg/kg IM

Maintenance of general 
anesthesia

0.5-1 mg/kg IV with N2O 50% in O2

15-45 µg/kg/min IV with N2O 50-70% in O2

30-90 µg/kg/min IV without N2O

Sedation and analgesia 0.2-0.8 mg/kg IV over 2-3 min
2-4 mg/kg IM

Preemptive/preventive 
analgesia

0.15-0.25 mg/kg IV

*Lower doses are used if adjuvant drugs such as midazolam or thiopental also are 
given.
N2O, nitrous oxide.
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Physicochemical Characteristics

Etomidate is an imidazole derivative (R-(+)-pentylethyl-1H-imi-
dazole-5 carboxylate sulfate). Its chemical structure is illustrated 
in Figure 26-16. With a molecular weight of 342.36 kD,179 etomi-
date exists as two isomers, the (+) isomer being the one active as 
a hypnotic.179 Etomidate is water insoluble and is unstable in a 
neutral solution. It has been formulated with several solvents. In 
the United States, it is supplied as a 2-mg/mL propylene glycol 
(35% by volume) solution with a pH of 6.9 and an osmolality of 
4640 mOsm/L. In Europe, lipid emulsion has been introduced in 
an attempt to reduce some of the side effects of etomidate.405 In 
contrast to sodium thiopental, when etomidate is mixed with 
other commonly used anesthetics, such as neuromuscular  
blockers, vasoactive drugs, or lidocaine, it does not cause 
precipitation.406

Metabolism, Induction, and Maintenance of 
Anesthesia

Etomidate is metabolized in the liver primarily by ester hydrolysis 
to the corresponding carboxylic acid of etomidate (major metab-
olite) or by N-dealkylation.179 "e main metabolite is inactive.406 
Only 2% of the drug is excreted unchanged, the rest being excreted 
as metabolites by the kidney (85%) and bile (13%).406

Etomidate has been used for induction and maintenance of 
anesthesia (Table 26-10). "e induction dose of etomidate is 0.2 
to 0.6 mg/kg,407 and it is reduced by premedication with an opiate, 
a benzodiazepine, or a barbiturate. Onset of anesthesia a#er a 
routine induction dose of 0.3 mg/kg of etomidate is rapid (one 
arm–brain circulation) and is equivalent to anesthesia obtained 
with an induction dose of thiopental or methohexital.407 "e 
duration of anesthesia a#er a single induction dose is linearly 
related to the dose—each 0.1 mg/kg administered provides about 
100 seconds of loss of consciousness.408 Repeat doses of etomidate 

by bolus or infusion prolong the duration of hypnosis. Recovery 
a#er multiple doses or an infusion of etomidate is still usually 
rapid.409-411 "e addition of small doses of fentanyl with etomidate 
for short surgical procedures reduces the required dose of etomi-
date and allows earlier awakening. In children, induction by rectal 
administration of etomidate has been obtained with 6.5 mg/kg. 
Hypnosis occurs in 4 minutes. At this dose, hemodynamics are 
unaltered, and recovery is still rapid.412

Various infusion schemes have been devised to use etomi-
date as a maintenance anesthetic for the hypnotic component of 
anesthesia. Most regimens aim to achieve a plasma level of 300 to 
500 ng/mL, which is the concentration necessary for hypnosis.413 
Two-stage and three-stage infusions have been used successfully. 
"ese consist of an initial rapid infusion of 100 µg/kg/min for 10 
minutes followed by 10 µg/kg/min therea#er,414 or of 100 µg/kg/
min for 3 minutes, 20 µg/kg/min for 27 minutes, and 10 µg/kg/
min therea#er.415 Loss of consciousness with these techniques 
occurs a#er 100 to 120 seconds.415 "e infusion is usually termi-
nated 10 minutes before desired awakening.415

Pharmacokinetics

"e pharmacokinetics of etomidate has been calculated a#er 
single bolus doses and a#er continuous infusion (see Table 
26-1).416 "e time course of plasma disappearance a#er a 0.3-
mg/kg bolus is shown in Figure 26-17. "e kinetics of etomidate 
is best described by an open three-compartment model. "e drug 
has an initial distribution half-life of 2.7 minutes, a redistribution 
half-life of 29 minutes, and an elimination half-life of 2.9 to 5.3 
hours.416 Clearance of etomidate by the liver is high (18 to 25 mL/
kg/min), with a hepatic extraction ratio of 0.5 ± 0.9 407,413 Drugs 
affecting hepatic blood flow alter the elimination half-life. Because 
redistribution is the mechanism whereby the effect of a bolus of 
etomidate is dissipated, hepatic dysfunction should not apprecia-
bly alter recovery from an induction dose. Etomidate is 75% 
protein bound.417 Pathologic conditions altering serum proteins 
(e.g., hepatic or renal disease) vary the amount of the free 
(unbound) fraction and may cause a given dose to have an exag-
gerated pharmacodynamic effect.417 A hemorrhagic shock model 

Figure 26-16 Structure of etomidate, an imidazole derivative.
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Figure 26-17 Simulated time course of plasma levels of etomidate after an 
induction dose of 0.3 mg/kg. Plasma levels required for hypnosis during 
surgery are 300 to 500 ng/mL, with awakening usually occurring at levels less 
than 225 ng/mL.
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Table 26-10 Uses and Doses of Etomidate

Induction of general 
anesthesia

0.2-0.6 mg/kg IV

Maintenance of general 
anesthesia

10 µg/kg/min IV with N2O and an opiate

Sedation and analgesia Limited to periods of brief sedation because 
of inhibition of corticosteroid synthesis

N2O, nitrous oxide.
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Table 27-2 Pharmacologic Actions of Opioids and Opioid Receptors in 
Animal Models

Actions of

Receptor Agonists Antagonists

Analgesia
 Supraspinal µ, δ, κ Analgesic No effect
 Spinal µ, δ, κ Analgesic No effect

Respiratory function µ Decrease No effect

Gastrointestinal tract µ, κ Decrease transit No effect

Psychotomimesis κ Increase No effect

Feeding µ, δ, κ Increase feeding Decrease 
feeding

Sedation µ, κ Increase No effect

Diuresis κ Increase

Hormone secretion
 Prolactin µ Increase release Decrease 

release
 Growth hormone µ and/or δ Increase release Decrease 

release

Neurotransmitter release
 Acetylcholine µ Inhibit
 Dopamine δ Inhibit

Table 27-3 Characteristics of Opioid Receptors

µ δ κ Nociceptin

Tissue bioassay Guinea pig ileum Mouse vas deferens Rabbit vas deferens

Endogenous ligand β-Endorphin Leu-enkephalin Dynorphin Nociceptin

Endomorphin Met-enkephalin

Agonist Morphine DPDPE Buprenorphin

Fentanyl Deltorphin Pentazocine

DAMGO U50,488

Antagonist Naloxone Naloxone Naloxone

Naltrexone Naltrindole NorBNI

Coupled G-protein Gi/o Gi/o Gi/o Gi/o

Adenylate cyclase Inhibition Inhibition Inhibition Inhibition

Voltage-gated Ca2+ channels Inhibition Inhibition Inhibition Inhibition

Inwardly rectifying K+ channels Activation Activation Activation Activation

receptors. Four different cDNAs have been isolated as members 
of the opioid receptor family.2 "ree of them correspond to the 
pharmcacologically defined µ-, δ-, and κ-opioid receptors. "e 
fourth receptor did not bind with opioid ligands with high affinity. 
Later, a novel peptide named nociceptin/orphanin FQ was identi-
fied as an endogenous agonist of the fourth member of the opioid 
receptor family.3,4 "e characteristics of three opioid receptors 
and the nociceptin/orphanin FQ receptor are listed in Table 
27-3.

"e µ-receptors are located in both the brain and spinal 
cord5 and mediate a variety of pharmacologic effects of opioids. 
Further pharmacologic classification of the µ-receptor as µ1, µ2, 
and µ3 has been proposed. Perhaps post-translational modifica-
tion of the µ-receptor is the molecular basis of the µ-receptor 
subtypes. However, the molecular identity of these receptors still 
remains to be clarified.

Hydropathy analysis of the primary structures of the opioid 
receptors indicates that the opioid receptors possess seven trans-
membrane domains (Fig. 27-2), a characteristic structural feature 
of the G protein–coupled receptor. "e µ-, δ-, and κ-opioid recep-
tors and the nociceptin receptor share approximately 50% amino 
acid sequence homology with each other.

Several single-nucleotide polymorphisms have been identi-
fied in the human µ-opioid receptor gene.6 "e A118G mutation, 
an A-to-G substitution in exon 1 that results in exchange of aspar-
agine at position 40 for aspartate (N40D), is the most common 
mutation leading to a change in the gene product in the human 
µ-opioid receptors. It was suggested that cancer patients who 
were homozygous for the A118G variant required higher doses 
of oral morphine for long-term treatment of their pain.7 A118G 
mutation of the human µ-opioid receptor gene reduces analgesic 
responses to morphine-6-glucuronide (M6G) but does not sig-
nificantly affect the respiratory depression induced by M6G.8 
Furthermore, morphine consumption via intravenous PCA a$er 
total abdominal hysterectomy was significantly greater in women 
homozygous for the A118G variant than in other patients.9

Endogenous Opioid Peptides

Enkephalin, β-endorphin, and dynorphin were identified as 
endogenous agonists for the δ-, µ-, and κ-opioid receptors, respec-
tively. A$er purification of these peptides from mammalian 
tissues, cDNAs for the precursors of these peptides were cloned. 
cDNA cloning and amino acid determination of proopiomel-
anocortin demonstrated that cleavage of this precursor protein 
produces not only β-endorphin but also several other neuro-

DPDPE, [D-penicillamine2, D-penicillamine5]enkephalin; DAMGO, [D-Ala2, MePhe4, Gly-ol8]enkephaline; NorBNI, norbinaltorphimine.
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Endogenous opioid activity is present in the cerebral arter-

ies, although exogenously administered opioids were found to 
exert little effect on pial artery diameter in several animal models.99 
Fentanyl (100 µg/kg) causes dose-related reductions in CBF and 
CMRO2 in rats receiving N2O. In the piglet, fentanyl, alfentanil, 
and sufentanil decrease arteriolar diameter in a dose-dependent, 
naloxone-reversible manner.100 In human volunteers, PET dem-
onstrated that the CBF changes induced by fentanyl are regionally 
heterogeneous.101

"e effect of sufentanil on CBF in the dog may be dose and 
time dependent. It was reported that sufentanil (20 µg/kg intra-
venously [IV]) produces 30% to 40% decreases in CBF 5 to 10 
minutes a#er opioid administration.102 Another report showed 
that sufentanil (10 to 200 µg/kg) produces transient increases in 
CBF that peak 2 minutes a#er drug administration in the dog.103 
In humans, both fentanyl and sufentanil can increase middle 
cerebral artery blood flow velocity by about 25%.104 In healthy 
volunteers, sufentanil (0.5 µg/kg IV) produces no significant 
effect on CBF.104 Alfentanil (25 to 50 µg/kg IV), when adminis-
tered to patients receiving isoflurane (0.4% to 0.6%)-N2O anesthe-
sia, produces minimal reductions in middle cerebral artery flow 
velocity.105

In the dog, alfentanil and remifentanil decrease regional 
blood flow by 40% to 50% in the cortex, hippocampus, and 
caudate.106 A PET study in human volunteers showed that 
remifentanil induces dose-dependent changes in relative regional 
CBF in areas involved in pain processing, such as the lateral pre-
frontal cortex, inferior parietal cortex, and supplementary motor 
area.107 In patients scheduled to undergo supratentorial tumor 
surgery and receiving N2O, remifentanil (1 µg/kg/min), similar 
to fentanyl (2 µg/kg/min), reduced CBF and did not significantly 
affect cerebrovascular carbon dioxide reactivity.108

Opioids usually produce mild to moderate decreases in 
CMR that remain coupled to CBF. However, opioid-induced neu-
roexcitation and focal seizure activity can cause regional increases 
in brain metabolism. Regional increases in glucose utilization 
induced by high doses of alfentanil in the rat are associated not 
only with epileptiform activity but also with neuropathic lesions.109 
In humans, PET evaluation demonstrated that a 1- to 3-µg/kg/
min infusion of remifentanil induces a significant increase in the 
CMR of glucose.110

Neuroprotection

Although certain early studies suggested potentially adverse 
effects of µ-opioid agonists on ischemic brain, other studies have 
documented that at least certain opioid agents, such as the κ-ago-
nists, can be neuroprotective, at least in animal models of focal 
ischemia.111,112 It was also shown that activation of δ-opioid recep-
tors increases the survival time of mice during lethal hypoxia.113,114 
An in vitro study involving rat cerebellar brain slices demon-
strated that pretreatment with morphine at clinically relevant 
concentrations induces acute neuroprotection mediated by acti-
vation of δ1-opioid receptors, activation of adenosine triphos-
phate (ATP)-sensitive K+ channels, and production of free radicals 
in mitochondria.115 In contrast, Charchaflieh and coworkers dem-
onstrated in the rat hippocampal slice model that fentanyl is 
neither neurotoxic nor protective against anoxic injury to neurons 
when used in concentrations comparable to those applied in 
clinical practice.116 In the rat focal ischemia model, in contrast to 

isoflurane, fentanyl neither increased nor decreased brain injury 
when compared with awake unanesthetized rats.117

Muscle Rigidity

Opioids can increase muscle tone and may cause muscle rigidity. 
"e incidence of rigidity noted with opioid anesthetic techniques 
varies greatly because of differences in the dose and speed of 
opioid administration, concomitant use of N2O, presence or 
absence of muscle relaxants, and patient age. Opioid-induced 
rigidity is characterized by increased muscle tone that sometimes 
progresses to severe stiffness with the potential for serious prob-
lems (Table 27-4). Clinically significant opioid-induced rigidity 
usually begins just as or a#er a patient loses consciousness. Mild 
manifestations of rigidity, such as hoarseness, can occur in con-
scious patients. It has been demonstrated that vocal cord closure 
is primarily responsible for the difficult ventilation with bag and 
mask that follows the administration of opioids. Delayed or post-
operative rigidity is probably related to the second peaks that can 
occur in plasma opioid concentrations, similar to the recurrence 
of respiratory depression.

"e precise mechanism by which opioids cause muscle 
rigidity is not clearly understood. Muscle rigidity is not due to 
direct action on muscle fibers because it can be decreased or 
prevented by pretreatment with muscle relaxants. Mechanisms of 
opioid-induced muscle rigidity involving the CNS have been pos-
tulated. Pharmacologic studies using selective agonists and  
antagonists have suggested that systemic opioid-induced muscle 
rigidity is primarily due to the activation of central µ-receptors, 
whereas supraspinal δ1- and κ1-receptors may attenuate this 
effect.118 Some aspects of opioid-induced catatonia and rigidity 
(increased incidence with age, muscle movements resembling 
extrapyramidal side effects) are similar to Parkinson’s disease and 
suggest similarities in neurochemical mechanisms. Parkinsonian 
patients, particularly if inadequately treated, may experience 
reactions such as dystonia a#er opioid administration.119

Pretreatment with or concomitant use of nondepolarizing 
muscle relaxants can decrease the incidence and severity of rigid-
ity. Induction doses of thiopental and subanesthetic doses of 
diazepam and midazolam prevent, attenuate, or successfully treat 
rigidity. Persisting in an attempt to mask-ventilate a patient with 
opioid-induced rigidity will probably result in gastric insufflation 

Table 27-4 Potential Problems Associated with Opioid-Induced Rigidity

System Problem

Hemodynamic ↑CVP, ↑ PAP, ↑ PVR

Respiratory ↓ Compliance, ↓ FRC, ↓ ventilation

Hypercapnia

Hypoxemia

Miscellaneous ↑ Oxygen consumption

↑ Intracranial pressure

↑ Fentanyl plasma levels

CVP, central venous pressure; FRC, functional residual capacity; PAP, pulmonary 
artery pressure; PVR, pulmonary vascular resistance.
Modified from Bailey PL, Egan TD, Stanley TH: Intravenous opioid anesthetics. In 
Miller RD (ed): Anesthesia, 5th ed. New York, Churchill Livingstone, 2000, p 291.
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ery and should be avoided if appropriate.357 In patients undergo-
ing ear-nose-throat surgery, TIVA with remifentanil and propofol 
provided more rapid respiratory recovery a!er brief surgical pro-
cedures than TIVA with alfentanil and propofol did.358

"e optimal propofol-opioid concentrations that ensure 
adequate anesthesia and rapid emergence were determined by 
computer modeling. "e optimal propofol concentration 
decreases in the order of fentanyl > alfentanil > sufentanil >> 
remifentanil. A shorter context-sensitive half-time allows the 
administration of greater amounts of opioid (and less propofol) 
during anesthesia without creating prolonged opioid effects.

Maintenance infusions vary according to patient condition 
and surgical stimuli. Propofol (75 to 125 µg/kg/min) and alfen-
tanil (1.0 to 2.0 µg/kg/min) are initially recommended. Drug 
infusions should be terminated 10 to 20 minutes before the end 
of anesthesia if N2O is used. Otherwise, propofol infusions should 
be terminated 5 to 10 minutes before anticipated patient awaken-
ing. Alfentanil infusion rates do not need to be less than 0.25 to 
0.5 µg/kg/min until surgery is terminated. A multicenter evalua-
tion demonstrated that in patients undergoing elective inpatient 
surgery, remifentanil, 1 µg/kg intravenously, followed by 1.0 µg/
kg/min, when combined with propofol, 75 µg/kg/min, effectively 
controlled responses to tracheal intubation.346 Reduction of the 
remifentanil infusion rate to 0.25 to 0.40 µg/kg/min a!er tracheal 
intubation was also recommended.

Midazolam-opioid combinations can also provide com-
plete anesthesia. However, midazolam-alfentanil TIVA has not 
been found to compare favorably with propofol-alfentanil TIVA, 
even with flumazenil reversal of benzodiazepine action.359

TIVA techniques are especially useful when delivery of 
inhaled agents is compromised. By keeping the goals of balanced 
anesthesia in mind, combining modern opioids and other drugs, 
using infusion pumps, and having an increased understanding of 
pharmacokinetics, clinicians can successfully perform a variety 
of TIVA techniques. Approximate opioid doses and infusion rates 
for TIVA are listed in Table 27-7.

Opioid-Based (High-Dose Opioid) 
Anesthesia for Cardiac Surgery

Opioids can be administered as the primary or sole anesthetic in 
opioid-based anesthetic techniques. High-dose opioid anesthesia 
was introduced as a stress-free anesthetic method for cardiac 
surgery (also see Chapter 60). However, several factors have 

diminished the popularity of high-dose opioid anesthesia, even 
in cardiac anesthesia, including the lack of evidence substantiat-
ing any significant outcome benefit associated with the use of 
large doses of opioids, the added drug costs, and the trend toward 
“fast-track” approaches to cardiac patients that can be impeded 
by large doses of opioids, especially fentanyl.212,360 Nonetheless, 
opioids, particularly when administered by continuous infusion, 
are still among the most effective anesthetics for patients under-
going cardiac or other extensive operations. High-dose opioid 
anesthesia was first performed with morphine. However, fentanyl 
and sufentanil were recommended later.

In an attempt to decrease the cost of cardiac surgery, fast-
track programs have become popular. Engoren and associates 
reported that the more expensive but shorter-acting opioids su-
fentanil and remifentanil produce equally rapid extubation, 
similar stays, and similar costs to fentanyl, indicating that any  
of these opioids can be recommended for fast-track cardiac 
surgery.361

Fentanyl
Many different techniques have been used to achieve anesthesia 
with fentanyl.360,362 Rapid or slow bolus injections of fentanyl 
range from 5 to 75 µg/kg. "ese doses will establish plasma fen-
tanyl concentrations (10 to 30 ng/mL) that are o!en sufficient to 
provide stable hemodynamics throughout the induction/intuba-
tion sequence. Continuous infusions of fentanyl for cardiac 
surgery range from 0.1 to 1.0 µg/kg/min up to or continuing 
through CPB. High-dose fentanyl anesthesia has also proved 
effective and safe for pediatric heart surgery. It was indicated that 
fentanyl, 25 to 50 µg/kg, combined with isoflurane, 0.2% to 0.4%, 
was sufficient to obtund hemodynamic and stress responses in 
the pre-CPB phase of open heart surgery in infants and young 
children (Fig. 27-26).363 On the other hand, high-dose fentanyl, 
75 to 100 µg/kg, was shown to cause prolonged suppression of 
NK cell function.364 It was reported that 57 of 59 eligible patients 
were successfully extubated at 34 ± 14 minutes a!er termination 
of fentanyl (total dose, 127 ± 64 µg/kg) with naloxone (total 
bolus, 3.4 ± 2.6 µg/kg) and recovered fully without ventilatory 
support under the naloxone infusion, which was terminated at 11 
± 7 hours.365 "ese results suggest that naloxone infusion with 
individual dose titration facilitates the use of high-dose opioid 
anesthesia while maintaining the advantage of this anesthesia. It 
was recently shown that high-dose fentanyl (50 µg/kg) is not 
associated with a difference in the incidence of postoperative 
cognitive dysfunction at 3 or 12 months a!er coronary  
artery bypass surgery in the elderly, whereas low-dose fentanyl 
(10 µg/kg) leads to shorter postoperative ventilation times and 
may be associated with a greater incidence of postoperative cog-
nitive dysfunction 1 week a!er surgery.366

Alfentanil
Induction of anesthesia with large doses of alfentanil has been 
applied to cardiac surgery.367 Large doses of alfentanil (150 µg/kg) 
may be used with or without thiopental to induce anesthesia. 
Other investigators claim that anesthesia cannot be reliably 
induced with alfentanil alone, at least in young and healthy 
adults.85 Continuous infusions of alfentanil (2 to 12 µg/kg/min) 
have been used to maintain moderate to very high plasma alfen-
tanil concentrations (<3000 ng/mL) during cardiac surgery. 
Enthusiasm for high-dose alfentanil anesthesia techniques is 
limited by the amount (and cost) of drug required and sugges-

Table 27-7 Approximate Opioid Loading (Bolus) Doses, Maintenance Infusion 
Rates, and Additional Maintenance Doses for Total Intravenous Anesthesia

Loading  
Dose (µg/kg)

Maintenance 
Infusion Rate

Additional 
Boluses

Alfentanil 25-100 0.5-2 µg/kg/min 5-10 µg/kg

Sufentanil 0.25-2 0.5-1.5 µg/kg/hr 2.5-10 µg

Fentanyl 4-20 2-10 µg/kg/hr 25-100 µg

Remifentanil 1-2 0.1-1.0 µg/kg/min 0.1-1.0 µg/kg

From Bailey PL, Egan TD, Stanley TH: Intravenous opioid anesthetics. In Miller RD 
(ed): Anesthesia, 5th ed. New York, Churchill Livingstone, 2000, p 335.
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of M6G is just half of that of morphine. Trials to use M6G as an 
analgesic have been reported. Osborne and colleagues reported 
that 0.5 to 4 mg of M6G intravenously was effective for cancer 
pain for 2 to 24 hours without nausea and vomiting.430 M6G, 
100 µg and 125 µg given intrathecally, provided excellent analge-
sia a"er total hip replacement, as did intrathecal morphine sulfate, 
500 µg.431

Agonist-Antagonist  
Opioid Compounds

Nalorphine, the first agonist-antagonist opioid, was successfully 
synthesized by Weijland and Erickson in 1942 and found to be 
strongly antagonistic to almost all the properties of morphine. 
Although nalorphine was found to possess strong analgesic 
actions, it was unsuitable for clinical use because of its psychoto-
mimetic effects. Nalorphine was used in lower doses as an opioid 
antagonist.

Agonist-antagonist opioids are usually produced by alkyla-
tion of the piperidine nitrogen and addition of a three-carbon 
side chain such as a propyl, allyl, or methyl allyl to morphine. 
Buprenorphine is a partial agonist at the µ-receptor. #e other 
compounds are µ-antagonists and full or partial agonists at the 
κ-receptor. Agonist-antagonist opioids are less prone (but not 
immune) to abuse because they cause less euphoria and are  
associated with less drug-seeking behavior and physical 
dependence.

Dosing data of these compounds are shown in Table 27-8. 
Agonist-antagonist compounds depress respiration in a similar 
manner as morphine, but ceiling effects exist (Table 27-9). Effects 
on the cardiovascular system differ among these compounds 
(Table 27-10).

Pentazocine

#e analgesia produced by pentazocine is primarily related to 
stimulation of the κ-receptor. Pentazocine is one half to one 
fourth as potent as morphine. Ceilings in both analgesia and 
respiratory depression occur a"er 30 to 70 mg of pentazocine. 
Although the potential for abuse is less than with morphine, 
prolonged use of pentazocine can lead to physical dependence. 

Nalorphine-like dysphoric side effects are common, especially 
a"er high doses (>60 mg) of pentazocine in the elderly. #e dys-
phoric effects of pentazocine can be reversed with naloxone. Pen-
tazocine depresses myocardial contractility and increases arterial 
blood pressure, heart rate, systemic vascular resistance, pulmo-
nary artery pressure, and le" ventricular work index. Pentazocine 
also increases blood catecholamine levels.

Pentazocine inhibited gastric emptying and gastrointesti-
nal transit in rats, whereas U50488H, a pure κ-agonist, did not 
significantly inhibit either.432 #erefore, it might be speculated 
that pentazocine affects gastrointestinal function through a 
mechanism other than the opioid receptors.

Pentazocine has limited application because it is associated 
with a high incidence of postoperative nausea and vomiting, pro-
vides limited analgesia, partially antagonizes other opioids, and 
can produce undesirable cardiovascular and psychotomimetic 
effects.

Butorphanol

Butorphanol is an agonist at κ-receptors. Its activity at µ-recep-
tors is either antagonistic or partially agonistic. It is five to eight 
times as potent as morphine and is available only in parenteral 
form. A"er intramuscular injection, the onset of effect is rapid, 

Table 27-8 Dosing Data for Agonist-Antagonist Opioids and Morphine

Equianalgesic 
Intramuscular 
Dose (mg)

Duration of 
Analgesia (hr)

Oral-Intramuscular 
Efficacy Ratio

Morphine 10 4-5 1 : 6

Buprenorphine 0.3-0.4 >6 1 : 2*

Butorphanol 2 3-4 —

Nalbuphine 10 3-6 1 : 4-5

Pentazocine 40 3 1 : 3

*Sublingual-intramuscular ratio.

Table 27-9 Respiratory Depressant Effects of Agonist-Antagonists Compared 
with Morphine*

Drug
Correlation of Respiratory Depression  
with Dose

Morphine Increases proportionally with dose

Buprenorphine Ceiling effect at 0.15-1.2 mg in adults

Butorphanol Ceiling effect at 30-60 µg/kg

Nalbuphine Ceiling effect at 30 mg in adults

Pentazocine Ceiling effect suggested, but difficult to study 
because of psychotomimetic effects

*Low or moderate naloxone doses readily reverse the respiratory effects produced 
by therapeutic doses of all the drugs listed except buprenorphine.
From Zola EM, McLeod DC: Comparative effects of analgesic efficacy of the agonist-
antagonist opioids. Drug Intell Clin Pharm 17:411, 1983.

Table 27-10 Hemodynamic Effects of Agonist-Antagonist Compounds 
Compared with Morphine

Drug
Cardiac 
Workload

Blood 
Pressure Heart Rate

Pulmonary 
Artery 
Pressure

Morphine ↓ ↓ =↓ =↓

Buprenorphine ↓ ↓ ↓ ?

Butorphanol ↑ =↑ = ↑

Nalbuphine ↓ = =↓ =

Pentazocine ↑ ↑ ↑ ↑

From Zola EM, McLeod DC: Comparative effects of analgesic efficacy of the agonist-
antagonist opioids. Drug Intell Clin Pharm 17:411, 1983.
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Table 28-6 Manual Infusion Schemes*

Anesthesia Sedation or Analgesia

Drug Loading Dose (µg/kg)
Maintenance 
Infusion (µg/kg/min) Loading Dose (µg/kg)

Maintenance 
Infusion (µg/kg/min)

Alfentanil 50-150 0.5-3 10-25 0.25-1

Fentanyl 5-15 0.03-0.1 1-3 0.01-0.03

Sufentanil 0.5-5 0.01-0.05 0.1-0.5 0.005-0.01

Remifentanil 0.5-1.0 0.1-0.4 † 0.025-0.1

Ketamine 1500-2500 25-75 500-1000 10-20

Propofol 1000-2000 50-150 250-1000 10-50

Midazolam 50-150 0.25-1.5 25-100 0.25-1

Methohexital 1500-2500 50-150 250-1000 10-50

Dexmedetomidine‡ 0.5-1 over 10 min 0.2-0.7

*After the loading dose, an initially high infusion rate to account for redistribution should be used and then titrated to the lowest infusion rate that will maintain adequate 
anesthesia or sedation. When using opiates as part of a nitrous-narcotic technique or for cardiac anesthesia, the dosing scheme listed under anesthesia is used. When the 
opiate is combined as part of balanced anesthesia, dosing listed for analgesia is needed.
†For analgesia or during sedation, an initial loading dose of remifentanil should not be given because its very rapid onset may result in apnea or muscle rigidity.

Consequently, the accuracy of any model-based control system 
depends on how well the model represents the process under 
control. In an open-loop system, it is the clinician who learns 
about the patient and adapts drug administration to the needs of 
the individual patient.

In a closed-loop “adaptive” controller, the device itself 
makes a measurement of drug effect and adjusts the internal 
model to better represent the individual patient. Closed-loop 
signals require precisely measured end points. For example, a 
closed-loop system to control blood pressure with sodium nitro-
prusside will have an expected dosing regimen that is likely to be 
quite conservative to avoid profound hypotension. As the system 
learns about individual patient sensitivity, it will adjust the dosing 
of sodium nitroprusside to the sensitivity of the individual patient 
by adapting the internal pharmacokinetic/pharmacodynamic 
model to better reach the clinical target. In anesthesia, closed-loop 
systems have typically used some signal derived from the EEG as 
the basis of adaptive closed-loop control.

Target Control Infusion Systems

Devices
In 1968, Kruger-"iemer74 described the infusion regimen theo-
retically required to quickly achieve and maintain a constant 

plasma concentration of an intravenously administered drug 
whose kinetics is described by a two-compartment model. "is 
regimen has become known as the “BET scheme” (see Fig. 28-4) 
and consists of an initial bolus of CTV1, infusion at a rate of CTClS 
to replace drug eliminated from the body, and an exponentially 
decreasing infusion at a rate given by Equation 14 to replace drug 
transferred to the peripheral tissues. "e earlier section on design-
ing dosage regimens demonstrates that the bolus portion, calcu-
lated as CT V1, will probably be inadequate for reaching the desired 
effect-site concentration. Mathematically, the “ET” portion of the 
BET scheme is identical to the exponentially declining mainte-
nance infusion rate shown in the section “Designing Dosing Regi-
mens.” Precise implementation of this complex dosage regimen 
requires infusion rates that change continuously as a function of 
time until steady state is achieved.

More than a decade a#er publication of Kruger-"iemer’s 
classic paper, Schwilden and colleagues2,75,76 interfaced a micro-
computer to an infusion pump and demonstrated clinical applica-
tion of the BET infusion scheme. Many other groups have since 
implemented either the BET algorithm or modifications of this 
algorithm on microcomputers connected to infusion pumps. 
"ese algorithms are based on the same polyexponential equa-
tions or compartment models described previously and calculate 
the infusion rates theoretically required to obtain the desired 
plasma or effect-site drug concentration. In implementing these 
algorithms it is necessary to consider the physical limitations of 
the system. For example, infusion rates must be positive or zero. 
Additionally, some pumps have limitations on precision and 
accuracy that can reduce the accuracy of the infusion.

Although there are minor differences in the approaches 
taken by different investigators using pharmacokinetic model–
driven infusion systems, all are conceptually similar. Each consists 
of a microcomputer interfaced to an infusion pump, as seen in 
Figure 28-23. "e microcomputer executes a program that incor-
porates the pharmacokinetic model. In using the device, the 
anesthesiologist enters a target plasma or effect-site drug concen-
tration (Fig. 28-24). "is target concentration is based on knowl-
edge of the pharmacokinetic-pharmacodynamic relationship of Figure 28-22 Components of a typical automated drug delivery system.
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of butyrylcholinesterase. !e variant was found by Kalow and 
Genest43 to respond to dibucaine differently than normal butyryl-
cholinesterase does. Dibucaine inhibits normal butyrylcholineste-
rase to a far greater extent than it inhibits the abnormal enzyme. 
!is observation led to development of the test for dibucaine 
number. Under standardized test conditions, dibucaine inhibits 
expression of the normal enzyme by about 80% and the abnormal 
enzyme by about 20% (Table 29-1). Subsequently, many other 
genetic variants of butyrylcholinesterase have been identified, 
although the dibucaine-resistant variants are the most important. 
!e review by Jensen and Viby-Mogensen44 can be consulted for 
more detailed information on this topic.

Although the dibucaine number indicates the genetic 
makeup of an individual with respect to butyrylcholinesterase, it 
does not measure the concentration of the enzyme in plasma, nor 
does it indicate the efficiency of the enzyme in hydrolyzing a 
substrate such as succinylcholine or mivacurium. Both of the 
latter factors are determined by measuring butyrylcholinesterase 
activity, which may be influenced by genotype.

!e molecular biology of butyrylcholinesterase is well 
understood. !e amino acid sequence of the enzyme is known, 
and the coding errors responsible for most genetic variations have 
been identified.44 Most variants are due to a single amino acid 
substitution error or sequencing error at or near the active site of 
the enzyme. For example, in the case of the “atypical” dibucaine-
resistant (A) gene, a mutation occurs at nucleotide 209, where 
guanine is substituted for adenine. !e resultant change in this 
codon causes substitution of glycine for aspartic acid at position 
70 in the enzyme. In the case of the fluoride-resistant (F) gene, 
two amino acid substitutions are possible, namely, methionine for 
threonine at position 243 and valine for glycine at position 390. 
Table 29-1 summarizes three of the known genetic variants of 
butyrylcholinesterase: the amino acid substitution at position 70 
is written as Asp Ø Gly. New variants of butyrylcholinesterase 
genotypes continue to be discovered.45

Side Effects

Cardiovascular Effects
Succinylcholine-induced cardiac dysrhythmias are many and 
varied. !e drug stimulates all cholinergic autonomic receptors: 
nicotinic receptors on both sympathetic and parasympathetic 
ganglia46 and muscarinic receptors in the sinus node of the heart. 
At low doses, both negative inotropic and chronotropic responses 
may occur. !ese responses can be attenuated by prior adminis-
tration of atropine. With large doses of succinylcholine, these 
effects may become positive47 and result in tachycardia. A promi-
nent clinical manifestation of generalized autonomic stimulation 

is the development of cardiac dysrhythmias, principally mani-
fested as sinus bradycardia, junctional rhythms, and ventricular 
dysrhythmias. Clinical studies have described these dysrhythmias 
under various conditions in the presence of the intense auto-
nomic stimulus of tracheal intubation. It is not entirely clear 
whether the cardiac irregularities are due to the action of succi-
nylcholine alone or to the added presence of extraneous auto-
nomic stimulation. An in vitro study using the ganglionic 
acetylcholine receptor subtype α3β4 expressed in Xenopus laevis 
oocytes suggested that at clinically relevant concentrations,  
succinylcholine had no effect on the expressed receptors.48 Only 
at high doses of succinylcholine was inhibition of ganglionic ace-
tylcholine receptors noted.48 !e significance of these findings is 
difficult to extrapolate into clinical practice because the method 
used (Xenopus laevis oocyte expression model) does not match 
clinical reality.

SINUS BRADYCARDIA. !e autonomic mechanism 
involved in sinus bradycardia is stimulation of cardiac muscarinic 
receptors in the sinus node. !is is particularly problematic in 
individuals with predominantly vagal tone, such as children who 
have not received atropine. Sinus bradycardia has also been noted 
in adults and appears more commonly a$er a second dose of the 
drug is given approximately 5 minutes a$er the first.49 !e brady-
cardia may be prevented by the administration of thiopental, 
atropine, ganglion-blocking drugs, and nondepolarizing neu-
romuscular blockers.50 !e implication of this information is that 
direct myocardial effects, increased muscarinic stimulation, and 
ganglionic stimulation may all be involved in the bradycardia 
response. !e higher incidence of bradycardia a$er a second dose 
of succinylcholine suggests that the hydrolysis products of succi-
nylcholine (succinylmonocholine and choline) may sensitize the 
heart to a subsequent dose.

NODAL (JUNCTIONAL) RHYTHMS. Nodal rhythms com-
monly occur a$er the administration of succinylcholine. !e 
mechanism probably involves relatively greater stimulation of 
muscarinic receptors in the sinus node, which suppresses the 
sinus mechanism and allows emergence of the atrioventricular 
node as the pacemaker. !e incidence of junctional rhythm is 
greater a$er a second dose of succinylcholine but is prevented by 
prior administration of dTc.50

VENTRICULAR DYSRHYTHMIAS. Under stable anesthetic 
conditions, succinylcholine lowers the threshold of the ventricle 
to catecholamine-induced dysrhythmias in the monkey and dog. 
Circulating catecholamine concentrations increase fourfold and 
potassium concentrations increase by a third a$er administration 
of succinylcholine to dogs.51 Similar increases in catecholamine 
levels a$er administration of succinylcholine to humans are also 
observed.52 Other autonomic stimuli, such as endotracheal intu-
bation, hypoxia, hypercapnia, and surgery, may be additive to the 

Table 29-1 Relationship between Dibucaine Number and Duration of Succinylcholine or Mivacurium Neuromuscular Blockade

Type of Butyrylcholinesterase Genotype Incidence Dibucaine Number*
Response to Succinylcholine 
or Mivacurium

Homozygous typical E1
uE1

u Normal 70-80 Normal

Heterozygous atypical E1
uE1

a 1/480 50-60 Lengthened by 50%-100%

Homozygous atypical E1
aE1

a 1/3200 20-30 Prolonged to 4-8 hr

*The dibucaine number indicates the percentage of enzyme inhibited.868 Anesthetic PharmacologyIII

onset or duration of action (long-, intermediate-, and short-acting 
drugs) of equipotent doses (Table 29-3).

Structure-Activity Relationships

Nondepolarizing neuromuscular blocking drugs were originally 
classified by Bovet27 as pachycurares, or bulky molecules having 
the amine functions incorporated into rigid ring structures. Two 
extensively studied chemical series of synthetic nondepolarizing 
neuromuscular blockers are the aminosteroids (steroidal), in 
which the interonium distance is maintained by an androstane 
skeleton, and the benzylisoquinolinium series, in which the dis-
tance is maintained by linear diester-containing chains or, in the 
case of curare, by benzyl ethers. For a detailed account of struc-
ture-activity relationships, see Lee.90

Benzylisoquinolinium Compounds
dTc is a neuromuscular blocker in which the amines are present 
in the form of two benzyl-substituted tetrahydroisoquinoline 
structures (Fig. 29-7). !e quaternary or tertiary nature of the two 
amines was initially questioned; however, with the use of nuclear 
magnetic resonance spectroscopy and methylation-demethyla-
tion studies, Everett and coworkers91 demonstrated that dTc con-
tains only three N-methyl groups. One amine is quaternary 
(i.e., permanently charged with four nitrogen substituents)  
and the other is tertiary (i.e., pH-dependent charge with three 
nitrogen substituents). At physiologic pH, the tertiary nitrogen  
is protonated to render it positively charged. !e structure- 
activity relationships of the bis-benzylisoquinolines (see Fig. 
29-7) have been described by Waser92 and by Hill and associates93 
as follows:

1. !e nitrogen atoms are incorporated into isoquinoline ring 
systems. !is bulky molecule favors nondepolarizing rather 
than depolarizing activity.

2. !e interonium distance (distance between charged 
amines) is approximately 1.4 nm.

3. Both the ganglion-blocking and the histamine-releasing 
properties of dTc are probably due to the presence of the 
tertiary amine function.

4. When dTc is methylated at the tertiary amine and at the 
hydroxyl groups, the result is metocurine, a compound 
with greater potency (by a factor of 2 in humans) but much 
weaker ganglion-blocking and histamine-releasing proper-
ties than dTc has (see Fig. 29-7). Metocurine contains three 
additional methyl groups, one of which quaternizes the 
tertiary nitrogen of dTc; the other two form methyl ethers 
at the phenolic hydroxyl groups.

5. Bisquaternary compounds are more potent than their 
monoquaternary analogs. !e bisquaternary derivative of 
dTc, chondocurine, has more than double the potency of 
dTc (Fig. 29-7).

6. Substitution of the methyl groups on the quaternary nitro-
gen with bulkier groups causes a reduction in both potency 
and duration of action.

Figure 29-7 Chemical structures of d-tubocurarine, metocurine, and 
chondocurine.
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Table 29-3 Classification of Nondepolarizing Neuromuscular Blockers According to Duration of Action (Time to T1 = 25% of Control) after Twice the ED95

Class of Blocker

Clinical Duration

Long-Acting 
(>50 min)

Intermediate-
Acting (20-50 min)

Short-Acting 
(15-20 min)

Ultrashort-acting 
(<10-12 min)

Steroidal compounds Pancuronium
Pipecuronium

Vecuronium
Rocuronium

Benzylisoquinolinium compounds d-Tubocurarine
Metocurine
Doxacurium

Atracurium
Cisatracurium

Mivacurium

Others
 Asymmetrical mixed-onium chlorofumarates Gantacurium
 Phenolic ether Gallamine
 Diallyl derivative of toxiferine Alcuronium

A majority of nondepolarizing neuromuscular blockers are bisquaternary ammonium compounds. d-Tubocurarine, vecuronium, rocuronium, and rapacuronium are mono-
quaternary compounds, and gallamine is a trisquaternary ammonium compound.
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Pharmacokinetics and Pharmacodynamics

As defined by Wright,122 pharmacokinetics and pharmacodynam-
ics are “empirical mathematical model[s] … that [describe] drug 
effect time course a"er administration.” In pharmacokinetic mod-
eling, the concept of “compartments” represents different organs 

Figure 29-11 Chemical structure of gallamine, a trisquaternary ether of 
gallic acid. Gallamine is the only trisquaternary compound available. Its 
strong vagolytic property is probably due to its trisquaternary structure.
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Figure 29-12 Chemical structure of alcuronium, the semisynthetic diallyl 
derivative of toxiferine. The quaternizing allyl groups actually reduce its 
potency by a factor of 3 to 5.
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Figure 29-13 Schematic representation of a semilogarithmic plot of a 
muscle relaxant dose versus neuromuscular blockade. A drug of high 
potency is doxacurium; one of medium potency, atracurium; and one of low 
potency, gallamine. The graph illustrates that the relative potencies of muscle 
relaxants span a range of approximately 2 orders of magnitude.
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Table 29-4 Dose-Response Relationships of Nondepolarizing Neuromuscular Blocking Drugs in Human Subjects

ED50 (mg/kg) ED90 (mg/kg) ED95 (mg/kg) Reference(s)

Long-Acting
Pancuronium 0.036 (0.022-0.042) 0.056 (0.044-0.070) 0.067 (0.059-0.080) 103, 107
d-Tubocurarine 0.23 (0.16-0.26) 0.41 (0.27-0.45) 0.48 (0.34-0.56) 107

Intermediate-Acting
Rocuronium 0.147 (0.069-0.220) 0.268 (0.200-0.419) 0.305 (0.257-0.521) 103, 108-110
Vecuronium 0.027 (0.015-0.031) 0.042 (0.023-0.055) 0.043 (0.037-0.059) 107
Atracurium 0.12 (0.08-0.15) 0.18 (0.19-0.24) 0.21 (0.13-0.28) 107
Cisatracurium 0.026 (0.015-0.031) — 0.04 (0.032-0.05) 11, 111, 112, 118

Short-Acting
Mivacurium 0.039 (0.027-0.052) — 0.067 (0.045-0.081) 9, 113-115

Ultrashort-Acting
Gantacurium 0.09 — 0.19 106

Data are medians and ranges of reported values. ED50, ED90, and ED95 are the doses of each drug that produce, respectively, a 50%, 90%, and 95% decrease in the force of 
contraction or amplitude of the electromyogram of the adductor pollicis muscle after ulnar nerve stimulation.

or tissues (or both) grouped together on the basis of their degree 
of blood perfusion (high or low). A"er a neuromuscular blocker 
is injected into the circulation, its concentration in plasma 
decreases rapidly at first and then more slowly (Fig. 29-14). #e 
shape of this curve is determined by the processes of distribution 
and elimination. Classically, this curve is divided into an initial 
(distribution) phase and a terminal (elimination) phase. #is 
curve can be represented mathematically by biexponential or 
triexponential equations in the form

 Concentration at time t Ae Be Pet t t( ) = + +( )− − −α β π

#ese multiexponential equations express the concept of drug 
distribution between two or three theoretical compartments.

Figure 29-15 illustrates the classic model, in which the drug 
is administered intravenously into a central compartment with 
volume V1 and is distributed and eliminated from this compart-
ment only. #e drug is distributed very rapidly throughout this 
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neuromuscular junction, receptor affinity, plasma clearance, and 
the mechanism of neuromuscular blockade (depolarizing versus 
nondepolarizing).101,155,156 "e speed of onset is inversely propor-
tional to the potency of nondepolarizing neuromuscular block-
ers.101,155 A high ED95 (i.e., low potency) is predictive of rapid 
onset of effect and vice versa (Fig. 29-17; Table 29-7). Except for 
atracurium,157 the molar potency (the ED50 or ED95 expressed as 

µM/kg) is highly predictive of a drug’s initial rate of onset of effect 
(at the adductor pollicis).155 A drug’s measured molar potency is 
the end result of many contributing factors: the drug’s intrinsic 
potency (Ce50—the biophase concentration resulting in 50% 
twitch depression), the rate of equilibration between plasma and 
the biophase (ke0), the initial rate of plasma clearance, and prob-
ably other factors as well.158 Rocuronium has a molar potency 
(ED95) of 0.54 µM/kg, which is about 13% that of vecuronium and 
only 9% that of cisatracurium. "us, rapid onset of rocuronium’s 
effect (at the adductor pollicis) is not unexpected.

Donati and Meistelman156 proposed a model to explain this 
inverse potency-onset relationship. Nondepolarizing neuromus-
cular blockers of low potency (e.g., rocuronium) have more mol-
ecules to diffuse from the central compartment into the effect 
compartment. Once in the effect compartment, all molecules act 
promptly. Weaker binding of the low-potency drugs to receptors 
prevents buffered diffusion,156 a process that occurs with more 
potent drugs. Buffered diffusion causes repetitive binding and 
unbinding to receptors, which keeps potent drugs in the neigh-
borhood of the effector sites and potentially lengthens the dura-
tion of effect.

"e times to 95% blockade at the adductor pollicis a$er 
administration of the ED95 dose of succinylcholine, rocuronium, 
vecuronium, atracurium, mivacurium, and cisatracurium are 
shown in Figure 29-18.117,155,157 "is illustration shows that the 
most potent compound, cisatracurium, has the slowest onset and 
that the least potent compound, rocuronium, has the most rapid 
onset.117,155,157 Bevan159 also proposed that rapid plasma clearance 
is associated with a rapid onset of action. "e fast onset of succi-
nylcholine’s action is related to its rapid metabolism and plasma 
clearance.

Table 29-6 Guide to Nondepolarizing Relaxant Dosage (mg/kg) with Different Anesthetic Techniques*

ED95 under N2O/O2 Dose for Intubation
Supplemental Dose  
after Intubation

Dosage for Relaxation

N2O Anesthetic Vapors†

Long-Acting
Pancuronium 0.07 0.08-0.12 0.02 0.05 0.03
d-Tubocurarine 0.5 0.5-0.6 0.1 0.3 0.15

Intermediate-Acting
Vecuronium 0.05 0.1-0.2 0.02 0.05 0.03
Atracurium 0.23 0.5-0.6 0.1 0.3 0.15
Cisatracurium 0.05 0.15-0.2 0.02 0.05 0.04
Rocuronium 0.3 0.6-1.0 0.1 0.3 0.15

Short-Acting

Mivacurium 0.08 0.2-0.25 0.05 0.1 0.08

Continuous Infusion Dosage (µg/kg/min) Required to Maintain 90%-95% Twitch Inhibition under N2O/O2 with Intravenous Agents

Mivacurium
Atracurium
Cisatracurium
Vecuronium
Rocuronium

3-15
4-12
1-2
0.8-1.0
9-12

*The suggested dosages provide good intubating conditions under light anesthesia. Satisfactory abdominal relaxation may be achieved at the dosages listed after intuba-
tion without a relaxant or with succinylcholine. This table is intended as a general guide to dosage. Individual relaxant requirements should be confirmed with a peripheral 
nerve stimulator.
†The potentiation of nondepolarizing relaxants by different anesthetic vapors has been reported to vary 20% to 50%. Recent data suggest, however, that this variation may 
be much less, particularly in the case of intermediate- and short-acting relaxants. Therefore, for the sake of simplicity, this table assumes a potentiation of 40% in the case 
of all volatile anesthetics.

Figure 29-17 Linear regression of the onset of neuromuscular blockade 
(ordinate) versus potency of a series of steroidal relaxants studied in the cat 
model by Bowman and colleagues.101 The data show that onset may be 
increased in compounds of low potency and encouraged the eventual 
development of rocuronium and rapacuronium (ORG 9487). A, pipecuronium; 
C, pancuronium; D, vecuronium.
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neuromuscular blockers in the ICU are outlined in Box 29-3. In 
the ICU, the duration of mechanical ventilation, sepsis, dysfunc-
tion of two or more organs, female sex, administration of steroids, 
and hypercapnia are known risk factors for the development of 
neuromuscular dysfunction. Syndromes of weakness in critically 
ill patients are relatively common and probably polymorphic in 
origin. In a retrospective study of 92 critically ill patients with 
clinically diagnosed weakness, electromyographic studies indi-
cated that acute myopathy (critical illness myopathy) is three 
times as common as acute axonal neuropathy (critical illness 
neuropathy): 43% versus 13%, respectively.440 !e additional 
health care cost of one case of persistent weakness was estimated 
to be approximately $67,000.441 Conditions to consider in the 
differential diagnosis of neuromuscular weakness in the ICU are 
listed in Box 29-4.

Critical Illness Myopathy
Lacomis and colleagues442 suggested using the term “critical illness 
myopathy” (CIM) instead of the current terms used in the litera-
ture, such as acute quadriplegic myopathy,443 acute (necrotizing) 
myopathy of intensive care, thick filament myopathy, acute corti-
costeroid myopathy, and critical care myopathy.

Most published reports of CIM in the ICU have focused 
on patients with status asthmaticus.444 Affected individuals typi-
cally have been treated with corticosteroids and nondepolarizing 
neuromuscular blockers. Nevertheless, myopathy has also been 

documented in asthmatic patients and those with chronic lung 
disease without paralysis who received corticosteroids445 and in 
critically ill patients with sepsis who received neither corticoster-
oids nor nondepolarizing neuromuscular blockers.446 Animal 
studies have revealed that the number of cytosolic corticosteroid 
receptors is increased in immobilized muscles relative to contra-
lateral controls.447 It seems—at least in some patients—that pro-
longed immobility may be the key risk factor for myopathy in 
corticosteroid-treated patients448 and that selective muscle atrophy 
is a result of changes in glucocorticoid sensitivity.447

Sepsis, immobility, and the catabolism associated with 
negative nitrogen balance may also result in myopathy.14 Skeletal 
muscle hypoperfusion is noted in patients with severe sepsis 
despite normal or elevated whole blood oxygen delivery.449 Anti-
bodies to nAChRs have been demonstrated in a rodent model of 
sepsis.450 !us, myasthenia-like syndrome is also seen in critically 

Box 29-3 Complications of Muscle Paralysis in the 
Intensive Care Unit

Short-term use

Specific, known drug side effects

Inadequate ventilation in the event of ventilator failure or 
circuit disconnection

Inadequate analgesia and/or sedation

Long-term use

Complications of immobility

Deep venous thrombosis and pulmonary embolism

Peripheral nerve injuries

Decubitus ulcers

Inability to cough

Retention of secretions and atelectasis

Pulmonary infection

Dysregulation of nicotinic acetylcholine receptors

Prolonged paralysis after stopping relaxants

Persistent neuromuscular blockade

Critical illness myopathy

Critical illness polyneuropathy

Combination of the above

Unrecognized effects of drug or metabolites

Succinylcholine and metabolic acidosis/hypovolemia

3-Desacetylvecuronium and neuromuscular blockade

Laudanosine and cerebral excitation

Box 29-4 Causes of Generalized Neuromuscular Weakness 
in the Intensive Care Unit

Central nervous system

Septic or toxic-metabolic encephalopathy

Brainstem stroke

Central pontine myelinolysis

Anterior horn cell disorders (e.g., amyotrophic lateral 
sclerosis)

Peripheral neuropathies

Critical illness polyneuropathy

Guillain-Barré syndrome

Porphyria

Paraneoplasia

Vasculitis

Nutritional and toxic

Neuromuscular junction disorders

Myasthenia gravis

Lambert-Eaton myasthenic syndrome

Botulism

Prolonged neuromuscular junction blockade

Myopathies

Critical illness myopathy

Cachectic myopathy

Rhabdomyolysis

Inflammatory and infectious myopathies

Muscular dystrophies

Toxic

Acid maltase deficiency

Mitochondrial

Hypokalemia

Hypermetabolic syndromes with rhabdomyolysis  
(e.g., neuroleptic malignant syndrome)

From Lacomis D: Critical illness myopathy. Curr Rheumatol Rep 
4:403-408, 2002.
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complications. As stated in the clinical practice guidelines for  
sustained neuromuscular blockade in adult critically ill patients,436 
“Independent of the reasons for using neuromuscular blockers, 

we emphasize that all other modalities to improve the clinical situ-
ation must be tried, using neuromuscular blockers only as a last 
resort.”

Box 29-5 Recommendations for the Use of Neuromuscular Blockers in the Intensive Care Unit

Avoid the use of neuromuscular blockers by:

Maximal use of analgesics and sedatives

Manipulation of ventilatory parameters and modes

Minimize the dose of neuromuscular blocker:

Use a peripheral nerve stimulator with train-of-four 
monitoring.

Do not administer for more than 2 days continuously.

Administer by bolus rather than infusion.

Administer only when required and to achieve a  
well-defined goal.

Continually allow recovery from paralysis.

Consider alternative therapies:

Avoid vecuronium in female patients with renal failure.

Use isoflurane in place of muscle relaxants in patients with 
severe asthma.

Minimize the dose of steroid in patients with asthma.
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Table 30-2 Relative in vitro Conduction-Blocking Potency and Physiochemical 
Properties of Local Anesthetic Drugs

Drug
Relative Conduction-
Blocking Potency*

Physiochemical 
Properties

pKa
† Hydrophobicity†

Low Potency

Procaine 1 8.9 100

Intermediate Potency

Mepivacaine 1.5 7.7 130

Prilocaine 1.8 8.0‡ 129

Chloroprocaine 3 9.1 810

Lidocaine 2 7.8 366

High Potency

Tetracaine 8 8.4 5822

Bupivacaine 8 8.1 3420

Etidocaine 8 7.9 7320

*Data derived from C fibers of isolated rabbit vagus and sciatic nerve.
†pKa and hydrophobicity at 36°C; hydrophobicity equals the octanol-buffer partition 
coefficient of the base. Values are ratios of concentrations.
‡Values at 25°C.

Figure 30-3 Pattern of “local circuit currents” flowing during propagation of 
an impulse in a nonmyelinated C fiber’s axon (A) and a myelinated axon (B). 
During propagation of impulses, from left to right, current entering the axon 
at the initial rising phase of the impulse (large vertical arrows) passes through 
the axoplasm (local circuit current) and depolarizes the adjacent membrane. 
“Plus” and “minus” signs adjacent to the axon membrane indicate the 
polarization state of the axon membrane: negative inside at rest, positive 
inside during active depolarization under the action potential, and less 
negative in regions where local circuit currents flow. This ionic current passes 
relatively uniformly across the nonmyelinated axon, but in the myelinated 
axon it is restricted to entry at the nodes of Ranvier, several of which are 
simultaneously depolarized during a single action potential.

distributed all along the axon of nonmyelinated !bers (Fig. 30-3). 
A classi!cation of peripheral nerves according to !ber size and 
physiologic properties is presented in Table 30-3.

A typical peripheral nerve consists of several axon bundles, 
or fascicles. Each axon has its own connective tissue covering, the 
endoneurium. Each fascicle of many axons is encased by a second 
connective tissue layer, the epithelial-like perineurium, and the 
entire nerve is wrapped in a loose outer sheath called the epineu-
rium (Fig. 30-4). To reach the nerve axon, a local anesthetic mol-
ecule must traverse four or !ve layers of connective tissue or lipid 
membranous barriers, or both.

Table 30-3 Classification of Peripheral Nerves According to Anatomy, Physiology, and Function

Fiber 
Class Subclass Myelin Diameter (µm)

Conduction 
Velocity (msec) Location Function

Susceptibility to 
Local Anesthetic 
Block

A α + 6-22 30-120 Efferent to muscles Motor ++
β + 6-22 30-120 Afferent from skin and 

joints
Tactile, proprioception ++

γ + 3-6 15-35 Efferent to muscle spindles Muscle tone ++++
δ + 1-4 5-25 Afferent sensory nerves Pain, cold temperature, touch +++

B + <3 3-15 Preganglionic sympathetic Various autonomic functions ++

C sC − 0.3-1.3 0.7-1.3 Postganglionic sympathetic Various autonomic functions ++

dC − 0.4-1.2 0.1-2.0 Afferent sensory nerves Various autonomic functions
Pain, warm temperature, touch

+

Modified From Bonica JJ: Principles and Practice of Obstetric Anesthesia and Analgesia. Philadelphia, FA Davis, 1967.

Structure of the Axonal Membrane

Biologic membranes consist of a molecular lipid bilayer contain-
ing proteins adsorbed on the surfaces, as well as embedded in or 
spanning the hydrocarbon core (Fig. 30-5). "e character of the 
bilayer is determined by the phospholipids, which have long 
hydrophobic fatty acyl tails that lie in the center of the membrane, 
as well as by the polar hydrophilic head groups, which are usually 
composed of zwitterionic portions (containing positive and nega-
tive charges) that project into the cytoplasm or the extracellular 

From Strichartz GR, Sanchez V, Arthur GR, et al: Fundamental properties of local 
anesthetics. II. Measured octanol : buffer partition coefficients and pKa values of 
clinically used drugs. Anesth Analg 71:158-170, 1990.
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In the absence of additional data, the toxicities should be pre-
sumed to be additive.

Pregnancy
!e spread and depth of epidural and spinal anesthesia are greater 
in pregnant than in nonpregnant women (also see Chapter 69). 
!e e"ects of pregnancy on local anesthetic potency may re#ect 
a combined e"ect of mechanical factors associated with preg-
nancy (i.e., dilated epidural veins decrease the volume of the epi-
dural and subarachnoid spaces) and direct e"ects of hormones, 
especially progesterone, on the susceptibility of nerves to conduc-
tion blockade by local anesthetics per se.51 Hormonal alterations 
are probably the more important of these two factors because 
greater spread of epidural anesthesia occurs during the $rst tri-
mester of pregnancy,52 before any gross change in vascular dimen-
sions within the epidural or subarachnoid spaces. !e dosage of 
local anesthetics should probably should be reduced in patients 
in all stages of pregnancy.

Choice of Local Anesthetic 
for Various Regional  
Anesthetic Procedures

On the basis of anatomic considerations, regional anesthesia 
may be divided into in$ltration anesthesia, intravenous regional 
anesthesia, peripheral nerve blockade (including plexus block-
ade), central neural blockade, and topical anesthesia (also see 
Chapters 51, 52 , 53, 69, 70, 81, and 87). An additional method of 
local anesthetic injection, tumescent anesthesia, is included 
because it is widely used in o%ce plastic surgery practice.

Infiltration Anesthesia

Any local anesthetic may be used for in$ltration anesthesia. Onset 
of action is almost immediate for all agents a&er intradermal or 
subcutaneous administration; however, the duration of anesthesia 

varies (Table 30-4). Epinephrine will prolong the duration of in$l-
tration anesthesia by all local anesthetic drugs, although this e"ect 
is most pronounced when epinephrine is added to lidocaine. !e 
choice of a speci$c drug for in$ltration anesthesia largely depends 
on the desired duration of action.

!e dosage of local anesthetic required for adequate in$l-
tration anesthesia depends on the extent of the area to be anes-
thetized and the expected duration of the surgical procedure. 
When large surface areas have to be anesthetized, large volumes 
of dilute anesthetic solutions should be used. !ese considera-
tions are particularly important when performing in$ltration 
anesthesia in infants and smaller children. As an example, con-
sider a 4-kg infant receiving in$ltration anesthesia with the 
maximum safe dose of lidocaine, 5 mg/kg. Dosing to 5 mg/kg ×
4 kg permits 20 mg, which is 1 mL of a 2% solution or 4 mL of a 
0.5% solution. Lidocaine is e"ective for in$ltration in concentra-
tions as dilute as 0.3% to 0.5%, so the more dilute solution can be 
used more safely to anesthetize a larger area.

Patients frequently experience pain immediately a&er sub-
cutaneous injection of local anesthetic solutions, in part because 
of the acidic nature of these solutions. For example, neutralization 
of lidocaine solutions by the addition of sodium bicarbonate 
immediately before injection reduces pain on skin in$ltration53

and may improve onset (see earlier).

Intravenous Regional Anesthesia

Intravenous regional anesthesia involves the intravenous admin-
istration of a local anesthetic into a tourniquet-occluded limb  
(i.e., Bier block) (see Chapter 70).54 !e local anesthetic di"uses 
from the peripheral vascular bed to nonvascular tissue such as 
axons and nerve endings. Both the safety and the e%cacy of this 
regional anesthetic procedure depend on interruption of blood 
#ow to the involved limb and gradual release of the occluding 
tourniquet. Intravenous regional anesthesia has been used  
primarily for surgical procedures on the upper limbs. Shorter 
procedures on the foot can also be successfully performed under 
intravenous regional anesthesia. If a lower leg tourniquet is used, 
it should be applied well below the $bular neck to avoid pressure 

Table 30-4 Infiltration Anesthesia

Drug

Plain Solution Epinephrine-Containing Solution

Concentration (%) Max Dose (mg) Duration (min) Max Dose (mg) Duration (min)

Short Duration

Procaine 1-2 500 20-30 600 30-45

Chloroprocaine 1-2 800 15-30 1000 30

Moderate Duration

Lidocaine 0.5-1 300 30-60 500 120

Mepivacaine 0.5-1 300 45-90 500 120

Prilocaine 0.5-1 350 30-90 550 120

Long Duration

Bupivacaine 0.25-0.5 175 120-240 200 180-240

Ropivacaine 0.2-0.5 200 120-240 250 180-240
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bupivacaine possesses an anesthetic pro!le similar to that of 
tetracaine.64

"e addition of vasoconstrictors may prolong the duration 
of spinal anesthesia; for example, the addition of 0.2 to 0.3 mg of 
epinephrine to lidocaine, tetracaine, or bupivacaine solutions will 
produce a 50% or greater increase in duration.65,66 "e duration 
of spinal anesthesia produced by tetracaine can also be increased 
to a similar extent by adding 1 to 5 mg of phenylephrine. "e 
addition of epinephrine to bupivacaine or lidocaine may be more 
e#ective in prolonging the duration of spinal anesthesia in lum-
bosacral segments than in thoracic segments.

Topical Anesthesia

A number of local anesthetic formulations are available for topical 
anesthesia (Table 30-9), lidocaine, dibucaine, tetracaine, and ben-
zocaine being the drugs used most commonly. In general, these 
preparations provide e#ective but relatively short durations of 
analgesia when applied to mucous membranes or abraded skin. 
Lidocaine and tetracaine sprays are commonly used for endotra-
cheal anesthesia before intubation or for mucosal analgesia for 
bronchoscopy or esophagoscopy.

A variety of topical local anesthetic formulations have been 
developed to penetrate intact skin. EMLA, which is a eutectic 
mixture of 2.5% lidocaine base and 2.5% prilocaine base, is widely 
used for venipuncture, intravenous cannulation, skin gra$ing, 
and a range of other uses, including circumcision.67-69 "is prepa-
ration must be applied under an occlusive bandage for 45 to 60 
minutes to obtain e#ective cutaneous anesthesia; longer applica-
tion times increase the depth and reliability of skin analgesia. 
EMLA appears to be quite safe in neonates, and methemoglob-
inemia with the use of prilocaine is exceedingly uncommon. 
EMLA is more e#ective for newborn circumcision than placebo 
is but less e#ective than dorsal penile nerve block.69,89 Several 
alternative topical local anesthetic formulations also are in use, 

including tetracaine gel70 and liposomal lidocaine.71 Physical 
methods to accelerate local anesthetic transit across skin, includ-
ing iontophoresis, local heating, electroporation, and a variety of 
forms of needle-less pressure injection, may lead to more rapid 
onset of cutaneous analgesia.72 Synera (originally studied as S-
Caine) is a formulation of lidocaine and tetracaine that was devel-
oped with a heating element (activated by opening the package 
to initiate an oxygen-dependent exothermic reaction). "is for-
mulation has a rapid onset and evokes vasodilatation.73

Topical anesthesia through cut skin is commonly used in 
pediatric emergency departments for liquid application into lac-
erations that require suturing. Historically, this had been provided 
by a mixture of tetracaine, epinephrine (adrenaline), and cocaine, 
known as TAC.74 TAC is usually supplied as tetracaine 0.5%, 
epinephrine 1 : 2000, and cocaine 10% to 11.8%, although studies 
suggest that more dilute concentrations may be almost equally 
e#ective and less likely to cause toxicity. "e generally recom-
mended safe maximum dose is 3 to 4 mL for adults or 0.05 mL/kg 
for children. TAC is ine#ective through intact skin; in contrast, 
its rapid absorption from mucosal surfaces can lead to toxic, even 
fatal reactions.

Because of concerns regarding cocaine toxicity and the 
potential for diversion and abuse, several groups have investigated 
alternative cocaine-free topical preparations. Non–cocaine- 
containing formulations, especially lidocaine-epinephrine- 
tetracaine (LET) and tetracaine-phenylephrine, have largely 
supplanted TAC.75 Similarly, otolaryngologists previously admin-
istered cocaine routinely as a solution or aerosol into the nasal 
passages to provide mucosal analgesia and vasoconstriction. In 
recent years, cocaine has increasingly been replaced for nasal 
application by the combined use of an α1-adrenergic agonist 
(oxymetazoline or phenylephrine) and a local anesthetic such as 
2% to 4% lidocaine, with more dilute solutions being recom-
mended for infants and children (see Chapter 81). Systemic 
absorption of phenylephrine can cause severe hypertension and 
re%ex bradycardia; oxymetazoline is associated with much less 

Table 30-8 Spinal Anesthesia*

Drug
Usual 
Concentration (%) Usual Volume (mL) Total Dose (mg) Baricity

Glucose 
Concentration (%)

Usual 
Duration (min)

Procaine 10.0 1-2 100-200 Hyperbaric 5.0 30-60

Lidocaine 1.5, 5.0 1-2 30-100 Hyperbaric 7.5 30-90

Mepivacaine 4 1-2 40-80 Hyperbaric 9.0 30-90

Tetracaine 0.25-1.0 1-4 5-20 Hyperbaric 5.0 90-200
0.25 2-6 5-20 Hypobaric 90-200
1.0 1-2 5-20 Isobaric 90-200

Dibucaine 0.25 1-2 2.5-5.0 Hyperbaric 5.0 90-200
0.5 1-2 5-10 Isobaric 90-200
0.06 5-20 3-12 Hypobaric 90-200

Bupivacaine 0.5 3-4 15-20 Isobaric 90-200
0.75 2-3 15-20 Hyperbaric 8.25 90-200

Levobupivacaine 0.5 3-4 15-20 Isobaric 90-200
0.75 2-3 15-20 Hyperbaric 90-200

Ropivacaine 0.5 3-4 15-20 Isobaric 90-200
0.75 2-3 15-20 Hyperbaric 90-200

*Dosing refers to a 70-Kg adult. Dosing may be reduced in pregnancy (see Chapter 69) and with advancing age (see Chapter 71). Pediatric dosing is detailed in Chapter 81.



151

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013

A

1002 Anesthesia ManagementIV

The Evolution in Preoperative 
Evaluation

Preoperative evaluation of a surgical patient for anesthesia 
increases the practitioner’s awareness of the patient’s medical con-
dition and becomes the foundation of the individual patient’s 
perioperative management plan. !e fundamental purpose in 
preoperative evaluation is to obtain pertinent information regard-
ing the patient’s current and past medical history and to formulate 
an assessment of the patient’s intraoperative risk.

Anesthesiologists preoperatively perform focused clinical 
examinations, develop a plan of medical intervention and opti-
mization, reduce the patient’s (and family’s) anxiety and fears 
through education, discuss perioperative care and options for 
postoperative pain control, determine the appropriate laboratory 
tests and diagnostic studies to perform, discuss anesthesia risks, 
and obtain informed consent. !e anesthesia preoperative evalu-
ation can decrease surgical morbidity, minimize expensive delays 
and cancellations on the day of surgery, and increase periopera-
tive efficiency. !e practice of preoperative evaluation for anesthe-
sia has changed. Fewer patients are admitted to the hospital before 
surgery unless their medical condition is unstable and requires 
optimization. Currently, approximately 80% of surgeries in the 
United States are performed on an outpatient or same-day admis-
sion basis, even including major neurosurgical, cardiac, and 
radical cancer procedures. !e previous process of admitting the 
majority of patients to the hospital at least the day before is no 
longer financially supported or justified.

Although patients are still assessed for the first time by the 
anesthesiologist just before surgery, the trend toward preparing 
and evaluating patients in a preoperative program or “clinic” 
before the surgical date has increased. !is has been especially 
important in patients with multiple medical risks and comorbid 
conditions. In other settings, the preoperative evaluation is com-
pleted for many patients by the surgeon (or designee) or primary 
care physician, and only patients at highest risk are referred for 
consultation by an anesthesiologist. In such circumstances, the 
anesthesia department must interact with the surgical depart-
ments to establish general protocols for acquiring the information 
needed to safely perform anesthesia or there could be a potential 
for an increased incidence of delays or cancellations at the time 
of surgery to obtain additional information or evaluation.

A change in the procedure and manner of preoperative 
evaluation requires the anesthesiologist to achieve a high level of 
efficiency and accuracy in assessment of the patient’s history, 
physical examination, differential diagnosis, and planning of 
management. It presents the anesthesiologist with a formidable 
challenge from both an organizational and a clinical perspective 
because of a decreased amount of time available to evaluate o$en 
medically complex patients. Providing consistent quality and 
cost-effective preoperative preparation of patients is an important 
issue in perioperative patient management.

Both !e Joint Commission (TJC) and the American 
Society of Anesthesiologists (ASA) have developed standards and 
requirements for preoperative anesthesia evaluation.3 Recent and 
updated preoperative evaluation guidelines published by multiple 
medical specialties have led to protocols for evaluation in prepar-
ing patients for anesthesia and surgery. Several of the current 

practice guidelines challenge the historical manner of practicing 
anesthesia.

!ese guidelines require objective review, reasonable con-
sideration, and possibly changes in the manner of customary 
anesthesia practice.4 For example, the routine “nothing by mouth” 
(NPO) a$er midnight or 6 hours before surgery has been rede-
fined by the ASA Task Force on Preoperative Fasting.5 !e Ameri-
can College of Cardiologists/American Heart Association 
(ACC/AHA) preoperative evaluation guidelines, recently updated 
in 2007, recommend proceeding with elective surgery in certain 
patients who have experienced a myocardial infarction (MI) in 
terms of weeks rather than months. Both these and other changes 
and challenges in anesthesia practice are reviewed and the impli-
cations discussed in this chapter.

If anesthesia and surgery were not associated with periop-
erative risk or adverse patient outcome, anesthesia preoperative 
evaluation and management would not be required. Although the 
incidence of patient morbidity and mortality has decreased in the 
past decades, many patients still have an abundance of fear and 
anxiety regarding anesthesia risk. We begin this preoperative 
chapter with a current review and identification of the concepts, 
evaluation, and goals in assessment of patient risk.

Preoperative Risk Assessment

!e current ASA risk classification system was developed in 1941 
by Meyer Saklad at the request of the ASA (Table 34-1). !is clas-
sification was the first attempt to quantify the risk associated with 
anesthesia and surgery. Neither the type of anesthesia nor the 
location of the procedure or operation was considered in the 
development or as components of this risk classification. !e 
system attempts to give a subjective and relative risk based only 
on the patient’s preoperative medical history (i.e., no considera-
tion of diagnostic studies). ASA physical status (ASA-PS) 2 

Table 34-1 American Society of Anesthesiologists Physical 
Status Classification

ASA 1 Healthy patient without organic, biochemical, or psychiatric 
disease

ASA 2 A patient with mild systemic disease, e.g., mild asthma or well-
controlled hypertension. No significant impact on daily activity. 
Unlikely to have an impact on anesthesia and surgery

ASA 3 Significant or severe systemic disease that limits normal activity, 
e.g., renal failure on dialysis or class 2 congestive heart failure. 
Significant impact on daily activity. Probable impact on 
anesthesia and surgery

ASA 4 Severe disease that is a constant threat to life or requires 
intensive therapy, e.g., acute myocardial infarction, respiratory 
failure requiring mechanical ventilation. Serious limitation of 
daily activity. Major impact on anesthesia and surgery

ASA 5 Moribund patient who is equally likely to die in the next 24 hours 
with or without surgery

ASA 6 Brain-dead organ donor

“E” added to the classification indicates emergency surgery.
Available from www.asahq.org.
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advance planning ensures that the necessary equipment and 
skilled personnel are available.

Evaluation of the heart, lungs, and skin is necessary, as well 
as further focus on the organ systems involved with disease as 
reported by the patient. Auscultation of the heart and, when indi-
cated, inspection of the pulses and peripheral and central veins 
and assessment for the presence of edema in the extremities may 
aid in developing a perioperative plan. One should auscultate for 
murmurs, rhythm disturbances, and signs of volume overload. 
Physical findings should focus on examination for third or fourth 
heart sounds, rales, jugular venous distention, ascites, hepato-
megaly, and edema.

Observing whether the patient can walk up one to two 
flights of stairs can predict a variety of postoperative complica-
tions, including pulmonary and cardiac events and mortality, and 
aid in decisions regarding the need for further specialized testing 
such as pulmonary function tests (PFTs) or noninvasive cardiac 
stress testing.13 !is is frequently not practical, and a report by 
the patient is o"en sufficient.

!e pulmonary examination should include auscultation 
for wheezing and decreased or abnormal breath sounds and nota-
tion of cyanosis or clubbing, use of accessory muscles, and effort 
of breathing.

A basic neurologic examination to document deficits in 
mental status, speech, cranial nerves, gait, and motor and sensory 
function may be indicated, depending on the surgical procedure 
and patient’s history. For selective patients (e.g., those with deficits 
or disease or undergoing neurosurgery), a more extensive or 
focused neurologic examination is necessary to document spe-
cific preexisting abnormalities that may aid in diagnosis or inter-
fere with positioning. Establishing a baseline allows comparison 
postoperatively for evaluation of new deficits and can aid in 
defense of potential malpractice claims of adverse events.

Obesity, hypertension, and large neck circumference (>17 
inches in men, >16 inches in women, or >60 cm in anyone) 
predict an increased incidence of obstructive sleep apnea (OSA).14 
!ese same neck measurements also predict difficulty with mask 
ventilation and intubation. Intravenous access sites should be 

Table 34-2 Metabolic Equivalents of Functional Capacity

MET Functional Levels of Exercise

1 Eating, working at a computer, dressing

2 Walking down stairs or in your house, cooking

3 Walking 1-2 blocks

4 Raking leaves, gardening

5 Climbing 1 flight of stairs, dancing, bicycling

6 Playing golf, carrying clubs

7 Playing singles tennis

8 Rapidly climbing stairs, jogging slowly

9 Jumping rope slowly, moderate cycling

10 Swimming quickly, running or jogging briskly

11 Skiing cross country, playing full-court basketball

12 Running rapidly for moderate to long distances

From Jette M, Sidney K, Blumchen G: Metabolic equivalents (METs) in exercise 
testing, exercise prescription, and evaluation of functional capacity. Clin Cardiol 
13:555-565, 1990.
MET, metabolic equivalent of the task. 1 MET = consumption of 3.5 mL O2/min/kg of 
body weight.

Not infrequently, patients will have increased BP during the 
preoperative visit, even without a history of hypertension. !is 
may be due to anxiety or missing doses of drugs because patients 
o"en do not take their medications before an appointment or 
procedure. !is reading is probably not reflective of their usual 
control. Repeating the BP measurement, especially a"er the 
administration of anxiolytics if this is planned, obtaining previ-
ous readings from either medical records or asking patients what 
their “usual” BP measurements are, can be informative.

Inspection of the airway may be the single most important 
component of the physical examination from an anesthesiolo-
gist’s perspective. Without specialized training in airway evalua-
tion and management, including advanced techniques such as 
fiberoptic intubation, it is unlikely that nonanesthesiologists will 
be capable of performing an adequate assessment. See Box 34-1 
for components of the airway examination.

All patients should have thorough documentation of an 
airway examination, whether in a preoperative evaluation clinic 
or immediately before surgery (see Chapter 50). !e Mallampati 
classification is performed by having patients open the mouth 
widely and protruding the tongue completely forward. A tongue 
depressor is not used. In class I, the so" palate, fauces, entire uvula, 
and pillars are visualized; in class II, the so" palate, fauces, and a 
portion of the uvula; in class III, the so" palate and base of the 
uvula; and in class IV, the hard palate only. !e evaluation should 
also document the status of teeth, range of motion of the neck, 
neck circumference (increasing size predicts difficulty with laryn-
goscopy), thyromental distance, body habitus, and pertinent 
deformities.12 Because of the relatively high incidence of dental 
injuries during anesthesia, thorough documentation of preexist-
ing tooth abnormalities is useful. A good time to discuss with 
patients variant options of airway management or techniques 
other than general anesthesia when applicable and prepare 
patients for possible awake fiberoptic intubation is a"er examina-
tion of the airway. When challenging airways are identified, 

Box 34-1 Components of the Airway Examination

Length of the upper incisors

Condition of the teeth

Relationship of the upper (maxillary) incisors to the lower 
(mandibular) incisors

Ability to protrude or advance the lower (mandibular) incisors 
in front of the upper (maxillary) incisors

Interincisor or intergum (if edentulous) distance

Tongue size

Visibility of the uvula

Presence of heavy facial hair

Compliance of the mandibular space

Thyromental distance with the head in maximum extension

Length of the neck

Thickness or circumference of the neck

Range of motion of the head and neck
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advance planning ensures that the necessary equipment and 
skilled personnel are available.

Evaluation of the heart, lungs, and skin is necessary, as well 
as further focus on the organ systems involved with disease as 
reported by the patient. Auscultation of the heart and, when indi-
cated, inspection of the pulses and peripheral and central veins 
and assessment for the presence of edema in the extremities may 
aid in developing a perioperative plan. One should auscultate for 
murmurs, rhythm disturbances, and signs of volume overload. 
Physical findings should focus on examination for third or fourth 
heart sounds, rales, jugular venous distention, ascites, hepato-
megaly, and edema.

Observing whether the patient can walk up one to two 
flights of stairs can predict a variety of postoperative complica-
tions, including pulmonary and cardiac events and mortality, and 
aid in decisions regarding the need for further specialized testing 
such as pulmonary function tests (PFTs) or noninvasive cardiac 
stress testing.13 !is is frequently not practical, and a report by 
the patient is o"en sufficient.

!e pulmonary examination should include auscultation 
for wheezing and decreased or abnormal breath sounds and nota-
tion of cyanosis or clubbing, use of accessory muscles, and effort 
of breathing.

A basic neurologic examination to document deficits in 
mental status, speech, cranial nerves, gait, and motor and sensory 
function may be indicated, depending on the surgical procedure 
and patient’s history. For selective patients (e.g., those with deficits 
or disease or undergoing neurosurgery), a more extensive or 
focused neurologic examination is necessary to document spe-
cific preexisting abnormalities that may aid in diagnosis or inter-
fere with positioning. Establishing a baseline allows comparison 
postoperatively for evaluation of new deficits and can aid in 
defense of potential malpractice claims of adverse events.

Obesity, hypertension, and large neck circumference (>17 
inches in men, >16 inches in women, or >60 cm in anyone) 
predict an increased incidence of obstructive sleep apnea (OSA).14 
!ese same neck measurements also predict difficulty with mask 
ventilation and intubation. Intravenous access sites should be 

Table 34-2 Metabolic Equivalents of Functional Capacity

MET Functional Levels of Exercise

1 Eating, working at a computer, dressing

2 Walking down stairs or in your house, cooking

3 Walking 1-2 blocks

4 Raking leaves, gardening

5 Climbing 1 flight of stairs, dancing, bicycling

6 Playing golf, carrying clubs

7 Playing singles tennis

8 Rapidly climbing stairs, jogging slowly

9 Jumping rope slowly, moderate cycling

10 Swimming quickly, running or jogging briskly

11 Skiing cross country, playing full-court basketball

12 Running rapidly for moderate to long distances

From Jette M, Sidney K, Blumchen G: Metabolic equivalents (METs) in exercise 
testing, exercise prescription, and evaluation of functional capacity. Clin Cardiol 
13:555-565, 1990.
MET, metabolic equivalent of the task. 1 MET = consumption of 3.5 mL O2/min/kg of 
body weight.

Not infrequently, patients will have increased BP during the 
preoperative visit, even without a history of hypertension. !is 
may be due to anxiety or missing doses of drugs because patients 
o"en do not take their medications before an appointment or 
procedure. !is reading is probably not reflective of their usual 
control. Repeating the BP measurement, especially a"er the 
administration of anxiolytics if this is planned, obtaining previ-
ous readings from either medical records or asking patients what 
their “usual” BP measurements are, can be informative.

Inspection of the airway may be the single most important 
component of the physical examination from an anesthesiolo-
gist’s perspective. Without specialized training in airway evalua-
tion and management, including advanced techniques such as 
fiberoptic intubation, it is unlikely that nonanesthesiologists will 
be capable of performing an adequate assessment. See Box 34-1 
for components of the airway examination.

All patients should have thorough documentation of an 
airway examination, whether in a preoperative evaluation clinic 
or immediately before surgery (see Chapter 50). !e Mallampati 
classification is performed by having patients open the mouth 
widely and protruding the tongue completely forward. A tongue 
depressor is not used. In class I, the so" palate, fauces, entire uvula, 
and pillars are visualized; in class II, the so" palate, fauces, and a 
portion of the uvula; in class III, the so" palate and base of the 
uvula; and in class IV, the hard palate only. !e evaluation should 
also document the status of teeth, range of motion of the neck, 
neck circumference (increasing size predicts difficulty with laryn-
goscopy), thyromental distance, body habitus, and pertinent 
deformities.12 Because of the relatively high incidence of dental 
injuries during anesthesia, thorough documentation of preexist-
ing tooth abnormalities is useful. A good time to discuss with 
patients variant options of airway management or techniques 
other than general anesthesia when applicable and prepare 
patients for possible awake fiberoptic intubation is a"er examina-
tion of the airway. When challenging airways are identified, 

Box 34-1 Components of the Airway Examination

Length of the upper incisors

Condition of the teeth

Relationship of the upper (maxillary) incisors to the lower 
(mandibular) incisors

Ability to protrude or advance the lower (mandibular) incisors 
in front of the upper (maxillary) incisors

Interincisor or intergum (if edentulous) distance

Tongue size

Visibility of the uvula

Presence of heavy facial hair

Compliance of the mandibular space

Thyromental distance with the head in maximum extension

Length of the neck

Thickness or circumference of the neck

Range of motion of the head and neck
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toring and replacement. Calcium channel blockers (e.g., 
amlodipine, 5 to 10 mg daily) can be very effective. Frequently, 
anxiety increases BP, and therefore antianxiolytics can be used as 
adjunctive therapy. BP should not be lowered too rapidly. Con-
tinuation of antihypertensive treatment preoperatively is 
critical.

Ischemic Heart Disease
"e goals of preoperative evaluation are to

 Identify the risk for heart disease based on risk factors (Fig. 
34-2, Box 34-2)

 Identify the presence and severity of heart disease from 
symptoms, physical findings, or diagnostic tests

 Determine the need for preoperative interventions
 Modify the risk for perioperative adverse events

"e basis of cardiac assessment is the history, physical 
examination, and ECG. Risk factors for CAD are as important or 
more important than symptoms of ischemia because CAD is not 
diagnosed in 40% of men and 65% of women before an acute 
coronary syndrome (unstable angina, acute MI, or sudden death) 
occurs. "e traditional risk factors for CAD, such as smoking, 
hypertension, age, male gender, hypercholesterolemia, and family 
history, are not the same risk factors that are associated with an 

Figure 34-2 Simplified cardiac evaluation for noncardiac surgery. AF, atrial fibrillation; AS, aortic stenosis; HF, heart failure; HR, heart rate; METs, metabolic 
equivalents of the task; MI, myocardial infarction; MS, mitral stenosis; NYHA, New York Heart Association; SVT, supraventricular tachycardia; TIA, transient 
ischemic attack; VT, ventricular tachycardia. (From Fleisher LA, Beckman JA, Brown KA, et al: ACC/AHA 2007 guidelines on perioperative cardiovascular 
evaluation and care for noncardiac surgery. J Am Coll Cardiol 50:e159-e241, 2007. Available at http://www.acc.org/qualityandscience/clinical/guidelines/Periop_
/ Accessed September 28, 2007.)
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Box 34-2 Revised Cardiac Risk Index

High-risk surgery (intraperitoneal, intrathoracic, or 
suprainguinal vascular procedures)*

Ischemic heart disease (by any diagnostic criteria)

History of congestive heart failure

History of cerebrovascular disease

Diabetes mellitus requiring insulin†

Creatinine >2.0 mg/dL

*This risk factor is not considered a clinical predictor in the ACC/AHA 
2007 guidelines for perioperative cardiac evaluation for noncardiac 
surgery.7

†This risk factor has been changed to simply diabetes mellitus in the 
ACC/AHA 2007 guidelines for perioperative cardiac evaluation for 
noncardiac surgery.7

From Lee TH, Marcantonio ER, Mangione CM, et al: Derivation and 
prospective validation of a simple index for prediction of cardiac 
risk of major noncardiac surgery. Circulation 100:1043-1049, 1999.

increased incidence of perioperative cardiac events (see Fig. 34-2 
and Box 34-2). However, traditional risk factors are important in 
assessing the significance of chest pain, dyspnea, or an abnormal 
ECG. "e Revised Cardiac Risk Index (RCRI; Box 34-2) has been 
validated in several studies as the best scoring system to predict 
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perioperative cardiac risk in patients undergoing noncardiac 
surgery.20 !e most important risk factors for adverse events are 
a history of ischemic heart disease, heart failure, diabetes, cere-
brovascular disease, and renal insufficiency; advanced age; and 
high-risk surgery, especially open vascular procedures.

One should inquire about chest discomfort (pain, pressure, 
tightness), the duration of the discomfort, precipitating factors, 
associated symptoms, and methods of relief. Regardless of symp-
toms, the most important prognostic indicators of heart disease 
and perioperative adverse events are risk factors. Shortness of 
breath with exertion is a common angina-equivalent. Dyspnea is 
nonspecific and can be a result of deconditioning, pulmonary 
disease, or heart failure. Dyspnea in patients with risk factors for 
CAD (see Fig. 34-2 and Box 34-2) may necessitate an investiga-
tion for ischemic heart disease. Women are particularly likely to 
have atypical symptoms of ischemic heart disease. One should 
note diagnoses, diagnostic tests, therapies, and names of treating 
physicians.

Patients with risk factors for CAD or symptoms suggestive 
of ischemia, including atypical ones such as dyspnea, need an 
ECG. Tait and colleagues suggested that routine preoperative 
ECGs are not indicated in patients without a history of cardio-
vascular disease and no significant risk factors.21 An abnormal 
ECG is found in 62% of patients with known cardiac disease, in 
44% of those with strong risk factors, but in only 7% of individu-
als younger than 50 years with no risk factors. Additionally, the 
specificity of an abnormality on the ECG in predicting postopera-
tive cardiac adverse events is only 26%, and a normal ECG does 
not exclude cardiac disease.22

An ECG should not be ordered simply because of advanced 
age (see Chapter 71). Recommendations for age-based testing are 
derived from the high incidence of abnormalities found with 
advancing age. !e frequency of Q-wave infarctions found only 
by ECG in men 75 years or older is about 0.5%. In an ambulatory 
surgical population, 43% of patients had an abnormal ECG, but 
only 1.6% had an adverse perioperative event and the preopera-
tive ECG was of potential value in just half of those who had a 
complication. Only certain abnormalities on the ECG are impor-
tant in preoperative assessment (e.g., Q waves, especially if recent; 
conduction abnormalities and arrhythmias), and one study found 
that just 2% of patients had one or both if a previous ECG did 
not show these abnormalities. Establishing a baseline for com-
parison is the most important reason to obtain an ECG preopera-
tively. However, if the rate of probable events is infrequent or the 
ECG is likely to be normal preoperatively, the yield lessens. If a 
previous ECG is available and there has been no change in symp-
toms or risk factors and no new physical findings, it is unlikely 
that a repeat ECG will be useful. !e 2007 ACC/AHA guidelines 
on perioperative cardiovascular evaluation provide additional 
recommendations for preoperative resting ECGs (Box 34-3).7

Review of medical records and previous diagnostic studies, 
especially stress tests and catheterization results, should be per-
formed if possible. In our experience, many patients are unaware 
of abnormalities or results not requiring revascularization. Fre-
quently, a phone call to the primary care physician or cardiologist 
will yield important information and obviate the need for further 
testing or consultation. Consultation initiated by the preoperative 
physician should seek specific advice regarding diagnosis and 
status of the patient’s condition. Asking specific questions such as 
“Does this patient have CAD?” or “Is this patient optimized for 
planned radical nephrectomy?” is the first step. Letters or notes 

Box 34-3 Recommendations for Preoperative Resting 
12-Lead Electrocardiogram

Class I
A preoperative resting 12-lead ECG is recommended for 
patients with at least one clinical risk factor* who are 
undergoing vascular surgical procedures

A preoperative resting 12-lead ECG is recommended for 
patients with known congestive heart failure, peripheral 
arterial disease, or cerebrovascular disease who are 
undergoing intermediate-risk surgical procedures

Class IIa
A preoperative resting 12-lead ECG is reasonable in persons 
with no clinical risk factors who are undergoing vascular 
surgical procedures

Class IIb
A preoperative resting 12-lead ECG may be reasonable in 
patients with at least one clinical risk factor who are 
undergoing intermediate-risk operative procedures

Class III
Preoperative and postoperative resting 12-lead ECGs are not 
indicated for asymptomatic persons undergoing low-risk 
surgical procedures

Class I recommendations: the procedure should be 
performed; class IIa: it is reasonable to perform the 
preocedure; class IIb: the procedure may be considered; 
class III: the procedure should not be performed because it is 
not helpful.

Adapted from Fleisher LA, Beckman JA, Brown KA, et al: ACC/AHA 
2007 guidelines on perioperative cardiovascular evaluation and 
care for noncardiac surgery. J Am Coll Cardiol 50:e159-e241,  
2007. Available at http://www.acc.org/qualityandscience/clinical/
guidelines/Periop_Fulltext_2007.pdf/ Accessed September 28, 
2007.

*Clinical risk factors are listed in Box 34-2.

stating “cleared for surgery” are not sufficient to design a safe 
anesthetic plan. A letter summarizing the medical problems and 
therapies, along with the results of diagnostic tests, should be 
requested.

!e goal is to identify patients with heart disease who are 
at high risk for perioperative cardiac morbidity or mortality or 
those with modifiable conditions or risk. !e guidelines for 
cardiac evaluation before noncardiac surgery published by the 
ACC/AHA have become the national standard of care. !ese 
guidelines were recently revised with a marked reduction in rec-
ommendations for preoperative noninvasive stress testing and 
revascularization.7

Step 1 in this guideline algorithm is to determine the 
urgency of the surgery. If emergency surgery does not allow 
further assessment, the focus needs to be placed on perioperative 
surveillance (e.g., serial ECGs, enzymes, monitoring) and risk 
reduction (e.g., HR control, statins, pain management). Clinical 
predictors, functional or exercise capacity, and level of surgical 
risk guide further diagnostic and therapeutic interventions.

Step 2 is to determine whether the patient has an active 
cardiac condition, such as acute MI, unstable or severe angina, 
decompensated heart failure, severe valvular disease (e.g., severe 
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which may be dangerous in patients with severe aortic stenosis, 
hypertrophic cardiomyopathy (HCM), or carotid stenosis.

Echocardiography, combined with exercise or a pharmaco-
logic agent, is used to look for wall motion abnormalities. Abnor-
malities present at rest (baseline) indicate scar tissue from previous 
infarction. Areas of myocardium that are normal at rest but show 
abnormalities with increased isotropy and chronotropy are con-
sistent with stenotic lesions and limited blood flow. Similarly, 
nuclear imaging perfusion abnormalities at rest are consistent 
with infarction. Normal coronary arteries vasodilate with adeno-
sine or exercise, and uptake of isotope is normal. Myocardium 
with limited blood flow will be normal at rest but show decreased 
uptake of isotope with exercise or administration of adenosine. 
Perioperative cardiac risk increases with increasing amounts  
of at-risk myocardium. If a patient has undergone a specific test 
in the past, it is most useful to obtain the same test for 
comparison.

Patients with ischemic heart disease require a complete 
blood count (CBC), and transfusion for anemia should be con-
sidered. In nonoperative settings but in populations with critical 
illness or chronic disease states associated with known CAD or 
risk factors for CAD, hemoglobin levels higher than 13.5 g/dL are 
associated with adverse outcomes.30 A recent study suggests that 
even mild preoperative anemia increases postoperative mortality 
and cardiac morbidity in men but not in women.31 Individuals 

with preoperative hematocrits between 39% and 51% had the 
lowest risk of adverse outcomes in this Veteran’s Administration 
surgical population.

A thorough discussion of the optimal perioperative medical 
treatment of patients with ischemic heart disease can be found in 
Chapter 35. In brief, patients already taking statins and β-blockers 
need to have these drugs continued without interruption through-
out the perioperative period. !ose already taking β-blockers 
need their dosages adjusted to achieve an HR lower than 70 
beats/min if at all possible. !e optimal use of β-blockers in 
patients who are at significant risk for perioperative cardiac events 
and are currently not taking them in accord with national guide-
lines is controversial and discussed more fully in Chapter 35. 
Strong consideration should be given to continuing aspirin peri-
operatively or discontinuing for the shortest duration possible if 
used for secondary prevention of vascular events (Fig. 34-3).

By applying the ACC/AHA recommendations or using the 
predictive value of the RCRI and developing practice guidelines 
as shown in Figure 34-2, anesthesiologists in preanesthetic clinics 
are well positioned to risk-stratify patients, thus obviating the 
need for cardiac consultation. !e preoperative period is an 
opportunity to identify patients with CAD who will benefit from 
long-term risk modification with statins, aspirin, exercise, and 
diet adjustment. Patients with symptoms consistent with ischemia 
(but without a diagnosis of CAD) or significant risk factors 

Figure 34-3 Algorithm for preoperative management of patients receiving antiplatelet therapy. ACS, acute coronary syndrome; BMS, bare metal stent; DES, 
drug-eluting stent; MI, myocardial infarction; PAD, peripheral arterial disease; PCI, percutaneous coronary intervention. (From Chassot P-G, Delabays A, Spahn 
DR: Perioperative antiplatelet therapy: The case for continuing therapy in patients at risk of myocardial infarction. Br J Anaesth 99:316-328, 2007. Available at 
http://bja.oxfordjournals.org.)

Patients with aspirin
(75–150 mg/day)

Patients with aspirin (75–150 mg/day)+
clopidogrel (75 mg/day)

Intracranial
neurosurgery

All
surgery

All
surgeryOnly vital surgery

Risk of bleeding in
closed space***

Primary 
prevention

Secondary 
prevention after 
MI, ACS, stent, 

stroke, PAD

High-risk situations: 
<6 weeks after MI, PCI, BMS, stroke 

<12 months after DES
High-risk stents*

Stop 7 days 
before operation 

as needed

Operation under 
continuous 
treatment

Stop clopidogrel 
Maintain aspirin 

Low-risk 
situations**

*High-risk stents: long (>36 mm), proximal, overlapping, or multiple stent implantation, stents for chronic 
total occlusions, stents in small vessels or bifurcated lesions. 
**Examples of low-risk situations: >3 months after BMS, stroke, uncomplicated MI, PCI without stenting. 
***Risk of bleeding in closed space: intracranial neurosurgery, intra-medullary canal surgery, posterior eye 
chamber ophthalmic surgery. In these situations, the risk/benefit ratio of upholding vs withdrawing aspirin 
must be evaluated for each case individually; in case of aspirin upholding, early postoperative re-institution 
is important.
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Box 34-4 ACC/AHA Guideline Summary—Echocardiography 
in Asymptomatic Patients with Cardiac Murmurs*

Class I—There is evidence or general agreement (or both) 
that echocardiography is useful in asymptomatic patients 
with the following cardiac murmurs:

Class IIa—The weight of evidence or opinion is in favor of 
the usefulness of echocardiography in asymptomatic patients 
with the following cardiac murmurs:

findings on cardiac examination

electrocardiogram or chest radiograph

Class III—There is evidence or general agreement (or both) 
that echocardiography is not useful in asymptomatic patients 
with the following murmurs:

innocent or functional by an experienced observer

From Bonow, RO, Carabello, BA, Chatterjee, K, et al: ACC/AHA 2006 
guidelines for the management of patients with valvular heart 
disease. A report of the American College of Cardiology/American 
Heart Association Task Force on Practice Guidelines (Writing 
Committee to Revise the 1998 Guidelines for the Management of 
Patients with Valvular Heart Disease). J Am Coll Cardiol 48:e1, 
2006.

*These are indications for general evaluation but do not necessarily 
need to be performed preoperatively.

Table 34-3 Descriptions of Murmurs Associated with Cardiac Abnormalities

Lesion Location Timing Description

Aortic stenosis Second parasternal interspaces Midsystolic Crescendo-decrescendo, radiates to the carotids; ± S3, S4; Valsalva and sustained 
handgrip exercise decrease intensity

Aortic insufficiency Third and fourth parasternal 
interspaces

Holodiastolic Decrescendo, blowing, high pitched, radiates to the carotids; Austin-Flint rumble at 
the apex; squatting, handgrip exercise, and leaning forward increase intensity

Mitral stenosis Apex Mid-diastolic Opening snap; low-pitched rumble radiates to the axilla; squatting and handgrip 
exercise increase intensity

Mitral regurgitation Apex Holosystolic High pitched, blowing, radiates to the axilla; loud S3; standing decreases intensity; 
squatting and handgrip exercise increase intensity

Mitral valve prolapse Apex Late systolic Crescendo, midsystolic click; Valsalva and standing increase intensity; squatting 
decreases intensity

Hypertrophic 
cardiomyopathy

Apex, lower left sternal border Midsystolic S4, single S2; Valsalva and standing increase intensity; squatting, passive leg raising, 
and handgrip exercise decrease intensity

patient to repeatedly perform a handgrip will increase HR and 
a!erload (increases BP) and will augment murmurs of mitral 
regurgitation and stenosis and aortic insufficiency but decrease 
aortic stenosis and HCM murmurs. All patients with murmurs 
require an ECG. In patients with significant abnormalities found 
by history, physical examination, or ECG, further evaluation by 
echocardiography or by a cardiologist should be considered (see 
Box 34-4).

exacerbation patients remain at risk. Severely affected individuals 
or those with decompensation are best managed in concert with 
a heart failure specialist and may benefit from preoperative hos-
pitalization for interventions designed to improve function.

Murmurs and Valvular Abnormalities
$e quandary in the preoperative clinic is to determine the cause 
of cardiac murmurs and to distinguish between significant 
murmurs and clinically unimportant ones (see Chapter 60).39 
Functional murmurs occur as a result of turbulent flow across the 
aortic or pulmonic outflow tracts. $ese benign murmurs occur 
with high-outflow states such as hyperthyroidism, pregnancy, or 
anemia. However, noncardiologists or even cardiologists o!en 
cannot distinguish benign from pathologic murmurs. In elderly 
patients and those with risk factors for heart disease, other abnor-
mal heart sounds, a history of rheumatic fever or anorectic drug 
use, evidence of volume overload, pulmonary disease, cardio-
megaly, or an abnormal ECG, echocardiography should be con-
sidered (Box 34-4).40 Although echocardiography may be useful 
in the diagnosis of many of these murmurs, the evaluation may 
not be required preoperatively if the information will not change 
management.

Diastolic murmurs are always pathologic and require 
further evaluation. Regurgitant disease is tolerated periopera-
tively much better than stenotic disease is. Heart failure in concert 
with any valvular disease is associated with a 20% risk of decom-
pensation in the perioperative period. Murmurs are graded 
according to loudness: grade I, a faint murmur that can be  
heard with difficulty; grade II, faint but easily heard; grade III, 
moderately loud without a thrill; grade IV, loud with a palpable 
thrill; grade V, very loud but still needs a stethoscope (thrill 
present); and grade VI, murmur heard without a stethoscope. 
However, the usefulness of this distinction is debatable because 
severe lesions can be associated with so! murmurs and vice  
versa. $e location of the murmur and changes in intensity with 
maneuvers guide diagnosis (Table 34-3). A Valsalva maneuver 
decreases filling of the right and le! heart chambers and reduces 
the intensity of most murmurs, except those associated with 
mitral valve prolapse (MVP) and HCM. Standing will also increase 
the intensity of murmurs of MVP and HCM. Squatting increases 
venous return and a!erload and therefore increases most 
murmurs, except those related to MVP and HCM. Asking the 
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Table 34-4 Severity of Aortic Stenosis

Grade
Velocity of Aortic 
Jet (m/sec)

Mean Pressure 
Gradient (mm Hg)

Valve Area 
(cm2)

Mild <3 <25 ≥1.5

Moderate 3-4 25-40 1.0-1.5

Severe 4-4.5 40-50 0.7-1.0

Critical >4.5 >50 <0.7

Aortic Stenosis
Aortic stenosis, the most common valvular lesion in the United 
States, affects 2% to 4% of adults older than 65 years; severe ste-
nosis is associated with high risk for perioperative complications.7 
Once considered a degenerative lesion associated with age or a 
congenital bicuspid valve, aortic stenosis is now thought to have 
much in common with ischemic heart disease and is an inde-
pendent marker of CAD.41 In patients with bicuspid valves, steno-
sis typically develops at a younger age (fourth and fi"h decades 
of life); those with stenosis of the tricuspid valves are usually older 
than 60 years, but there is overlap.

Aortic sclerosis, which also causes a systolic ejection 
murmur similar to that of aortic stenosis, is present in 25% of 
people 65 to 74 years of age and in almost half of those older than 
84 years.41 Aortic sclerosis is associated with a 40% increase in 
risk for MI and a 50% increase in risk for cardiovascular death in 
patients without a history of CAD.42 #ere is no hemodynamic 
compromise with aortic sclerosis.

#e cardinal symptoms of severe aortic stenosis are angina, 
heart failure, and syncope, although patients are much more likely 
to complain of a decrease in exercise tolerance and exertional 
dyspnea. Aortic stenosis causes a systolic ejection murmur, best 
heard in the right upper sternal border and o"en radiating to the 
neck. #ere is delayed carotid upstroke and a paradoxically split 
S2, and exercise will increase HR and decrease an aortic stenosis 
murmur. Patients with a previously undiagnosed murmur need 
an ECG, and an echocardiogram should be considered in patients 
with an abnormality on the ECG (see Box 34-4). Such abnormali-
ties may consist of LVH, o"en with a strain pattern (ST-T wave 
changes), le" axis deviation, or LBBB.

Aortic stenosis severity is based on the mean transvalvular 
pressure gradient and valve area (Table 34-4). #e pressure gradi-
ent falls if the le" ventricle begins to fail. Current guidelines rec-
ommend echocardiography annually for patients with severe 
aortic stenosis, every 2 years for moderate stenosis, and every 5 
years for mild stenosis.40 Patients with aortic stenosis are at risk 
for sudden death from arrhythmias, heart failure, and myocardial 
ischemia and infarction from concomitant CAD (high incidence) 
or a supply-demand mismatch. Patients with aortic sclerosis or 
stenosis need evaluation for CAD regardless of other risk factors. 
#ose with severe or critical stenosis should not undergo noncar-
diac surgery (unless emergency and lifesaving) without a cardiol-
ogy evaluation and careful consideration of risks or until valve 
replacement. Patients with moderate to severe aortic stenosis have 
an increased risk of bleeding (especially from gastrointestinal 
angiodysplasia). #e cause appears to be an acquired von Wille-
brand syndrome resulting from mechanical disruption of von 
Willebrand multimers during turbulent blood flow through a 
narrowed valve. See the section “von Willebrand’s Disease” for 

more details. An activated partial thromboplastin time (aPTT) is 
indicated. Prophylaxis for infective endocarditis in patients with 
aortic stenosis is no longer recommended.43

Aortic Insufficiency
Insufficiency of the aortic valve occurs with true valvular disease 
affecting the leaflets, from aortic root dilation, or as a result of 
both. Rheumatic heart disease, a bicuspid valve, collagen vascular 
diseases, and endocarditis can all lead to valvular disease. Aortic 
root dilation can complicate ankylosing spondylitis, osteogenesis 
imperfecta, syphilis, hypertension, age-related degeneration, Mar-
fan’s syndrome, and collagen vascular diseases. Acute insufficiency 
with pulmonary edema and hypertension can occur with trauma, 
infection, or aortic dissection and is an emergency. #e murmur 
of aortic insufficiency is described in Table 34-3. #e intensity of 
the murmur does not correlate with the severity of regurgita-
tion.44 Patients typically have a widened pulse pressure (normal 
or elevated systolic BP and low diastolic BP) manifested as Cor-
rigan’s or water-hammer pulses (bounding carotid pulse with a 
rapid downstroke). de Musset’s sign is a head bob with each 
heartbeat, Duroziez’s sign is a systolic and diastolic bruit heard 
over the femoral artery when it is partially compressed, Quincke’s 
pulses are capillary pulsations in the fingertips or lips, and Müller’s 
sign is systolic pulsations of the uvula.

An ECG is needed and an echocardiogram should be con-
sidered if finding could change management (see Box 34-4); a 
chest radiograph may be useful. LVH with ST- and T-wave 
changes as a result of volume overload or underlying chronic 
ischemia may be present. Le" atrial hypertrophy and le" axis 
deviation along with premature atrial and ventricular contrac-
tions are not uncommon. Generally, chronic insufficiency is well 
tolerated in the perioperative period. Patients with good func-
tional status and preserved le" ventricular systolic function have 
a low risk of complications with anesthesia. Prophylaxis for infec-
tive endocarditis is no longer recommended.43

Mitral Stenosis
Mitral stenosis is much less common than aortic stenosis and is 
usually associated with a history of rheumatic heart disease. It can 
occur with aortic valvular disease or mitral regurgitation. A 
normal mitral valve has an area of 4 to 6 cm2; stenosis is mild 
when the mitral valve area is 1.5 to 2.5 cm2, moderate with an area 
of 1.1 to 1.5 cm2, and critical when the area is 0.6 to 1.0 cm2. A 
resting mean transvalvular gradient greater than 10 mm Hg also 
denotes severe stenosis. Symptoms typically occur 10 to 20 years 
a"er acute rheumatic fever and are o"en precipitated by preg-
nancy or illness. Unrecognized mitral stenosis is included in the 
differential diagnosis of pulmonary edema.

Preoperative evaluation includes determining whether the 
patient has a history of dyspnea, fatigue, orthopnea, pulmonary 
edema, and hemoptysis. #ese findings result from elevated le" 
atrial pressure and decreased cardiac output. Atrial fibrillation can 
be due to a dilated le" atrium, which can acutely precipitate 
failure and chronically cause thrombosis. Patients with atrial 
fibrillation require anticoagulation to avoid a le" atrial thrombus. 
Tachycardia decreases cardiac output. Pulmonary hypertension 
and right heart failure may occur with significant stenosis. A loud 
S2 suggests pulmonary hypertension. #e characteristics of the 
murmur are described in Table 34-3. Sustained handgrip exercise 
increases HR and BP and may increase the murmur. Examination 
should look for rales and signs of right heart failure such as 
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valves, followed by valves in the mitral position and then aortic 
valve replacements. Caged-ball valves (Starr-Edwards) have the 
highest risk, single tilting-disk valves (Björk-Shiley, Medtronic-
Hall, Omnicarbon) have an intermediate risk, and the lowest  
risk is seen with bileaflet tilting-disk prostheses (St. Jude,  
CarboMedics, Edwards Duromedics). Bioprosthetic valves such 
as Carpentier-Edwards (porcine heterogra! or pericardial) or 
Hancock (porcine) brands generally do not require long-term 
anticoagulation. "e decision to stop anticoagulants, the duration 
off anticoagulants, and the need to “bridge” with a shorter-acting 
drug and the type of bridging agent (intravenous heparin or low-
molecular-weight heparin [LMWH]) need to be made in con-
junction with the treating cardiologist and surgeon. See the 
section on anticoagulation for a discussion of bridging.

Rhythm Disturbances and  
Electrocardiographic Abnormalities
Arrhythmias and conduction disturbances are common in the 
perioperative period (see also Chapter 42). Supraventricular and 
ventricular arrhythmias are associated with a greater risk of peri-
operative adverse events because of the arrhythmia itself and 
because they are markers for cardiopulmonary disease. Uncon-
trolled atrial fibrillation and ventricular tachycardia are high-risk 
clinical predictors, and elective surgery should be postponed until 
evaluation and stabilization are complete.7 New-onset atrial fibril-
lation, symptomatic bradycardia, or high-grade heart block 
(second or third degree) identified in the preoperative clinic 
warrant consideration of postponement of elective procedurest 
and referral to cardiology for further evaluation. First-degree AV 
block is defined as a PR interval longer than 0.20 msec with an 
HR of 50 to 100 beats/min and is generally benign. Second-degree 
heart block occurs when the PR interval is prolonged greater than 
0.20 msec, and eventually the atrial beat is blocked, which results 
in a dropped or missing QRS complex a!er a P wave. Two types 
of second-degree block exist. A Mobitz type I or Wenckebach 
block is more benign, rarely progresses to complete heart block, 
and responds to atropine. It is characterized by a progressive 
lengthening of the PR interval until the dropped beat occurs and 
is usually due to AV nodal delay. Mobitz type II results from an 
infranodal block, can progress to complete heart block, and is 
generally treated with a pacemaker unless secondary to a revers-
ible cause such as ischemia or drugs. It is characterized by a fixed, 
prolonged PR interval that does not change before the dropped 
QRS complex. "ird-degree or complete heart block is complete 
dissociation between the atrial and ventricular beats (P waves and 
QRS complexes) and requires a pacemaker unless a reversible 
source is identified. "e ventricular beats in a patient with com-
plete heart block are independent of the atria and should not be 
depressed. Two general factors are considered when determining 
the need for a pacemaker: an arrhythmia associated with symp-
toms and the location of the conduction abnormality. Syncope or 
near syncope associated with bradycardia or conduction delays is 
generally an indication for placement of a pacemaker. Disease 
below the AV node, in the His-Purkinje system, is more ominous 
and is suggested by a normal or minimally prolonged PR interval, 
a Mobitz type II block, and QRS abnormalities (bundle branch 
block, fascicular block, or both). Because disease in the His-
Purkinje system is generally less stable, permanent pacemaker 
placement is likely to be beneficial. "e indications for a pace-
maker perioperatively are the same as those in nonsurgical 
patients (Box 34-5).45

Box 34-5 Indications for a Pacemaker

Class I Indications

bradycardia (usually with a heart rate <40 beats/min or 
frequent sinus pauses)

*
≥2 

consecutive P waves)

chronic bifascicular block, regardless of symptoms

Class II Indications
<40 beats/min) with 

symptoms suggestive of bradycardia but without a clear 
association between bradycardia and symptoms

<30 beats/min in an awake patient

Class I conditions are those in which permanent pacing is 
definitely beneficial and effective, provided that the condition 
is not due to a transient cause. Class II conditions are those 
in which permanent pacing may be indicated but there is 
conflicting evidence or divergence of opinion (or both).

From Gregoratos, G, Abrams, J, Epstein, AE, et al: ACC/AHA/NASPE 
2002 guideline update for implantation of cardiac pacemakers and 
antiarrhythmia devices: Summary article. A report of the American 
College of Cardiology/American Heart Association Task Force on 
Practice Guidelines (ACC/AHA/NASPE Committee to Update the 
1998 Pacemaker Guidelines). Circulation 106:2145-2161, 2002.

*Controversy exists concerning complete atrioventricular (AV) block 
without symptoms. The current ACC/AHA guidelines classify 
asymptomatic third-degree AV block with average awake 
ventricular rates of 40 beats/min or greater as a class IIa indication, 
although others recommend definite pacemaker placement.

Bundle branch blocks are complete or incomplete and 
either right (RBBB) or le! (LBBB). "ey result from aging or 
fibrosis of the conducting system, ischemia, pulmonary disease, 
radiation, or cardiomyopathies or can be normal variants. Tradi-
tionally, LBBB has been considered more ominous and has been 
shown to be associated with CAD and heart failure.46,47 LBBB is 
strongly associated with CAD, and in a patient with a recent onset 
or no previous evaluation of LBBB, stress testing or cardiology 
consultation may be warranted. Obtaining a previous ECG for 
comparison can establish the stability. RBBB is likely to be con-
genital, a result of calcification and degeneration of the conduc-
tion system or secondary to pulmonary disease. Brugada’s 
syndrome is a congenital disease characterized by RBBB with 
ST-segment elevation in the right precordial leads and is associ-
ated with a risk for sudden death and lethal arrhythmias. If the 
history and physical examination do not suggest significant pul-
monary, congenital, or ischemic heart disease or Brugada’s syn-
drome, no further evaluation is warranted because of an isolated 
RBBB. An RBBB in a patient with pulmonary symptoms (includ-
ing pulmonary hypertension) may be suggestive of severe respira-
tory or vascular compromise and may warrant pulmonary 
evaluation and echocardiography if intermediate- or high-risk 
surgery is planned. If congenital heart disease, pulmonary hyper-
tension (see the appropriate section in this chapter), or Brugada’s 
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“Dyspnea”). Near syncope or syncopal episodes suggest severe 
disease. Hypoxia, hypercapnia, vasoconstrictors, and increased 
sympathetic tone (even from anxiety) increase pulmonary vascu-
lar resistance and lead to acute decompensation with right heart 
failure.

Patients with pulmonary arterial hypertension have a high 
rate of perioperative morbidity and mortality.57 Mild pulmonary 
hypertension rarely affects anesthetic management, but moderate 
to severe disease increases the risk for right heart failure. Signs 
and symptoms of disease severity include58

 Dyspnea at rest
 Metabolic acidosis
 Hypoxemia
 Right heart failure (peripheral edema, hepatomegaly, 

jugular venous distention)
 History of syncope

Physical examination may reveal a split S2 with a loud 
second component, right ventricular heave, a murmur of tricus-
pid regurgitation, ascites, hepatomegaly, jugular venous disten-
tion, and peripheral edema.

An echocardiogram is the screening test of choice and can 
used to estimate pulmonary artery pressure, assess right ventricu-
lar function, and identify le" heart failure and valvular or con-
genital heart disease.59 Patients with significant findings may 
require right and le" heart catheterization, although the need for 
catheterization preoperatively depends on the surgical procedure. 
An ECG, chest radiograph, and echocardiogram are useful in 
patients with more than mild disease. Findings on the ECG 
include right axis deviation, RBBB, right ventricular hypertrophy, 
and tall R waves in leads V1 and V2. Right atrial hypertrophy and 
“P pulmonale” may be present in severe pulmonary hypertension, 
with peaked P waves most apparent in leads II, III, aVF, and V1. 
Enlargement of the main pulmonary artery and a globular heart 
shape with loss of the retrosternal air space as a result of right 
ventricular dilation can be seen on the chest radiograph. Evalua-
tors should inquire about a history of OSA, which can also be the 
cause of pulmonary hypertension.60 A CBC with platelets, elec-
trolytes, BUN, creatinine, and liver function tests (LFTs; may be 
elevated as a result of congestion or the use of bosentan) are 
needed.

Preoperatively, patients may be treated with diuretics, anti-
coagulants, calcium channel blockers, supplemental oxygen, 
sildenafil (a phosphodiesterase inhibitor), endothelin receptor 
antagonists (bosentan), and prostanoids (iloprost, epoprostenol). 
Some of these agents are given by continuous intravenous infu-
sion, and even momentary interruption of therapy can be cata-
strophic. All drugs need to be continued preoperatively. 
Management of these patients in conjunction with a pulmonary 
hypertension specialist is advised.

Smokers and Those Exposed to Second-Hand Smoke
Exposure to tobacco, directly or through “second-hand” smoke, 
increases the risk for many perioperative complications. Smokers 
are more likely to experience wound infections, respiratory or 
airway complications (including oxygen desaturation), and severe 
coughing.61 Smoking decreases macrophage function, negatively 
affects coronary flow reserve, and causes vascular endothelial dys-
function, hypertension, and ischemia. Smokers require longer 
hospital stays than nonsmokers do and o"en need postoperative 
intensive care admission.

Box 34-6 Classification of Pulmonary Hypertension

Pulmonary Arterial Hypertension
Primary pulmonary hypertension

Sporadic
Familial

Associated with
Collagen vascular disease
Congenital shunts
Portal hypertension
Human immunodeficiency virus infection
Drugs/toxins
Persistent pulmonary hypertension of the newborn

Pulmonary Venous Hypertension
Left-sided heart disease

Extrinsic compression of central pulmonary veins

Pulmonary veno-occlusive disease

Pulmonary Hypertension Related to Lung  
Disease or Hypoxemia
Chronic obstructive pulmonary disease

Interstitial lung disease

Sleep-disordered breathing

Neonatal lung disease

Chronic exposure to high altitude

Pulmonary Hypertension Caused by Chronic 
Thromboembolic Disease
Pulmonary thrombosis or embolism

Sickle cell disease

Pulmonary Hypertension from Disorders Directly Affecting 
the Pulmonary Vasculature
Schistosomiasis

Sarcoidosis

Available from http://www.who.int/ncd/cvd/pph.html.

pulmonary arterial hypertension, formerly called primary pulmo-
nary hypertension, is rare, but other forms are more common  
and occur with a variety of diseases, including cardiac, pulmo-
nary, liver, thromboembolic, and collagen vascular disease.  
Pulmonary hypertension is associated with HIV infection, expo-
sure to anorexics such as fenfluramine, chronic liver disease, espe-
cially if portal hypertension is present, and collagen vascular 
diseases, including scleroderma, SLE, and rheumatoid arthritis. 
Pulmonary hypertension is defined as a persistent elevation in 
mean pulmonary artery pressure greater than 25 mm Hg with a 
pulmonary artery occlusion pressure of less than 15 mm Hg. 
Occult pulmonary hypertension is more problematic than  
fully recognized disease because symptoms may be attributed to 
other diseases and perioperative decompensation may occur 
unexpectedly.

#e manifestation of pulmonary hypertension is usually 
nonspecific, insidious, and associated with delayed diagnosis. 
Dyspnea is the initial symptom in 60% of patients but is present 
in 98% by the time of diagnosis. Dyspnea is nonspecific and 
associated with a multitude of conditions (see the section 
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during or soon a!er surgery. Although halothane is rarely used 
in adults in the United States today, those who previously had 
halothane hepatitis may be at risk for cross-sensitivity to other 
fluorinated volatile agents with trifluoroacetyl metabolites (enflu-
rane, isoflurane, desflurane).

Cirrhosis
Cirrhosis is the end result of most hepatotoxic conditions. Portal 
hypertension with splenomegaly, varices, ascites, and pleural effu-
sions occur. #e liver fails to synthesize proteins and clotting 
factors or clear toxins and drugs. Patients may have encephalopa-
thy, bleeding, thrombocytopenia, and a prolonged PT and are at 
risk for renal insufficiency or failure. Pulmonary shunting may 
cause hypoxemia and pulmonary hypertension. Hepatorenal syn-
drome is the occurance of renal insufficiency in patients with 
hepatic disease in the absence of primary renal disease and may 
be related to hypoperfusion. Jaundiced patients are at particular 
risk for hepatorenal syndrome. Spontaneous bacterial peritonitis 
may develop in patients with ascites and increases perioperative 
mortality.

#e Child-Turcotte-Pugh classification (Table 34-5) can 
predict perioperative morbidity and mortality. #e Model for 
End-Stage Liver Disease (MELD) formula, which factors bilirubin, 
the international normalized ratio (INR), creatinine, and the 
cause of the liver disease, is used to select patients for transplanta-
tion, may be useful to predict risk for other surgery, and may do 
so better than the Child class.74 Online calculators to determine 
MELD can be found at www.unos.org. Higher scores indicate 
more severe disease. One study showed that a MELD score lower 
than 14 predicted 77% of patients with poor outcomes.74 Anemia 
increases postoperative mortality in patients with obstructive 
jaundice. One study did show that a serum albumin concentra-
tion of less than 2.1 mg/dL was a strong predictor of mortality in 
veterans undergoing major noncardiac surgery.75

Unexpected Increased Liver Function Test Values
Elevated alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) reflect damage to hepatocytes, bilirubin 
measures the liver’s ability to conjugate or excrete bile (or both), 
alkaline phosphatase rises with degradation of hepatic excretion 
(also from bone turnover and thus nonspecific for liver disease), 
and albumin and PT measure synthetic function of the liver. Only 
1 in 700 preoperative patients is unexpectedly found to have liver 
disease, and the vast majority are not severe disorders. However, 
if abnormal LFT values are unexpectedly found, further testing 
or referral may be warranted. In patients with elevations in ALT 

or AST, screening for hepatitis with hepatitis A IgM antibody, 
hepatitis B surface and core antigens, hepatitis B surface antibody, 
and hepatitis C antibody can help in establishing a diagnosis. 
Elevated alkaline phosphatase or bilirubin with normal or mildly 
to moderately increased transaminases suggests obstruction of 
the biliary system, and abdominal ultrasound, computed tomog-
raphy, and endoscopic retrograde cholangiopancreatography can 
establish a diagnosis.

All Forms of Liver Disease
#e preoperative history o!en uncovers the cause of the liver 
disease, therapies, and associated complications. Important issues 
to explore include the cause and degree of hepatic dysfunction. 
Patients with liver disease may be asymptomatic or complain of 
fatigue, weight loss, dark urine, pale stools, pruritus, right upper 
quadrant pain, bloating, and jaundice. Weight and vital signs, 
including oxygen saturation, are needed. Physical examination 
may reveal jaundice, bruising, ascites, pleural effusions, peripheral 
edema, or hypoxia. #e presence of encephalopathy, coagulopa-
thy, ascites, volume overload, and infectivity needs to be deter-
mined and explored preoperatively. #e bilirubin level is generally 
higher than 2.5 mg/dL before icterus can be seen in mucous 
membranes and sclerae. Examination may reveal hepatomegaly, 
splenomegaly, and altered mental status. New-onset or worsening 
encephalopathy prompts an evaluation for precipitating factors 
such as worsening liver disease, infection, drug effects, bleeding, 
or electrolyte disturbances.

In selected patients, preoperative evaluation may warrant 
further testing consisting of an ECG, CBC with platelet count, 
electrolytes, BUN, creatinine, LFTs, albumin, and PT. An ammonia 
level may be helpful in patients with encephalopathy. A chest 
radiograph may identify effusions. Coagulopathy can be a result 
of vitamin K deficiency caused by an inability to secrete bile 
(cholestatic disorders), deficiency of coagulation factors because 
of loss of synthetic function as a result of cirrhosis, or thrombo-
cytopenia secondary to splenomegaly and portal hypertension.

#erapy to correct coagulopathy is directed at the cause. 
Vitamin K, fresh frozen plasma, or platelets are used to correct 
deficiencies. Vitamin K, 1 to 5 mg orally or subcutaneously daily 
for 1 to 3 days, may correct a prolonged PT and carries minimal 
risk. However, the coagulopathy in patients with synthetic failure 
will probably not correct with such measures, and performing a 
type and screen will prepare the patient for platelet and fresh 
frozen plasma transfusions with the goal of achieving a platelet 
count higher than 50,000/mm3 and an INR less than 1.5, respec-
tively. Correction of anemia is controversial but may limit renal 
dysfunction. Lactulose (30 mL orally every 6 hours for 3 days 
before surgery with the last dose given within 12 hours of surgery) 
or oral bile salts with intravenous hydration beginning the night 
before surgery may reduce perioperative progression of renal 
disease in patients at risk.76 Reduction of ascites preoperatively 
may decrease the risk of wound dehiscence and improve pulmo-
nary function. Sodium restriction (in diet and intravenous solu-
tions), diuretics (especially spironolactone, which inhibits 
aldosterone), and even paracentesis are useful. If fluid is aspirated, 
it is important to analyze it for infection. Encephalopathy is fre-
quently caused by an acute insult such as infection, gastrointesti-
nal bleeding, hypovolemia, or sedatives. It is important to 
determine reversible factors and treat accordingly. Lactulose, 
30 mL every 6 hours orally, is first-line therapy. Addressing nutri-
tional deficiencies with enteral or parenteral supplementation 

Table 34-5 Child-Turcotte-Pugh Classification

Parameter

Points (For Each with a Maximum of 15)

1 2 3

Ascites Absent Slight Moderate

Bilirubin (mg/dL) <2 2-3 >3

Albumin (g/dL) >3.5 2.8-3.5 <2.8

Prothrombin time 
(seconds over control)

<4 4-6 >6

Encephalopathy None Grade 1-2 Grade 3-4

Class A: <7 points; Class B: 7-9 points; Class C: >9 points.
Left Coronary Artery

Right Coronary Artery



Parameter Dilated Restrictive Hypertrophic Obliterative

Morphology Biventricular dilation Decreased ventricular 
compliance

Hypertrophy of left 
ventricle and usually 

interventricualr septum

Thickened endocardium  
or mural thrombi

Ventricular volume Marked increase Normal to moderate 
increase

Normal to moderate 
decrease

Moderate decease

Ejection fraction Marked decrease Normal to Moderate 
decrease

Marked increase Normal to moderate 
decrease

Ventricular compliance Normal to moderate 
decrease

Marked decrease Marked decrease Marked decrease

Ventricular filling pressure Marked increase Marked increase Normal to moderate 
increase

Moderate increase

Stroke volume Marked decrease Normal to moderate 
decrease

Normal to moderate 
increase

Normal to moderate 
decrease
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4. Classify cardiomyopathies. Describe management of 60 year old 
male with dilated cardiomyopathy scheduled for laparotomy

ClassiGication	
  of	
  cardiomyopathies	
  on	
  morphologic	
  and	
  hemodynamic	
  basis

Cardiomyopathies are a heterogeneous group of diseases of the 
myocardium associated with mechanical and/or electrical 
dysfunction that usually (but not invariably) exhibit inappropriate 
ventricular hypertrophy or dilation and are due to a variety of 
causes that frequently are genetic. 

Definition
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Goldmanʼs Cardiac Risk Index:
i. Age > years 5

ii. MI in previous 6 months 10

iii. S3 gallop or ↑ JVP (0-3 cm) 11

iv. Important aortic stenosis 3

v. Rhythm other than sinus, Pac on last preoperative 7

vi. >5 PVC/min at any time before 7

vii. PaO2, < 60 or PaCO2 > 50mm Hg,
K<3.00 mEq/L or HCO3 < 20 mEq/l
BUN > 50 or Cr> 3 mg/dl. Abnormal SGOT, signs of chronic 
liver disease, bed ridden from non-cardiac cause

3

viii
.

Intraperitoneal, Intrathoracic, aortic surgery 3

ix. Emergency operation 4

Total 53

Detskyʼs Modified Cardiac Risk Index- 1986

i. Age > 70 years 5
ii. MI < 6 months 10
iii. MI > 6 months 5
iv. Unstable angina 10
v. Pulmonary edema < 1 

week
10

vi. Pulmonary edema in the 
past

5

vii. Non sinus rhythm PAC 5
viii. CCVSA class III 10
ix. CCVSA class IV 20
x. Critical As 20
xi. Emergency operation 5
xii. Poor general status 5

Total 120

(Assign one point to each of the following variables)
i. High risk type of surgery (intra-peritoneal, intra-thoracic or 

suprainguinal vascular procedures.
ii. History of IHD (history of MI, positive exercise test, current 

complaint of ischemic chest pain or use of nitrate therapy of ECG 
with Q waves)

iii. History of CHF
iv. History of cerebro-vascular disease
v. Insulin therapy for diabetes
vi. Preoperative serum creatinine > 2.0 mg/gl

Class I = 0 factors,
Class II = 1 factor
Class III = 2 factors
Class IV = >2 factors

Leeʼs revised Cardiac Risk Index-- 1999.
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Reflex Stimuli Receptor Afferents Centre Efferents Response

Baroreceptor 
Reflex

Increase BP Carotid Sinus & 
Aortic arch

IX Nerve(carotid 
Sinus) & X Nerve
(Aortic Arch)

Nucleus of Tractus 
Solitarius in 
Medulla

IML Tract Decrease in Blood 
pressure, Decreases 
Sympathetic 
stimulation,  Heart Rate 
& SV

Chemoreceptor 
Reflex

pH pCO2 & pO2 Carotid & Aortic 
body

IX Nerve & X 
Nerve

Chemosensitive 
area of Medulla

X Nerve Bradycardia, Increase 
Blood pressure & 
Hyperventilation

Bain Bridge Reflex Increase filling of 
right atrium

Stretch receptor 
in right atrial wall

X Nerve Dorsal motor 
nucleus of vagus

Vagal & 
sympathetic 
fibres

Increase in Heart Rate 
& Automaticity

Benzold Jarisch 
reflex

serotonin Pain receptor C 
Fibre

X Nerve Respiratory & 
Vasomotor Centre

X Nerve Apnea, Hyperapnea & 
bradycardia, Coronary 
Vasodilation & 
Hypotension.

Oculo-cardiac 
Reflex

Pressure on the 
Eye, Traction on 
the muscles

Stretch receptor 
with in extraocular 
muscles.

Long & Short 
cillary nerve & 
Opthalmic division

Cillary ganglion & 
Gasserian 
ganglion

Vagal & 
Cardiodepr
essor fibre

Reflex Bradycardia
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Factors that can contribute to perioperative myocardial infarction.

Pressure Volume Loop:
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Surgical Factors:

Major Intermediate Minor

Emergency Surgery Carotid endarterectomy cataract

Major vessel/surgery Intrathoracic/Peritoneal 
surgery

Superficial surgery

Surgeries with major 
blood loss or fluid shifts

Head & Neck Surgery Breast surgery

Open prostatic surgery

Clinical Predictors:
Patient Factors:

Major Intermediate Minor

Acute MI (< 
7days), Recent (7 
to 30 Days)

Previous MI Age > 65 Years

Decompensated 
CHF

Pathological Q- 
Waves

Poor functional 
state

Symptomatic 
arrhythmias 

Anginal Class I & II Uncontrolled HTN

Severe Valvular 
Heart disease.

Diabetes 

CRF

Cardioplegic solution:
A number of different solutions are described. Most common 
compounds are: 

• Potassium = 15-40 mEq/l
• Sodium = 100-120 mEq/l
• Chloride = 110-120 mEq/l
• Calcium = 0.7 mEq/l
• Magnesium = 15 mEq/l
• Glucose = 28 mmol/l 
• Bicarbonate = 27 mmol/l

St. Thomas hospital solution (supplied in 20ml ampoules):  
• MgCl2 6H2O = 16 mmol 
• KCl = 16 mmol 
• Procaine 272.8mg 
• Water to 20ml 
• This ampoule is added to 1 liter of non-lactated Ringerʼs solution 

at 40C and used. 
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Pathophysiology:

Triggering 
Factors:

Stress of Surgery 
Stress of Anesthesia.

Stress of Surgery. 
Stress of Anesthesia.

Surgery & Anesthesia Anesthesia, blood 
loss & Anemia

• Intubation
• Extubation
• Hypothermia
• Anemia
• Increased blood loss
• Inadequate pain control

State
Increased 
Inflammatory 
Response

Increased 
Hypercoagulability

Increased Stress

Hypoxic State

Consequence
Increase in ILF, TNF 
& creative proteins

Increased  platelet reactivity
increased antithrombin 3

Increased Cortisol
Increased catecholamines

Decreased 
Oxygen supply

Increased 
Coronary Stress

Increased 
HR & BP Decreased 

Oxygen Supply

Plaque RupturePlaque Rupture

Coronary Artery Thrombosis

Myocardial Infraction

Perioperative Ischemia
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  Acute	
  treatments	
  for	
  suspected	
  intraoperative	
  myocardial	
  ischemia
Associated Hemodynamic Finding Therapy Dosage

I Hypertension, tachycardia + Deepen anesthesia
IV β - Blockade

Esmolol 2-100 mg, + 50-200
Metoprolol 0.5-2.5 mg
Labetalol 2.5 – 10mg
33-330 µg/min +

Ii Normotension, tachycardia + IV Nitroglycerin
Assure adequate anesthesia change 
anesthetic regimen
IV β- Blockade

As above

III Hypertension, normal heart rate Deepen anesthesia
nicardipine

0-20 mg
Nicardipine 1-5 mg, + 1-10 µ
Phenylephrine 25-100 µg

IV. Hypotension, tachycardia + IV α-agonist Nor-epinephrine 2-4 µg
V Hypotension, bradycardia Lighten anesthesia

IV Ephedrine
IV Epinephrine
IV Atropine
IV Nitroglycerin when normotensive

5-10 mg
4-8 µg
0.3-0.6 mg
As above

VI. Hypotension, normal heart rate IV α- Agonist
IV Epinephrine
alter anesthesia (eg, lighten)
IV Nitroglycerin when normotensive

As above

VII. No abnormality IV Nitroglycerin
IV Nicardipine

As above
As above
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Hypokalemia
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DRUGS ACTING ON THE CARDIOVASCULAR AND AUTONOMIC NERVOUS SYSTEMS 7

thetic nerves and in the adrenal gland. Stimulation of presynaptic
DA2-receptors inhibits dopamine release by negative feedback.

Postganglionic sympathetic fibres supplying sweat glands and
arterioles in some areas of skin and skeletal muscle are cholinergic.
Vascular smooth muscle also contains non-innervated cholinergic

receptors which mediate vasodilatation in response to circulating
agonists. Cholinergic effects on vascular smooth muscle are usu-
ally minimal but may be involved in the mechanism of vasovagal
attacks.

These subdivisions are summarized in Table 7.1.

GI tract

Bladder

Organ

Heart

Arteries

Veins

Lung

Sympathetic

Receptor
subtype

Pi also P2,
? also a and
DA!

Pi
P2 .

Oil, Q-2

ai, also a2

P2

P2

Effect

t Heart rate
f Force of contraction
t Conduction velocity
t Automaticity (P2)
f Excitability
t Force of contraction

Coronary vasodilatation
Vasodilatation (skeletal

muscle)
Vasoconstriction (coronary,

pulmonary, renal and
splanchnic circulations, skin
and skeletal muscle)

Splanchnic and renal
vasodilatation

Vasoconstriction
Vasodilatation

Bronchodilatation
Inhibition of secretions
Bronchoconstrktion

Parasympathetic

Receptor Effect
subtype

M2 J, Heart rate
i Force of contraction
Slight | conduction velocity

Ma Vasodilatation in skin, skeletal
muscle, pulmonary and
coronary circulations

MS Bronchoconstriction
Stimulation of secretions

2, P2 Decreased motility

Contraction of sphincters
Inhibition of secretions

M

Detrusor relaxation
Sphincter contraction

M

contraction)
Ciliary muscle relaxation for

far vision

Increased motility
Relaxation of sphincters
Stimulation of secretions

Pancreas

Kidney

Liver

P2
«l,a2

P

P2'?ct

Increased insulin release
Decreased insulin release

Renin secretion

Glycogenolysis
Gluconeogenesis

M Glycogen synthesis

Detrusor contraction
Sphincter relaxation

Uterus

Adipocytes

Eve

P2

P3

<*1

Myometrial contraction
Myometrial relaxation

Lipolysis

Mydriasis (radial muscle M Miosis
Ciliary muscle contraction for

near vision

Platelets Promote platelet aggregation

Sweat glands Mb Sweating
aMuscarinic receptors are present on vascular smooth muscle, but they are independent of parasympathetic innervation and have little or no
physiological role in the control of vasomotor tone.
^Sympathetic cholinergic fibres supply sweat glands and arterioles in some sites.

69
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Comparative pharmacology of oral Anticoagulants:

Time to 
peak effect
(hrs)

Duration after 
discontinuatio
n (days)

Initial Adult 
dose (mg)

Maintenance 
adult dose 
(mg)

1 Warfarin 36.72 2-5 15,1st day 10, 
second 10,3rd 
day

2.5-10

2 Dicumarol 36-48 2-6 200-300 1st  
day

25-200

3 
Phenindione

18-24 1-2 300, 1st day, 
200 second 
day

25-200
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Anti-Hypertensive Therapy: In PIH

Drugs Daily Dose Adverse effects & comments

Methyldopa 
( Centrally 

acting alpha 
agonist)

500 - 3000 mg in 
2 - 4 divided 

doses

safety of mother & fetus (after 
the first trimester)
Postural Hypotension, 
drowsiness,  fluid retention

Labetalol 
( Alpha & beta 

adrenergic 
blocker)

200 - 2400 mg in 
2 - 3 divided 

doses

Safety appears equal to 
methyldopa. Headache, dry 
mouth, tremors, heart block. 
Avoid in bronchial asthma & 
CCF
use with caution in Diabetes

Nifedipine
(calcium 
channel 
blocker)

30 - 120 mg in 1 - 
4 divided doses 
depending on 

preparation used.

May inhibit labour; may have 
synergistic action with MgSO4

Acute severe hypertension in PregnancyAcute severe hypertension in PregnancyAcute severe hypertension in Pregnancy

Hydralazine
onset 10 - 20 

min
Peak 60 min

DOA - 4 - 6 hrs

5 - 10 mg IV, if no 
response repeat 

at 20 min interval. 
total of 30 mg

Tachycardia & increase C.O

Labetalol 10 - 20 mg IV 
Push every 10 - 

20 min max - 300 
mg

Decreases SVR
Avoid in Asthmas, CCF heart 
blocks

NTG  5 - 50 µg/min Increases ICP
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Post-anesthesia Recovery Score 
(Modified Aldrete Score)

Post-anesthesia Discharge 
Scoring System 

Activity Vital signs (BP and Pulse)

2 = Moves all extremities 
voluntarily/on command 1

2 = Within 20% of preoperative 
baseline

 = Moves two extremities 1 = 20%–40% of preoperative 
baseline

0 = Unable to move extremities 0 = >40% of preoperative 
baseline

Respiration Activity

2 = Breathes deeply and coughs 
freely

2 = Steady gait, no dizziness 

1 = Dyspneic, shallow or limited 
breathing

1 = Requires assistance

0 = Apneic 0 = Unable to ambulate

Consciousness Pain

2 = Fully awake Acceptable to patient; control 
with PO medications

1 = Arousable on calling 2=Yes

0 = Not responding 1 = No

Oxygen Saturation Surgical Bleeding

2 = SpO2 >92% on room air 2 = Minimal: no dressing change 
required

1 = Supplemental O2 req. to 
maintain SpO2 >90%

1 = Moderate: up to 2 dressing 
changes

0 = SpO2 <92% with O2 

supplementation
0 = Severe: more than 3 dressing 
changes

10 = Total score 10 = Maximum score

Score >9 required for discharge Score >9 required for discharge
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Agent MAVC

Nitrous Oxide 105

Halothone 0.75

Isoflurane 1.2

Desflurane 6.0

Sevoflurane 2.0

Enflurane 1.7
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Maximum Safe Dose (mg/kg)

• Bupivacaine! 2.0
• Levobupivacaine! 2.5-3.0 
• Articaine!            7.0 
• Lignocaine  ! 4.0 
  with epinephrine! 7.0
•  Mepivacaine! 7.0 
• Prilocaine!            6.0 
• Ropivacaine! 3.0-4.0

Table 3. Safe doses of common LAs
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Changes in Anemia:



274

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013Diagrams & Flow Charts.

!                    50

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013

16. Halothane Hepatitis

• Halothane is known to be metabolized by the mixed function 
oxidase system in the endoplasmic reticulum of the liver.

• Metabolized by two routes 
• Oxidative 
• Reductive 

• Halothane hepatitis occurs about 2 to 5 days after 
anesthesia 

• Fever, nausea, vomiting followed by jaundice 

!"#$%&'()*"+,-'.!!
• !"#$%&'()#%*&$"#'+
• Sensitization 

• Biotransformation of halothane to toxic intermediate 
metabolites 

• Sensitization to halothane or its metabolites, or to a new 
antigen induced by the reaction of a halothane metabolite 
with liver cell macromolecules. 

/$%'-: two forms of liver damage:
• Type I (minor) 
• Type II (major) 
1. 012(&3&4',+$%5. A mild relatively common form in which 

serum aminotransferases are raised during the first and 
second post-op weeks after receiving halothane. 

2. 012(&33&4'"#$%5. A rare form in which massive liver cell 
necrosis occur leading to liver failure and even death. 

!"#$%$&'($)(*+%$"*+,-(.-/+"$"$0#1#"'2

! Halothane 

Reductive 
metabolism  

Oxidative 
metabolism   

Reactive 
metabolite    

Bind to hepatocyte 
macromolecules     

Denaturation and 
altered antigenicity     

Direct  
hepatotoxicity     

Immune-mediated 
hepatotoxicity 

Genetic 
factor     

Genetic and 
environment 

factors     
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Sodium in TURP.
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Indications Drugs Dose Onset Duration
For	
  patient	
  with	
  good	
  LV	
  function	
  
↑	
  HR	
  CI	
  in	
  bronchospastic	
  disease	
  

Esmolol	
  IV 0.5mg/kg	
  over	
  /min
50-­‐300µg/kg/min

1min 12-­‐20minFor	
  patient	
  with	
  good	
  LV	
  function	
  
↑	
  HR	
  CI	
  in	
  bronchospastic	
  disease	
  

Labetalol 5-­‐20mg 1-­‐2min 4-­‐8hr

For	
  patient	
  with	
  good	
  LV	
  function	
  
↑	
  HR	
  CI	
  in	
  bronchospastic	
  disease	
  

Propanol 1-­‐3mg 1-­‐2min 4-­‐6hr
Ca+2	
  channel	
  blockers	
  

Myocardial	
  ischemia	
  ←	
  reGlex	
  
tachycardia	
  

Nicardipine 0.25-­‐0.5mg 1-­‐5min 3-­‐4	
  hrCa+2	
  channel	
  blockers	
  
Myocardial	
  ischemia	
  ←	
  reGlex	
  

tachycardia	
  
Nifedipine	
  (S/L) 10mg 5-­‐10min 4h

Mod	
  to	
  severe	
  HTN	
  –	
  most	
  rapid	
   Nitroprusside 0.5-­‐10µg/kg/min 30-­‐60	
  sec 1-­‐5minMod	
  to	
  severe	
  HTN	
  –	
  most	
  rapid	
  
Nitroglycerine 0.5-­‐10µg/kg/min 1min 3-­‐5min

Sustained	
  control	
  of	
  BP	
  ←	
  
delayed	
  onset	
  reGlex	
  tachycardia	
  

ACE	
  Inhibitors

Hydralazine 5-­‐20mg 5-­‐20min 4-­‐8hrSustained	
  control	
  of	
  BP	
  ←	
  
delayed	
  onset	
  reGlex	
  tachycardia	
  

ACE	
  Inhibitors

Phentolamine 1-­‐mg 1-­‐10min 20-­‐40mm
Sustained	
  control	
  of	
  BP	
  ←	
  

delayed	
  onset	
  reGlex	
  tachycardia	
  

ACE	
  Inhibitors
Enalaprilat 0.625-­‐1mg 6-­‐14min 4-­‐6h

Sustained	
  control	
  of	
  BP	
  ←	
  
delayed	
  onset	
  reGlex	
  tachycardia	
  

ACE	
  Inhibitors Fenoldopam 0.1-­‐0.6	
  µg/kg/min 5	
  min 5	
  min
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Flow Charts & Diagrams

Rate

< 60
60 - 90

> 100

Bradycardia
TachycardiaNormal

• Atrial ectopics 
• Ventricular 

premature beat

Look at the relation  
between P-QRS 

Each P-wave 
followed by 
QRS Complex

No relation of P with QRS
P marches through QRS

CHB
Check PR interval Prolonged

Normal 0.12-0.16 up to 0.20 Sec

Sinus Bradycardia

First degree AV Heart block
Mobitz type I Heart block
Mobitz type II block

Narrow Complex Broad Complex
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Flow Charts & Diagrams

Narrow Complex
Broad Complex

Regular Irregular Regular Irregular

• Ventricular tachycardia
• SVT with aberrant 

conduction

• Ventricular fibrillation
P(+) P(-)P(+)P(-)

• Atrial Fibrillation• Atrial Flutter
• MAT

Sinus 
Tachycardia

• (P)SVT 
• AVNRT/AVRT
• AF with 2:1 block

Tachycardia
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Flow Charts & Diagram.

5

1. Discuss hemodynamic & metabolic changes during aortic clamping and unclamping. Describe the 
renal protective measures during aortic surgery

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013

AORTIC CROSS-CLAMPING
It is defined as the obstruction to blood flow in aorta by 
application of clamps (proximal and distal) for the purpose 
of facilitating repair of aorta

Clamping may be done:

• Infrarenal! →! Majority of AAA are infrarenal aneurysms.
• Suprarenal!→! Indicated for juxtarenal or inflammatory aneurysms and  
! ! ! aorto-iliac occlusive disease with proximal extension. !

• Supra-celiac →! Reconstruction of celiac trunk or mesenteric artery.
!"#$%&'(#)*+*!(',"-.

Aortic Cross-Clamping AoX

Passive 
recoil distal 
to clamp ↑ catecholamines 

(other vasoconstrictors)

↑ Impedance to Aortic flow

Active 
vasoconstriction 
proximal & distal to 
clamp

↑ arterial resistance

↑ After load↑ Preload ↑ Coronary Blood Flow

↑ contractility

↑ CO !

If coronary flow and 
contractility do not 
increase

If Coronary flow & 
contractility increases

• Systemic hemodynamic response 
to aortic cross-clamping. Preload 
does not necessarily increase. 

• If during infra renal AoX the blood 
volume shifts into the splanchnic 
vasculature, preload does not 
increase.
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Flow Charts & Diagram.

6
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AoX: Continuation
Aortic Cross-Clamping AoX

Passive 
recoil distal 
to clamp

↑ catecholamines (other 
vasoconstrictors

Active venoconstriction proximal 
& distal to clamp

!!"#$%&'!()*)(+,-

Shift of blood volume proximally to clamp

Inter cranial 
blood volume

Shift of blood volume into splanchnic vasculature

↑ Venous 
return, preload

↑ Lung blood volume

↑  Blood volume & 
flow in muscle 
proximal to clamp

 ↑Venous return, Preload (if 
splanchnic venous tone is high)

!!Venous return, 
Preload (if splanchnic 
venous tone is low)
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Flow Charts & Diagram.

7
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Aortic Unclamping: Continuation
AoX

Distal tissue Ischemia “Mediators” 
release

Distal Vasodilation ↑ Permeability ( by end of clamping period)

!!arterial resistance↑ Venous capacitance

UNCLAMPING

“Mediators” 
production 
& washout

!!"#$%&'()&*!
%$+,'&%,)*),#

Pulmonary Edema

↑ Pulmonary vascular resistance

Central  HypovolemiaDistal shift of 
blood volume

Loss of 
intravascular 
fluid

!!-.+$/0!'.,/'+

!!%&'()&%!1/,2/,

Hypotension

Systemic effects of UNCLAMPING
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Flow Charts & Diagram.

83
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Dr Azam’s Notes in Anesthesiology 201328. Perioperative Myocardial Ischemia

Definition: According to AHA Guidelines presence of below 
mentioned features in a patient from the operative day up to 7 to 
10 days postoperative.
Features:
• Increase in cardiac enzyme markers troponin T & I
• Symptoms of MI
• Q waves new
• Elevation or depression of ST- segment

Clinical Predictors:
Patient Factors:

Major Intermediate Minor

Acute MI (< 
7days), Recent (7 
to 30 Days)

Previous MI Age > 65 Years

Decompensated 
CHF

Pathological Q- 
Waves

Poor functional 
state

Symptomatic 
arrhythmias 

Anginal Class I & II Uncontrolled HTN

Severe Valvular 
Heart disease.

Diabetes 

CRF

Surgical Factors:

Major Intermediate Minor

Emergency Surgery Carotid endarterectomy cataract

Major vessel/surgery Intrathoracic/Peritoneal 
surgery

Superficial surgery

Surgeries with major 
blood loss or fluid shifts

Head & Neck Surgery Breast surgery

Open prostatic surgery
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Flow Charts & Diagram.

82
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Dr Azam’s Notes in Anesthesiology 2013Cardiac Reflex. Continuation:

Reflex Stimuli Receptor Afferents Centre Efferents Response

Baroreceptor Reflex Increase BP Carotid Sinus & 
Aortic arch

IX Nerve(carotid 
Sinus) & X Nerve
(Aortic Arch)

Nucleus of Tractus 
Solitarius in 
Medulla

IML Tract Decrease in Blood 
pressure, Decreases 
Sympathetic stimulation,  
Heart Rate & SV

Chemoreceptor 
Reflex

pH pCO2 & pO2 Carotid & Aortic 
body

IX Nerve & X Nerve Chemosensitive 
area of Medulla

X Nerve Bradycardia, Increase 
Blood pressure & 
Hyperventilation

Bain Bridge Reflex Increase filling of 
right atrium

Stretch receptor in 
right atrial wall

X Nerve Dorsal motor 
nucleus of vagus

Vagal & 
sympathetic 
fibres

Increase in Heart Rate & 
Automaticity

Benzold Jarisch 
reflex

serotonin Pain receptor C 
Fibre

X Nerve Respiratory & 
Vasomotor Centre

X Nerve Apnea, Hyperapnea & 
bradycardia, Coronary 
Vasodilation & 
Hypotension.

Oculo-cardiac 
Reflex

Pressure on the 
Eye, Traction on 
the muscles

Stretch receptor 
with in extraocular 
muscles.

Long & Short cillary 
nerve & Opthalmic 
division

Cillary ganglion & 
Gasserian ganglion

Vagal & 
Cardiodepre
ssor fibre

Reflex Bradycardia

Cardiac Reflexes: 
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AoX (Thoracic)

↑ Aortic 
proximal 
pressure
(SNP-)

Shift of 
blood 
volume to 
the brain

↓	
  Aortic	
  distal	
  
pressure
(SNP	
  -­‐)

ICP (SNP +)

↓	
  Spinal cord 
perfusion pressure 
& flow (SNP +)

Spinal cord perfusion pressure 
during thoracic aortic occlusion, with 
or without SNP

Flow Charts & Diagrams. Aortic Unclamping: Continuation

Indications of IABP Contraindications of 
IABP

1. Cardiogenic shock 
Myocardial infarction 
Myocarditis 
Cardiomyopathy
Pharmacologic 

1. Aortic valvular 
insufficiency 

2. Failure to separate from CPB 2.  Aortic disease 
Aortic dissection 
Aortic aneurysm 

3. Stabilization of preoperative 
patient 
Ventricular septal defect 
Mitral regurgitation 

3. Severe peripheral 
vascular disease 

4. Stabilization of non-cardiac 
surgical preoperative patient 

4. Severe non-cardiac 
systemic disease 

5. Procedural support during 
coronary angiography 

5. Massive trauma 

6. Bridge to transplantation 6. DNR patients 
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Figure 17-1 Schematic diagram showing the distribution of blood flow in the upright lung. In zone 1, alveolar pressure 
(PA) exceeds pulmonary artery pressure (Ppa), and no flow occurs because the intra-alveolar vessels are collapsed by the 
compressing alveolar pressure. In zone 2, Ppa exceeds PA, but PA exceeds pulmonary venous pressure (Ppv). Flow in 
zone 2 is determined by the Ppa-PA difference (Ppa - PA) and has been likened to an upstream river waterfall over a dam. 
Because Ppa increases down zone 2 whereas PA remains constant, perfusion pressure increases, and flow steadily 
increases down the zone. In zone 3, Ppv exceeds PA, and flow is determined by the Ppa-Ppv difference (Ppa - Ppv), 
which is constant down this portion of the lung. However, transmural pressure across the wall of the vessel increases 
down this zone, so the caliber of the vessels increases (resistance decreases), and therefore flow increases. Finally, in 
zone 4, pulmonary interstitial pressure becomes positive and exceeds both Ppv and PA. Consequently, flow in zone 4 is 
determined by the Ppa-interstitial pressure difference (Ppa - PISF). (Redrawn with modification from West JB: 
Ventilation/Blood Flow and Gas Exchange, 4th ed. Oxford, Blackwell Scientific, 1970.) 

In this region, alveolar pressure (PA) then exceeds Ppa and pulmonary venous pressure (Ppv), which 
is very negative at this vertical height. Because the pressure outside the vessels is greater than the 
pressure inside the vessels, the vessels in this region of the lung are collapsed, and no blood flow 
occurs (zone 1, PA > Ppa > Ppv). Because there is no blood flow, no gas exchange is possible, and 
the region functions as alveolar dead space, or "wasted" ventilation. Little or no zone 1 exists in the 
lung under normal conditions,[2] but the amount of zone 1 lung may be greatly increased if Ppa is 
reduced, as in oligemic shock, or if PA is increased, as in the application of excessively large tidal 
volumes or levels of positive end-expiratory pressure (PEEP) during positive-pressure ventilation. 

Further down the lung, absolute Ppa becomes positive, and blood flow begins when Ppa exceeds PA 
(zone 2, Ppa > PA > Ppv). At this vertical level in the lung, PA exceeds Ppv, and blood flow is 
determined by the mean Ppa - PA difference rather than by the more conventional Ppa - Ppv 
difference (see later).[3] The zone 2 blood flow-alveolar pressure relationship has the same physical 
characteristics as a waterfall flowing over a dam. The height of the upstream river (before reaching 
the dam) is equivalent to Ppa, and the height of the dam is equivalent to PA. The rate of water flow 
over the dam is proportional to only the difference between the height of the upstream river and the 
dam (Ppa - PA), and it does not matter how far below the dam the downstream riverbed (Ppv) is. This 
phenomenon has various names, including the waterfall, Starling resistor, weir (dam made by 

Pagina 2 di 8Book Text

23/01/2005http://home.mdconsult.com.libproxy2.umdnj.edu/das/book/body/0/1255/547.html?pri...

SLUDGE DUMBELS
Salivation Diarrhea
Lacrimation Urinary incontinence
Urinary incontinence Miosis, muscle fasciculations
Diarrhea Bronchorrhea, bronchospasm, 

bradycardia
Gastrointestinal 
distress

Emesis

Emesis Lacrimation
Salivation

ECG changes due to Hyperkalemia:
ECG changes that occur with a raised K+ concentration are non-specific and 
may affect any part of the ECG 

Carbon monoxide Nicotine

200 times more affinity 
for HB than O2

15 to 50 
microgram / ml in 
smokers 

Carboxy Hb, Half life is 
6 hours

½ life of one 
cigarette is 
30min. (nicotine)

ODC - Left Shift
Absolute decrease in O2 
content 

It stimulate 
sympatho 
adrenal axis. 

Effects of smoking:
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Normal Hemophilic Thrombocytopenia Fibrinolysis Hypercoagulability 
1) Prolonged R 1) Prolonged R 1) ↓ MA 1) Shortened R 

2) ↓α0 2) ↓α0 2) ↓α0 2) ↑ MA
3) ↓ MA 3) ↓ MA 3) ↓ F 4) Prolonged F

THROMBO	
  ELASTOGRAPHY:	
  Continuation:

Flow Charts & Diagrams

Magnesium Therapy: 

MgSO4 
Regimens

Loading Dose Maintainance

• Zuspan 
Regimens:

4 gm over 5 - 10 
min IV

1 - 2 gm/hr IV

Pritchard 4 gm over 3- 5 
min IV, 10 gm 

IM

5 gm IM every 
4th hour in 

alternate buttock

Sibai 6 gm over 20 
min IV 

2 gm/hr IV

Effects of Increasing MgSO4 levels:

Plasma 
Mg 

(mEq/lit)

Effects

  1.5 - 2 Normal plasma level

  4 - 8.0 Therapeutic range

  5 - 10 ECG changes, (P-Q interval prolonged, 
QRS Complex widens)

10 Loss of deep tendon reflex

15 Sinoatrial & atrioventricular block

15 Respiratory arrest

25 Cardiac arrest

Relationship between BIS & patients Anesthetic status:

BIS Value  Patients Status EEG

100 Awake & alert High frequency activity

60 Moderate hypnotic levels Low frequency activity

40 Deep Hypnotic level Burst suppression begins 
delta activity

0 Profound anesthetic state Isoelectric EEG



293

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013

Flow Charts & Diagrams N2O TOXICITY

oxidizes cobalt atom of Vit B12

Decreases Vit B12 availability
Homocystine

Methionine

Methionine 
Synthetase 

Deoxythymidine

Thymidine

 Decreases 
DNA synthesis

Hematology

• Pernicious anemia
• megaloblastic anemia 

(N2O exposer for 24 hrs)
• Splenomegaly
• Agranulocytosis ( N2O 

exposer for 4 days)

Spontaneous Abortion 
Congenital Anomalies

Decreases Myeline synthesis

• Neuropathy - Polyneuropathy
• Subacute spinal cord degeneration - 1.5% of N2O 15 days
• Dementia
• Ataxia 
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Flow Charts & Diagrams

N2O Impurities

If heated further

83% at 240 C aqueous solution

N2ONitrogen dioxide (N2O) Nitric Oxide NO

Washed with caustic soda & water 
To get rid of impurities

NO2 & NO N2O

C/F: 
• Cyanosis (methaemoglobin)
• Respiratory failure / difficulty
• Circulatory arrest

Collected in cylinder, French blue cylinder, 
Pin index: 3,5; 900L

NH4NO3  ------->  2H2O + N2O
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Flow Charts & Diagrams

Pathophysiology of DIC:

Stimulus
Tissue destruction Endothelial Injury

Tissue factor

Extrinsic pathway
Factor XII activation (Intrinsic pathway)

Thrombin generation

Intravascular fibrin deposition

Platelet consumption

Thrombocytopenia

Thrombosis

RBCʼs 
Damaged

Tissue Ischemia

Hemolytic anemia

Plasminogen activation

Plasmin generation

Fibrinolysis

Fibrin degradation products (inhibit 
thrombin & platelet aggregation)

Clotting factor 
degradation

Bleeding

Decreased 
circulating 
blood

Decrease O2 
transport

Tissue Hypoxia

ORGAN FAILURE
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Meth-Hemoglobin Concentration % Clinical sign & symptoms

10 to 20 % central cyanosis of trunk & limbs usually  
asymptomatic 

20 to 45% CNS depression ( headache, 
dizziness,fatigue,lethargy, syncope)

45 - 55% Coma, arrhythmia, shock & convulsions

> 70% High risk of Death
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In addition to high-quality CPR, the only rhythm-specific
therapy proven to increase survival to hospital discharge is
defibrillation of VF/pulseless VT. Therefore, this intervention
is included as an integral part of the CPR cycle when the
rhythm check reveals VF/pulseless VT. Other ACLS inter-

ventions during cardiac arrest may be associated with an
increased rate of ROSC but have not yet been proven to
increase survival to hospital discharge. Therefore, they are
recommended as considerations and should be performed
without compromising quality of CPR or timely defibril-

Figure 1. ACLS Cardiac Arrest Algorithm.
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Flow Charts & Diagrams. coronary artery stents.

Coronary Stents:

Bare Metal Stents (BMS) Drug Eluting Stents ( DES)

• BMS implantation effectively 
eliminates acute vessel closure.

• Stent thrombosis rates are 
reduced by dual antiplatelet 
therapy with clopidogrel & 
aspirin.

• Re-stenosis still remains high 
( 20 to 25% within 6 months) re-
stenosis occurs as a result of 
neointimal hyperplasia.

Therapy:
• Patients on BMS insertion dual 

antiplatelet should be continued 
for atleast 4 - 6 weeks with life 
long aspirin.

• DES release drugs that inhibit 
neointimal hyperplasia.

• Re-stenosis rates are very low.
• Reason for DES thrombosis is - 

incomplete endothelialization of the 
stent.

Factors which increases risk of 
thrombosis after DES are:
• ACS
• DM
• Renal impairment
• Advanced age
• Ejection fraction less that 30 %
• Premature discontinuation of 

antiplatelet
• Resistance to antiplatelet therapy

Therapy:
• After DES implantation 12 months 

dual antiplatelet therapy with 
clopidogrel & aspirin and life long 
aspirin therapy

Stent thrombosis is classified into: 
• Acute (with in 24 hours)
• Sub acute ( 24 - 30 days)
• Late ( 30 - 1 year)
• Very late (> 1 year)
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Discuss the management of Intracrainal HTN or Raised Intra cranial pressure. Continuation:

d. Neurogenic control:
• CBF increases increases with parasympathetic & decreases with sympathetic 

stimulation.

e. Other factors:
• Head down posture - increases CBF
• Hypothermia - decreases CBF decreases cerebral metabolism

Pathophysiology of raised ICP:
• Normally, translocation of CSF from intracranial to extracranial   

storage sites & hence, into venous blood forms the 
mechanism for accommodating increased intracranial volume 
- The Munroe - Kelly doctrine. 

Increased 
ICP

HTN 
Encephalopathy

Acute on 
Chronic Lung 
Disease

Metabolic 
Encephalopathy

Tumor
Stroke 
Infection

Complications 
of Dialysis 

Benign 
Intracrainal 
HTN Hydrocephalus

Head Injury

Post Ischemic 
Hypoxia

Osmolar 
Disturbance

Causes of 
raised ICP:

Methods of reducing ICP:
1. Diuretics & fluid restriction
• Normovolaemic dehydration can be achieved 

with loop diuretic combined with a colloid, this 
would help to reduce the brain water content, 
without causing hypovolaemia

2. Corticosteriods
• ICP due to tumor, abscess & hematoma
3. Hyperventilation
4. Reducing of cerebral venous pressure
5. Drugs that increases the cerebrovascular 

resistance
• Thiopentone & Lignocaine 
6. Hypothermia
7. Reduction of CSF volume
8. Surgical decompression

Methods of ICP 
Measurement:
• Intraventricular catheter 
• Extradural transducer 
• Subdural Bolt

Principles of Anesthetic management:
1. Clear airway
2. Controlled Ventilation
3. Adequate oxygenation
4. Production of Hypocarbia
5. Avoidance of Blood pressure swings
6. Avoidance of coughing & straining
7. Head up
8. Avoid inadvertent PEEP
9. Use of special methods to reduce ICP
10.Precise management of fluid balance
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which is based on expert opinion. Given the reports of late
DES thrombosis and the current recommendations discussed
above, clinicians should remain vigilant even beyond 365
days after DES placement. The times of 14, 30 to 45, and 365
days for balloon angioplasty, bare-metal stents, and DES,
respectively, recommended in Figure 2 are somewhat arbi-
trary because of a lack of high-quality evidence.

Consideration should be given to continuing dual-
antiplatelet therapy in the perioperative period for any patient
needing noncardiac surgery that falls within the time frame
that requires dual-antiplatelet therapy, particularly those who
have received DES. In addition, consideration should be
given to continuing dual-antiplatelet therapy perioperatively
beyond the recommended time frame in any patient at high
risk for the consequences of stent thrombosis, such as patients
in whom previous stent thrombosis has occurred, after left
main stenting, after multivessel stenting, and after stent
placement in the only remaining coronary artery or graft
conduit. Even after thienopyridines have been discontinued,
serious consideration should be given to continuation of
aspirin antiplatelet therapy perioperatively in any patient with
previous placement of a DES. The risk of stopping antiplate-
let therapy should be weighed against the benefit of reduction
in bleeding complications from the planned surgery. If
thienopyridines must be discontinued before major surgery,
aspirin should be continued and the thienopyridine restarted
as soon as possible. There is no evidence that warfarin,
antithrombotics, or glycoprotein IIb/IIIa agents will reduce
the risk of stent thrombosis after discontinuation of oral
antiplatelet agents.342

7.1.9. Perioperative Management in Patients Who Have
Received Intracoronary Brachytherapy
Intracoronary radiation with gamma or beta brachytherapy
has been used in the past to treat recurrent in-stent restenosis.
Brachytherapy delays the healing response and inhibits en-
dothelialization of the irradiated coronary segment. Late total
occlusion and thrombosis of the irradiated coronary segment
occurs at a rate of 6% to 15%, especially after the placement
of additional new bare-metal stents. Prolonged antiplatelet

therapy is effective in preventing late thrombosis of the
irradiated coronary segment, in 1 study reducing the late
thrombosis rate to 2.5% with 6 months of therapy versus
9.6% with 1 month of dual-antiplatelet therapy. Additional
benefit was demonstrated with 12 months of dual-antiplatelet
therapy (late thrombosis rate of 3.3%).353,354 It is unclear
when, if ever, antiplatelet therapy can be safely discontinued
in these patients.

Given the considerations above, antiplatelet therapy should
be continued as per the ACC/AHA/SCAI 2005 Guideline
Update for Percutaneous Coronary Intervention, with a class
IIa recommendation: “It is reasonable that patients undergo-
ing brachytherapy be given daily chronic clopidogrel 75 mg
indefinitely and daily chronic aspirin 75 mg to 325 mg
indefinitely unless there is significant risk for bleeding. (Level
of Evidence: C).”307 Therefore, serious consideration should
be given to continuing dual-antiplatelet therapy in the peri-
operative period for any patient who has received brachyther-
apy for restenosis or in-stent restenosis, particularly those in
whom additional stents (bare-metal or drug-eluting) were
placed at the time of or subsequent to the administration of
brachytherapy. The risk of stopping antiplatelet therapy
should be weighed against the benefit of reduction in bleed-
ing complications from the planned surgery.

7.1.10. Risks Associated With Perioperative
Antiplatelet Agents
Dual-antiplatelet therapy with aspirin and clopidogrel carries
a 0.4% to 1.0% increased absolute risk of major bleeding
compared with aspirin alone.355 Some procedures carry a low
risk of bleeding; for example, there is no indication to
interrupt dual-antiplatelet therapy for dental procedures.356

The risk of surgical bleeding after administration of aspirin,
thienopyridines, and glycoprotein IIb/IIIa inhibitors has been
reviewed.334,357 Increased blood loss in patients taking aspirin
has been reported in noncardiac surgery, including general
surgical, gynecologic, and urologic operations, and in derma-
tologic surgery in those patients whose bleeding time was
prolonged. One study reported that patients taking aspirin
who were undergoing emergency general surgery operations

Balloon 
angioplasty

Bare-metal 
stent

Drug-eluting 
stent

Delay for elective or 
nonurgent surgery

<14 days >14 days

Proceed to the 
operation room 

with aspirin

Delay for elective or 
nonurgent surgery

>30-45 days <30-45 days

Proceed to the 
operating room 

with aspirin

<365 days

>365 days

Previous PCI

Time since PCI

Figure 2. Proposed approach to the management of patients with previous percutaneous coronary intervention (PCI) who require non-
cardiac surgery, based on expert opinion.
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Classification of Inotropes:

Sympathomimetics

Synthetic Natural occurring

• Nor-adrenaline
• Adrenaline
• Dopamine

Directly 
Acting

Indirectly 
Acting

• Isoprenaline - β1	
  and	
  β2	
  
• Dobutamine
• Phenylepherine

• Ephedrine
• Mephentermine

Digitalis Glycoside

• Digoxin
Phosphodiesterase	
  inhibitors	
  

Calcium

• Amrinone	
  
• Milrinone
• Aminophylline

• Calcium Chloride

• Levosimendan (it increases the 
sensitivity of the heart to 
calcium, thus increasing cardiac 
contractility without a rise in 
intracellular calcium.)

• L-name: 



Dopamine Isoprenaline Dobutamine

1)	
  Naturally	
  occurring	
  
Catecholamine	
  

Synthetic	
   Synthetic	
  derivative	
  of	
  
isoprenaline	
  

2)	
  Site	
  of	
  action	
  -­‐	
  α1,	
  β1	
  and	
  
dopaminergic	
  (DA1	
  DA2)	
  
receptors	
  (D>B>α)

Only	
  β1	
  	
  β2	
  stimulant	
  
(β1	
  >	
  β2)

β1	
  	
  β2	
  ,	
  α1	
  (β1	
  >>	
  β2)

3)	
  CVS	
  effects:	
  can	
  cause	
  
both	
  relaxation	
  and	
  
constriction	
  of	
  vascular	
  
smooth	
  muscle	
  
Dose	
  dependent	
  
Causes	
  vasodilatation	
  in	
  
renal,	
  mesenteric	
  and	
  
coronaries	
  
Increases	
  contractility	
  SV,	
  
CO	
  (inotropic)
In	
  high	
  doses	
  stimulates	
  α	
  
à	
  increase	
  PVR	
  à	
  ↓	
  RBF	
  
(hence	
  raises	
  BP)

CVS	
  effects:
Stimulates	
  β1	
  receptors	
  increasing	
  
H.R,	
  automaticity	
  and	
  contractility	
  
à	
  ↑	
  SBP
Stimulates	
  also	
  β2	
  receptors	
  hence	
  
vasodilation	
  in	
  skeletal	
  muscle	
  (↓	
  
PVR),	
  also	
  renal	
  and	
  mesenteric	
  
vasodilatation	
  à	
  ↓	
  DBP.	
  
Therefore	
  ↓	
  MAP.	
  Hence	
  (was)	
  used	
  
in	
  complete	
  heart	
  block;	
  cardiac	
  
failure	
  with	
  valvular	
  disease	
  who	
  
bene`it	
  with	
  ↑	
  HR	
  and	
  ↓	
  venous	
  
capacitance	
  `illing	
  

CVS	
  effects	
  
Stimulates	
  β1	
  à	
  ↑	
  
myocardial	
  
contractility	
  without	
  
effect	
  on	
  PVR	
  and	
  H.R.	
  
i.e.	
  inotropic	
  >	
  
chronotrophic	
  
β2	
  and	
  receptors	
  are	
  
only	
  slightly	
  stimulated	
  
hence	
  mild	
  
vasodilatation	
  effect	
  

4)	
  Renal	
  effects	
   RS	
  effects: Renal	
  effects
Improves	
  blood	
  `low	
  to	
  
renals	
  by	
  vasodialator	
  
effects	
  on	
  kidneys	
  and	
  
hence	
  increases	
  RBF,	
  GFR	
  
and	
  increases	
  Na	
  excretion.	
  

β2	
  stimulation	
  
Marked	
  bronchodilation	
  

Does	
  not	
  stimulate	
  
renal	
  dopaminergic	
  
receptors.	
  Hence	
  no	
  
renal	
  vasodilation	
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Dopamine Isoprenaline Dobutamine
B)	
  2-­‐10µg/kg/ml	
  cause	
  β1	
  
stimulation	
  à	
  ↑	
  cardiac	
  
contractility	
  and	
  C.O.	
  i.e.	
  at	
  
doses	
  >	
  5µg/kg/ml	
  
stimulates	
  ↑	
  release	
  of	
  
endogenous	
  NE.

Hence	
  useful	
  in	
  bronchial	
  asthma	
  
and	
  drug	
  induced	
  
bronchoconstriction	
  (aerosol	
  form)	
  
bronchoconstriction	
  due	
  to	
  
pulmonary	
  embolism	
  

Unlike	
  dopamine	
  it	
  does	
  
not	
  release	
  endogenous	
  
NE.	
  

C)	
  10-­‐20	
  µg/kg/ml	
  α	
  and	
  
β1	
  stimulated,	
  but	
  α	
  
vasoconstriction	
  effect	
  
predominates	
  (renal	
  
perfusion	
  may	
  be	
  lost)	
  
Dosage	
   Dosage Dosage
	
  short-­‐half	
  life	
  hence	
  no	
  
loading	
  dose	
  only	
  infusion	
  
Renal	
  dose	
  à	
  2-­‐5µg/kg/ml
Cardiac	
  à	
  5-­‐10	
  µg/kg/ml
Vasopressor	
  à	
  10-­‐20	
  µg/
kg/ml

Infusion	
  
µg/kg/ml
(1mg	
  in	
  250ml	
  of	
  `luid	
  gives	
  soln	
  of	
  
4µg/ml)	
  

2-­‐10	
  µg/kg/ml	
  

Uses	
   Uses Uses
1)	
  Initial	
  agent	
  in	
  
treatment	
  of	
  shock	
  
particularly	
  in	
  
vasodialated	
  state	
  like	
  
septic	
  shock	
  and	
  
hypovolema	
  

1)	
  To	
  treatment	
  bradycardia	
  or	
  
heart	
  block	
  resistant	
  to	
  atropine	
  

1)	
  Treatment	
  in	
  low	
  
cardiac	
  output	
  failure	
  

2)	
  To	
  protect	
  kidney	
  and	
  
aid	
  diuresis	
  in	
  oliguric	
  
patients	
  (renal	
  transplant)	
  

2)	
  To	
  treatment	
  cardiac	
  failures	
  
especially	
  with	
  valvular	
  heart	
  
disease	
  

2)	
  Hypotension	
  2	
  to	
  ↓	
  
M.contractility	
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Dopamine Isoprenaline Dobutamine
3)	
  In	
  refractive	
  cardiac	
  
failure	
  

3)	
  To	
  treatment	
  
bronchoconstriction	
  -­‐	
  replaced	
  now	
  
by	
  other	
  newer	
  drugs	
  

3)	
  Emergenccy	
  from	
  CP	
  
bypass	
  
4)	
  SVR	
  is	
  little	
  effected	
  
and	
  `illing	
  pressures	
  
Dopamine	
  +	
  
Dobutamine	
  is	
  used	
  to	
  
limit	
  increase	
  in	
  LV	
  
`illing	
  pressure	
  induced	
  
by	
  dopamine	
  alone.	
  

Side	
  effects	
   Side	
  effects	
   Side	
  effects
Before	
  administration	
  
ensure	
  patients	
  has	
  
adequate	
  B.P	
  and	
  
treatment	
  hypovolemia	
  
Nausea,	
  vomiting,	
  Tachy,	
  
arrhythmia,	
  dyspnoea,	
  
angina,	
  headache,	
  
vasoconstriction	
  à	
  ↑	
  SBP
Extravasation	
  causes	
  
sloughing	
  and	
  necrosis	
  in	
  
tissues,	
  so	
  better	
  given	
  via	
  
central	
  line.	
  	
  

Tachycardia	
  
Ventricular	
  arrhythmia	
  
Hypotension	
  
Isoprenaline	
  used	
  in	
  aerosols	
  to	
  
treatment	
  B.	
  asthma	
  caused	
  
increased	
  mortality	
  due	
  to	
  
1)	
  ↑	
  stimulation	
  of	
  β1	
  race	
  à	
  
V.arrth	
  	
  
2)	
  Hypoxia	
  due	
  to	
  V/Q	
  mismatch	
  
inspite	
  of	
  bronchodilation	
  
3)	
  Toxicity	
  of	
  `luorinated	
  hypo	
  
carbons	
  used	
  in	
  propellants	
  

Nausea,	
  headache,	
  
angina,	
  palpitation,	
  
arrhythmia,	
  dyspnoea	
  
Tachycardia	
  and	
  
V.dysrythmia	
  are	
  less	
  
common	
  than	
  
popamine	
  

Contraindication:
Phaeochromocytoma	
  
Arrhythmias	
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Pathway for halothane biotransformation:

Halothane Hepatitis. Continuation:

! Halothane 

1) Trifluroacetic acid 
2) Bromide ion 
3) Chloride ion 
4) Trifluroacetic acid 

ethanolamide 

conjugate   

Oxidative  
!

1) 2-chloro-111 
trifluroethane  

2) 2-chloro-1,1 
difluroethylene  

3) Bromide ion  

4) Fluoride ion    

Reductive  
!

1) N-acetyl cysteine 
conjugate     

2-bromo-2 chloro 11 
difluroethyleenes 

!

Glutathione  

!"#$%&'("))*#$+,-(."/%$.",*(.*0"$%$%1+#+$23

!

Halothane 
hepatotoxicity 

Immune 
mediated 

Female sex  

Hypoxia   

Pharmacogenetics    

Multiple exposure to 
halothane 

Preexisting 
hepatic disease Halothane metabolism 

(oxidative or reductive)  

Obesity  

Enzyme 
induction   

Age  

Reduced hepatic 
perfusion   

H/o allergy 
eczema    
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Pathway for halothane biotransformation:

Halothane Hepatitis. Continuation:

! Halothane 

1) Trifluroacetic acid 
2) Bromide ion 
3) Chloride ion 
4) Trifluroacetic acid 

ethanolamide 

conjugate   

Oxidative  
!

1) 2-chloro-111 
trifluroethane  

2) 2-chloro-1,1 
difluroethylene  

3) Bromide ion  

4) Fluoride ion    

Reductive  
!

1) N-acetyl cysteine 
conjugate     

2-bromo-2 chloro 11 
difluroethyleenes 

!

Glutathione  
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!
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Pharmacogenetics    

Multiple exposure to 
halothane 

Preexisting 
hepatic disease Halothane metabolism 

(oxidative or reductive)  
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Enzyme 
induction   

Age  

Reduced hepatic 
perfusion   

H/o allergy 
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17. Discuss the pathophysiology of hepatorenal Syndrome. What are the measures to prevent it?

Definition
HRS is a distinct form of acute or subacute renal failure characterized by severe 
renal vasoconstriction, which develops in decompensated cirrhosis or ALF.

Classification of the hepatorenal syndrome:
• Type 1: cirrhosis with rapidly progressive acute renal failure 
• Type 2: cirrhosis with subacute renal failure 
• Type 3: cirrhosis with types 1 or 2 HRS superimposed on chronic kidney 

disease or acute renal injury 
• Type 4: fulminant liver failure with HRSb

Major diagnostic criteria for hepatorenal syndrome
1. Chronic or acute liver disease with advanced hepatic failure and portal 

hypertension
2. Serum creatinine >1.5 mg/dL, reflecting decreased glomerular infiltration rate
3. Absence of shock, bacterial infection, and current or recent treatment with 

nephrotoxic drugs; absence of gastrointestinal or renal fluid losses
4. No sustained improvement in renal function (decrease in serum creatinine to 
!1.5 mg/dL) after diuretic withdrawal and plasma volume expansion with 
intravenous albumin (1 g/kg body weight up to a maximum of 100 g)

5. Proteinuria < 500 mg/dL and no evidence of parenchymal renal disease by 
urinalysis, or of obstructive uropathy by ultrasonography

Type 1 hepatorenal syndrome:
• In type 1 HRS the serum creatinine level doubles to greater than 2.5 mg/ dL within 2 weeks. 

The key features of type 1 HRS are its rapid progression and high mortality, with a median 
survival of only 1 to 2 weeks. 

• Common precipitating events in type 1 HRS include bacterial infections, particularly 
spontaneous bacterial peritonitis; variceal hemorrhage; major surgery; and acute alcoholic 
hepatitis.

Type 2 hepatorenal syndrome:
• In type 2 HRS, the serum creatinine increases slowly and gradually during several weeks or 

months with a reciprocal gradual reduction in glomerular infiltration rate (GFR). 
• This generally occurs without a precipitating factor. 
• The median survival of type 2 HRS is about 6 months, significantly longer than for type 1

Type 3 hepatorenal syndrome: 
• Coexistent kidney disease and hepatorenal syndrome Patients with 

advanced liver disease frequently have coexistent intrinsic renal 
dysfunction.

Type 4 hepatorenal syndrome: Acute liver failure

• More than half of patients with ALF develop HRS, although the frequency 
varies depending on the ALF etiology

Minor diagnostic criteria for hepatorenal syndrome
• Urine volume < 500 mL/24 h 
• Urine sodium <10 mEq/L 
• Urine osmolality greater than plasma osmolality 
• Urine red blood cells < 50 per high power field Serum
• sodium <130 mEq/L

nervous system and stimulation of antidiuretic hormone release become
necessary to maintain arterial blood pressure. As the liver disease worsens
(ie, from chronic active hepatitis C virus infection), these circulatory changes
gradually increase until systemic hemodynamic stability depends on vaso-
constriction of the extrasplanchnic vascular beds (renal, hepatic, brain,
muscle, skin, adrenal glands, and possibly other regional vascular territo-
ries). In very advanced liver disease, prolonged high-level activation of the
renin-angiotensin-aldosterone system, sympathetic nervous system, and
antidiuretic hormone leads to intense, sustained renal vasoconstriction, re-
sulting in decreased renal perfusion, decreased GFR, rising serum creatinine
levels, and ultimately to HRS (see Fig. 2). Intrarenal imbalance of vasoac-
tive mediators, such as prostaglandins, kallicreine, adenosine, leukotrienes,
F2-isoprostanes, and endothelin, may play an important role in this severe
and sustained renal vasoconstriction [28–31].

Cardiac and adrenal dysfunction may contribute to the circulatory dis-
turbances in type 1 HRS (Fig. 3) [11,32]. Unlike compensated cirrhotics
without renal failure, the cardiac output is normal or even subnormal in
patients with HRS [26,27]. Similarly, tachycardia is less prominent with
HRS. Despite intense sympathetic nervous system activation, inotropic
and chronotropic cardiac functions are depressed in HRS. A decreased
cardiac preload and a cirrhotic cardiomyopathy may cause the decreased
cardiac performance in patients with HRS. Additional studies are needed
to ascertain the reason for this impaired cardiac function.

In a recent report, 80% of patients with HRS precipitated by sepsis had
adrenal dysfunction [33]. Replacement therapy with hydrocortisone in

Progression of liver failure
and portal hypertension

Increase in arterial
vasodilation

Decrease in
cardiac output

Central
hypovolemia

Impaired cardiac
chronotropic function

Reduction in effective
arterial blood volume

severe extrememoderate

Sodium
retention

Water retention
Hyponatremia

Hepatorenal
syndrome

Fig. 2. Pathophysiology of the hepatorenal syndrome. (From Arroyo V, Terra C, Ginès P. New
treatments of hepatorenal syndrome. Semin Liver Dis 2006;26:254–64; with permission.)

819THE HEPATORENAL SYNDROME

Pathophysiology of Hepatorenal Syndrome:
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Write the blood conservative strategies in a 20 year old female scheduled for excision of angiofibroma 
of nose? Continuation:

Use of Blood Substitutes: Two types 
of blood substitutes are available: 

Perflurocarbons: 
• They are biologically inert volatile fluids 

with high dissolving capacity for o2 & CO2
• They transport & deliver O2 by simple 

physical dissolution
• Not water soluble
• their O2 carrying capacity depends on the 

concentration of perflurocarbons which 
varies between products.

• H+ atoms are replaced by fluorines
• One unit of perflurocarbons carry 3 

times O2 carried by similar volume of 
blood

• Fluosol - DA :  20 % emulsion of 2 
different compounds. Dose = 20ml/kg 

• Polyfluro-octobromide: O2 solubility is 
more 

Hb based o2 carriers:
• These are based on natural or 

recombinant human Hb or bovine Hb
• produced by purification, encapsulation in 

synthetic phospholid. 
• Side effect:

• Increased Blood pressure due to 
increased systemic vasoconstriction 
due to scavenging of nitric oxide & 
oxidation which generated Meth Hb.

• Short intravascular half life
• hence used in emergency situation.
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23. Describe with the help of labeled diagram, the anatomy of lumbar plexus and describe the 
techniques of lumbar plexus block.

ANATOMY:

• The lumbar plexus is formed from the ventral rami of L1–L4 with variable 
contributions from T12 and L5.

• The peripheral branches of the lumbar plexus include the iliohypogastric, 
ilioinguinal, genitofemoral, lateral femoral cutaneous, femoral, and obturator 
nerves.

• The plexus forms within the body of the psoas muscle, and the lumbar plexus 
block consistently blocks the three nerves that supply the lower extremity 
(femoral, lateral femoral cutaneous, and obturator nerve.

PROCEDURE: Using a nerve stimulator

Landmarks. 
• The patient is placed in the lateral decubitus position with the operative side up. 
• A line is drawn from the top of the posterior iliac crest down to midline. Known as 

the “intercristal line,” this line is positioned over the L4 transverse process in most 
adults. 

• The intersection of the intercristal line with a line drawn parallel to the spine from 
the posterior superior iliac spine determines the initial needle insertion point and is 
5 cm lateral from midline in most patients.

Needles
• 21-gauge, 10-cm insulated needle for the majority of patients. 15-cm needles may 
be needed for obese patients.
• 18-gauge, 10-cm insulated Tuohy needle for catheter placement. Catheters 
introduced 5 cm beyond needle tip.
Stimulation. 
• Set the nerve stimulator initially at 1.0 to 1.2 mA, and look for a quadriceps muscle 

twitch (femoral nerve) as evidence of needle proximity to the lumbar plexus (this 
twitch is usually encountered at a depth of 5 to 8 cm from the skin). 

• Insert the needle with a slight medial angulation to the sagittal plane of the patient.
• Make small adjustments of the needle tip caudad and cephalad if initial passes fail 

to contact os. Once bone is contacted (usually the transverse process of L4), bring 
the needle back towards the skin, re- directing it caudally to “walk off” the process.
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• The plexus should be stimulated at a depth of no more than 2 cm 
beyond the transverse process.

• Decrease the stimulator current to 0.5 mA. If the twitch remains evident 
with the decreased current, injection of local anesthetic can proceed.

Local Anesthetic. 
• In most adults, 30 to 40 mL of local anesthetic is sufficient to block the 

plexus.

Describe with the help of labeled diagram, the anatomy of lumbar plexus and describe the techniques of 
lumbar plexus block. Continuation:

52

14 LUMBAR PLEXUS BLOCK

Figure 14-4. Lumbar plexus block landmarks

12

PROCEDURE

Landmarks.  The patient is placed in the lateral 
decubitus position with the operative side up.  A 
line is drawn from the top of the posterior iliac crest 
down to midline.  Known as the “intercristal line,” 
this line is positioned over the L4 transverse process 
in most adults. The intersection of the intercristal 
line with a line drawn parallel to the spine from 
the posterior superior iliac spine determines the 
initial needle insertion point and is 5 cm lateral from 
midline in most patients (Figure 14-4). 

Needles

of patients.  15-cm needles may be needed for 
obese patients.

catheter placement.  Catheters introduced 5 cm 
beyond needle tip.

Stimulation. Set the nerve stimulator initially at 1.0 
to 1.2 mA, and look for a quadriceps muscle twitch 
(femoral nerve) as evidence of needle proximity to 
the lumbar plexus (this twitch is usually encoun-

the needle with a slight medial angulation to the 
sagittal plane of the patient (Figure 14-5).  Make 
small adjustments of the needle tip caudad and 
cephalad if initial passes fail to contact os.  Once 
bone is contacted (usually the transverse process 
of L4), bring the needle back towards the skin, re-
directing it caudally to “walk off” the process.  The 
plexus should be stimulated at a depth of no more 
than 2 cm beyond the transverse process; beyond 
this the risk of injury to retroperitoneal structures 
is increased.  Decrease the stimulator current to 

decreased current, injection of local anesthetic can 
proceed. 

-
tomical landmarks for this block (along the L4 
transverse process); however, the depth of the 
plexus in adults will make visualization of the 

Local Anesthetic. 

Teaching Points. Occasionally stimulation of 
the hamstring muscles of the posterior thigh 
will be noted while attempting to perform 
the lumbar plexus block.  This suggests sacral 
plexus stimulation (sciatic nerve) and indicates 
the needle tip is too caudal and medial.  

incomplete block of the plexus.  Adjustment of 
the initial needle insertion point 1 cm cephalad 
and 1 cm lateral compensates for this error. 

“walking off” the transverse process, the needle 
tip may be too medial and may be hitting the 
vertebral lamina.  Pull the needle back towards 
skin and redirect slightly more lateral.  

“bone” to remind the physician that lightly 
sedated patients may become concerned or 
agitated if they hear the needle described as 
contacting their bone.  The term “os” is less 
familiar and therefore less alarming to patients, 
and this term should be used while discussing 
boney landmarks during regional anesthetic 
procedures.    

Figure 14-5. 
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27. Pin Index System

• The idea for this safety measure was first presented by Dr. Philip D Wood 
bridge to Mr. Shohr introduced in 1952.

• To eliminate the possibility of errors in attaching the gas cylinders to gas 
apparatus with yoke connections. Its one of the safety system.

Pin Index Safety system:
• Used on Size E & small cylinders ( used in machines).
• It consists of 2 pins projecting from the yoke assembly of gas apparatus and 

positioned to fit into matching holes in the body of the cylinder valve
• For any one gas, there is only one combination of pin & holes.
• There are 7 pins positions on the yoke & 7 hole on the gas cylinders.
• It is impossible for cylinder of one type to be attached to a yoke pin indexed for 

another gas.

Positions of the holes in cylinder:
• The line drawn from the centre of the outlet valve of cylinder at an angle of 30° 

to the right of the valve passed through position number 1. 
• While the other positions are located at interval of 12°.
• Holes position are on the circumference of a circle of 9/16 inch of radius 

centered at outlet valve.

Design & position of pins in yoke to fit corresponding holes of cylinder 
valve:
• Pins are 4 mm in diameter & 6 mm long except for pin 7 - which is slightly 

thicker. 
• The pin index system is also used when the cylinders are being refilled. This 

prevents a wrong gas from being filled into the cylinder.
Fallacies of Pin Index:
• In spite of pin index system one can attache wrong cylinder if the pins on the 

yoke are broken. 
• If someone places two washers or also called Bodacek seal on the port the pin 

index system will be nullified and the wrong cylinder will be placed.
• Pin index hole may be worn, bent forced into yolk.
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28. Fasting guidelines for neonates & infants

Age  Milk & Solids Liquid

< 6 months 4 hours  2 hours

6 - 36 months 6 hours 3 hours

> 36 months 8 hours 3 hours

Fasting guidelines in neonates
• Breast milk may be given until 4 h preoperatively. 
• Dextrose solutions may be given until 2 h preoperatively. 
• Formula milk feeds may be given until 6 h preoperatively. These milks contain cow protein and 

are more slowly digested than breast milk. 
• Babies having continuous feed via jejunal catheters should have these stopped 4 h preoperatively.

Clear fluids may be taken up to 2 h before the induction of anesthesia.

The mandatory fasting period after solid foods should be 6 h.

Breast milk can be taken up to 4 h before anesthesia.

Oral premedication can be taken with 150 mL of water in adults up to 1 h before anesthesia.

Oral premedication can be taken with 75 mL of water in children up to 1 h before anesthesia.

Chewing gum, candies, and tobacco should be avoided for the last 2 h before anesthesia.

Elective cesarean section and children are included.

Clear fluids are defined as nonparticulate fluids without fat. Non-human milk is defined as solid.

The guidelines apply to patients without known delay of gastric emptying.
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flow and glomerular filtration. At presentation, the
magnitude of specific deficits in an individual patient
varies depending upon the duration and severity of
illness, the extent to which the patient was able to
maintain intake of fluid and electrolytes, and the
content of food and fluids consumed before coming to
medical attention. Consumption of fluids with a high-
carbohydrate content (juices or sugar containing soft
drinks) exacerbates the hyperglycemia (3).

Clinical manifestations of DKA

¤ Dehydration
¤ Rapid, deep, sighing (Kussmaul respiration)
¤ Nausea, vomiting, and abdominal pain mimicking

an acute abdomen
¤ Progressive obtundation and loss of consciousness

¤ Increased leukocyte count with left shift
¤ Non-specific elevation of serum amylase
¤ Fever only when infection is present

Definition of DKA

The biochemical criteria for the diagnosis of DKA
are (4):

¤ Hyperglycemia (blood glucose . 11 mmol/L [!200
mg/dL])

¤ Venous pH , 7.3 or bicarbonate , 15 mmol/L
¤ Ketonemia and ketonuria

Partially treated children and children who have
consumed little or no carbohydrates may have, on
rare occasion, only modestly increased blood glucose
concentrations (!euglycemic ketoacidosis’) (5, 6).

Absolute insulin deficiency

Stress, infection or insufficient insulin intake

Counter-regulatory hormones
Glucagon Cortisol
Catecholamines Growth Hormone

Proteolysis
Protein synthesis

Glucose utilization

Gluconeogenic substrates

Glycogenolysis

Glucosuria (osmotic diuresis)

Hyperosmolarity

FFA to liver

Ketogenesis

Lactate

Decreased fluid intake

Hyperglycemia

Gluconeogenesis

or

Impaired renal function

Loss of water and electrolytes

Dehydration

+ + 

Lipolysis

Acidosis

Alkali reserve

Pathophysiology of Diabetic Ketoacidosis
(DKA)

Fig. 1. Pathophysiology of diabetic ketoacidosis. Copyright # 2006 American Diabetes Association. From Diabetes Care, Vol. 29, 2006;
1150–1159. Reprinted with permission from The American Diabetes Association.

Table 1. Losses of fluids and electrolytes in diabetic ketoacidosis (DKA) and maintenance requirements in normal
children

Average (range) losses per kg 24-h maintenance requirements

Water 70 mL (30–100) *"10 kg 100 mL/kg/24 h
11–20 kg 1000 mL 1 50 mL/kg/24 h for each kg from 11–20
.20 kg 1500 mL 1 20 mL/kg/24 h for each kg .20

Sodium 6 mmol (5–13) 2–4 mmol†
Potassium 5 mmol (3–6) 2–3 mmol
Chloride 4 mmol (3–9) 2–3 mmol
Phosphate (0.5–2.5) mmol 1–2 mmol

Data are from measurements in only a few children and adolescents (41, 42, 80–82). In any individual patient, actual
losses may be less or greater than the ranges shown in the Table (E).
Three methods for determining maintenance water requirements in children are commonly used: *the Holliday–Segar
formula (143) (shown in this Table), a simplified Holliday–Segar formula† (see below), and a formula based on body
surface area for children more than 10 kg (1500 mL/m2/24 h) (144).
†Maintenance electrolyte requirements in children are per 100 mL of maintenance IV fluid (144, 145).
†Simplified method based on Holliday–Segar: ,10 kg 4 mL/kg/h; 11–20 kg 40 1 2 mL/kg/h for each kg between 11 and
20; .20 kg 60 1 1 mL/kg/h for each kg .20.

Consensus Guidelines

Pediatric Diabetes 2007: 8: 28–43 29

I. Dehydration: Fluids

Diabetic Ketoacidosis: Continuation

Determine dehydration status

Severe 
Hypovolemia

Mild 
dehydration

Cardiogenic 
Shock

Administer 0.9% 
NaCl (1.0L/hr)

Evaluate corrected serum sodium

Hemodynamic 
monitoring & 
pressors

Serum 
Na high

Serum Na Normal Serum 
Na Low

0.45% NaCl (250-500 ml/hr) 
depending on hydration state

0.9% NaCl (250-500 ml/hr) 
depending on hydration state

When Serum glucose reaches 
200 mg/dl, change to 5 % 
Dextrose with 0.45% NaCl at 
150 - 250 ml/hr

Check electrolytes, BUN, venous pH, 
creatinine & glucose every 2 - 4 hrly 
until stable.After resolution of DKA & 
when patient is able to eat, Initiate SC 
multi-dose insulin regimen. continue IV 
infusion for 1-2 hrs after SC insulin to 
ensure adequate plasma insulin levels. 
Look for precipitating cause.

Management:
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Diabetic Ketoacidosis: Continuation

II.Lack of  Insulin - Insulin

IV Route Uncomplicated 
DKA - SC route

Insulin: Regular 
0.1 U/Kg B.wt as 
IV bolus

Rapid-acting Insulin: 
0.3 U/Kg then 0.2 U/Kg 
one hr later

0.1U/kg/hr 
continuous 
insulin infusion

Rapid-acting 
Insulin: 0.2 U/kg 
every 2 hours

If serum glucose does not fall by 
50 - 70 mg/dl in first hour, double 
IV or SC insulin bolus 

When serum glucose reaches 
200mg/dl, reduce regular insulin 
infusion to 0.05 - 0.1 u/kg/hr IV, or 
give rapid-acting insulin at 0.1U/kg 
SC every two hrs. Keep serum 
glucose between 150-200 mg/dl until 
resolution of DKA

III. Electrolytes - Potassium

Establish adequate renal function 
& urine output ( at least 50ml/hr)

If serum K+ is < 3.3 mEq/L, hold insulin 
& give 40 mEq, K+ per hour (2/3 KCL & 
1/3 KPO4) until K > 3.3 mEq/L

If serum K+ > 5.5 mEq/L, but check  K+ 
every 2 hour. 

If serum K+ > 3.3 but < 5.5 mEq/L, 
give 20 - 30 mEq/L in each liter of IV 
fluid (2/3 KCL & 1/3 KPO4) to keep 
serum K+ at 4-5 mEq/L

When Serum glucose reaches 200 
mg/dl, change to 5 % Dextrose with 
0.45% NaCl at 150 - 250 ml/hr

Check electrolytes, BUN, venous pH, 
creatinine & glucose every 2 - 4 hrly until 
stable.After resolution of DKA & when patient 
is able to eat, Initiate SC multi-dose insulin 
regimen. continue IV infusion for 1-2 hrs after 
SC insulin to ensure adequate plasma insulin 
levels. Look for precipitating cause.
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Diabetic Ketoacidosis: Continuation

IV. Acidosis - Assess the need of Bicarbonate

pH < 6.9
pH > 7.0

pH 6.9 to 7.0

Dilute NaHCO3 
(100 mmol) in 200 
ml NS. Infuse at 
200ml/hr

Dilute NaHCO3 
(50 mmol) in 200 
ml NS. Infuse at 
200ml/hr

No HCO3
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37. Renal effect of the inhalation agents.

• Renal effects are usually secondary to their physiological 
effects on the cardiovascular, endocrine & sympathetic 
nervous system. 

• These effects are almost always transient, and renal 
parameters return to normal soon after the cessation of 
anesthesia.

• Volatile anesthetics used today are all fluorinated, their 
metabolism causes renal damage from the release of 
inorganic fluoride(F-).

• The fluoride induced nephrotoxicity (high output renal failure) 
was noticeable with methoxyflurane.

Physiological effects:
• Decrease RBF decrease GFR & urine output because of 

decrease in blood pressure & cardiac output. 
• Halothane has no effect on autoregulation of renal blood 

flow.
• The adverse can be abolished or decreased by perioperative 

hydration.

Fluoride induced Nephropathy:
• Inorganic fluoride is produced by oxidative dehalogenation of 

volatile anesthetics. In addition to fluoride ions trifluroacetic 
acid  a by product of volatile anesthetics is also produced.

Fluoride ions produced by oxidative metabolism 
causes renal injury by 2 mechanism:

F- ion inhibits adenylate 
cyclase activity & prevents 
normal action of ADH on 
DCT

F- ions cause intrarenal vasodilation, 
leading to shunting of blood flow from 
cortical to medullary nephrons & interferes 
with countercurrent multiplier mechanism

Impairs ability to concentrate urine

Polyuria, hypernatremia & 
Increased Serum osmolality.

Normal Fluoride level is 50 - 60 microm/liter
• 50 - 80 microm/ltr - Mild renal injury
• 80 - 120 microm/ltr - Moderate renal injury
• > 120 microm/ltr - Severe injury

Fluoride toxicity in Renal failure:
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37. Renal effect of the inhalation agents.
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nervous system. 

• These effects are almost always transient, and renal 
parameters return to normal soon after the cessation of 
anesthesia.

• Volatile anesthetics used today are all fluorinated, their 
metabolism causes renal damage from the release of 
inorganic fluoride(F-).

• The fluoride induced nephrotoxicity (high output renal failure) 
was noticeable with methoxyflurane.
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• Decrease RBF decrease GFR & urine output because of 
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causes renal injury by 2 mechanism:
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normal action of ADH on 
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leading to shunting of blood flow from 
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!                    85

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013

Renal effect of the inhalation agents. Continuation:

Fluoride toxicity is more with methoxyflurane, which is 50 to 75% 
metabolized in liver, & produces toxicity by 3 mechanism:
• Enzyme Induction
• Genetic predisposition
• If preoperative renal dysfunction is present.

• Enflurane causes nephrotoxicity after prolonged administration ( 9.6 
MAC hours or longer)

• Sevoflurane is metabolized by liver & also produces fluoride ions & 
HFIP (hexafluoroisopropanol) after prolonged exposure. 

• When sevoflurane is exposed to sodalime & baralyme it is absorbed 
and degraded to a variety of compounds (A-E), of which two are 
produced in significant amounts.

• Compound A - fluoromethyl-2,2-difluoro-1-(trifluoromethyl)vinyl 
ether

• Compound B - 1,1,1,3,3-pentafluoro-2-(fluoromethoxy)-3-
methoxypropane

Factors responsible for formation of compound A:
• Prolonged exposure to sevoflurane with low flow (<2 Liters/min)
• Formation will be more with baralyme compared to sodalime
• Increased temperature
• Increased sevoflurane concentration
• Dry sodalime usage

This compound A combines with glutathione 
in liver

Glutathione conjugate

Glutathione transferase

Cysteine Conjugate

Glutathione peptidase

Thiol reactive

Covalent Bonds

Beta lymase

Nephrotoxicity

• Avoid prolonged exposure to sevoflurane with low flows.
• Add water to saodlime & use partially exhausted 

sodalime to decrease formation of compound A & 
nephrotoxicity
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32. Pulse Oximetry - principles & applications

Definition: 
• Continuos non-invasive monitoring oxygen saturation.

O2 Saturation = Ration between the oxygen content & oxygen capacity expressed as 
percentage
 
SaO2% = O2 Content / O2 capacity X 100

Functional & Fractional Oxygen saturation:

Functional:
Functional oxygen saturation (SaO2)it is defined as the ratio of oxyhemoglobin to all 
functional hemoglobin.

Functional SaO2 = Oxyhemoglobin/ OxyHb + Reduced Hb

Fractional:
Fractional Oxygen saturation (% HbO2) is the ratio of oxyhemoglobin to the sum of 
all hemoglobin species present, whether available for reversible binding oxygen or 
not.

Fractional Saturation = OxyHb/OxyHb+Reduced Hb+carboxy Hb+Meth Hb

Physics & Principle:
• The principle of oximetry is based on Beerʼs law which states that the concentration 

of unknown solute dissolved in a solvent can be determined by light absorption. 
This is expressed as Beerʼs Lamberts law.

Places where probes are applied:
• Finger
• Toes
• Pinna - ear lobe
• Infants - Foot or Palm, Bridge of the nose
• Tongue

Dyshemoglobinaemia:
Carboxy Hemoglobin:
•  Carboxy Hemoglobin, absorbs light almost identical to 

oxyhemoglobin at 660 nm. 
• The pulse oximeter reading is the sum of carboxy 

hemoglobin & oxyhemoglobin, and will read spo2 - 97%
Methemoglobin:
• Methemoglobin has approximately same absorption co-

efficient at 660 & 940 nm. 
• Oximeter interprets as Sao2 of 85%, when the patient is 

hypoxic with the saturation of 40 - 50 %

Type to enter text

Halothane Isoflurane Sevoflurane Desflurane Enflurane

Blood Pressure ↓↓↓ ↓ ↓ ↓ ↓↓

SVR No Change or 
Very less

Potent decreases 
in SVR

Potent decreases 
in SVR

Potent decreases 
in SVR

More than 
halothane  ↓ in 

SVR

Contractility ↓ ↓ ↓ Effect on 
Ca channels 

No much effect No much effect No much effect ↓ ↓

Heart Rate Normal or ↓ ↑ N/↑ ↑↑↑ (if > MAC) ↑

Sympathetic 
activity

Sensitizes heart 
to 

catecholamines

↑↑ N/↑ ↑↑↑ ↑

Coronary 
Vasodilation

Coronary Steal Causes coronary 
vasodilatation
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42. Guidelines for Management of anesthesia in a patient with coronary stents.

There are two type of stents: 

BMS - Bare Metal Stents DES - Drug Eluting Stents

BMS - Bare Metal Stents:
• BMS implantation effectively eliminated acute vessels 

closure, Stent thrombosis rates are reduced 
dramatically ( currently 1.2%) with the introduction of 
dual antiplatelet therapy with clopidogrel & aspirin.

• Restenosis remains high ( 20 - 25% with in 6 months 
of BMS) which is slightly lower than that seen with 
PTCA alone. 

• Restenosis seen as a result of Neointimal hyperplasia 
( Medial hyper proliferation) in the coronary artery.

DES - Drug Eluting Stents:
• DES releases drugs that inhibit neointimal (paclitaxel or 

Sirolimus) hyperplasia.
• They effectively reduces restenosis  rates, 6 - 12 months 

restenosis rates were low when compared with BMS. 
• Studies shows that incidence of stent thrombosis rates high 

especially late ( > 30 days) and very late (> 1 year) after 
insertion.

Stent Thrombosis after implantation has been classified into: 

I. Acute ( within 24 hours)
II. Subacute( 24 hours - 30 days)

IV. very Late (> 1 year)
III. Late (30 days - 1 year)

• Reasons for DES thrombosis - Incomplete endothelialization of the stent
• Off label use of DES is associated with higher incidence of MI & death
• On label the risk of thrombosis with DES does not outweigh its benefits over BMS in reducing rates of 

revascularization
• The ideal duration of antiplatelet therapy is unfortunately still unknown. 
• 12 months of dual antiplatelet therapy with clopidogrel & aspirin, life long aspirin therapy after DES implantation.
• With BMS insertion dual antiplatelets should be continued for atleast 4 - 6 weeks with life long aspirin.
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Guidelines for Management of anesthesia in a patient with coronary stents. Continuation:

Factors which increases risk of thrombosis after DES:
• Acute coronary Syndrome
• Advanced age
• Diabetes
• Renal impairment
• Ejection fraction < 30%
• Premature discontinuation of antiplatelet therapy
• resistance to antiplatelet therapy.

Pathophysiology of Acute perioperative Stent thrombosis:

The 2007 AHA/ACC recommendations with regards to 
PCI & perioperative care is summarized as follows:

• Life Long Aspirin therapy
• PTCA alone - 2-4 weeks of dual antiplatelet therapy 

surgery postponed for 2-4 wks
• PCI & BMS - Atleast 4-6 wks of dual antiplatelet, elective 

surgery postponed ≥ 6 weeks, but not for more than 12 
wks when restenosis can occur

• PCI & DES - 12 months of dual antiplatelet therapy 
elective surgery postponed ≥ 12 months.

• Some institutes following protocol that include “Bridging 
Therapy” with short acting Glycoprotein IIb/IIIa inhibitors 
(Trifiban & Eptifibatide) in those patients at high risk of 
developing perioperative stent thrombosis. 

• The Half life of both the drugs are < 2 hours. They are 
administered parentally and eliminated via kidney.

• Platelet function returns to 60 - 90% of normal within 6-8 
hours of stopping the infusion. 

• Clopidogrel is a prodrug that is converted to the active 
drug by the CYP 3A4 isoenzymes.
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Guidelines for Management of anesthesia in a patient with coronary stents. Continuation:

Anesthetic Implications:
• Regionals or general anesthesia should be weighed.
• Midazolam irreversibly inactivates CYP3A4 and may 

therefore prevent clopidogrel activation.
• Fentanyl, alfentanil & propofol are all reversible 

inhibitors of CYP3A4. 
• Thienopyridines ( clopidogrel) & dual antiplatelets 

therapy are contraindications to neuraxial anesthesia.
• Aspirin alone is not a contraindication.
• Those receiving bridging therapy with Glycoprotein IIb/

IIa inhibitors ( Tirofiban & eptifibatide) should have their 
neuraxial block performed 8 hours after discontinuation 
of these drugs. 

• Surgery should be performed only in institutions with 24 
hours cardiology service & door to ballon time should be 
less that 90 minutes. 

• Restart clopidogrel/ aspirin as soon as possible.

Time of Anticipated surgery

< 6 wks after 
BMS implantation

> 6 weeks after 
BMS implantation

Continue aspirin 
throughout surgery 
if at all possible.

Elective

Postpone surgery 
until BMS has been 
implanted 6 wks.

Urgent

Can clopidogrel & 
aspirin be continued 
in the perioperative 
period ?

YES

Proceed

NO Consider Bridging 
Therapy

Can Aspirin be 
continued?

NO

Preoperative Management 
of patients with BMS
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Guidelines for Management of anesthesia in a patient with coronary stents. Continuation:

Perioperative Management of patients with DES

Time of Anticipated surgery

> 12 Months< 12 Months

Elective

Postpone surgery 
until DES has 
been implanted for 
12 months

Urgent
Can Aspirin be 
continued in the 
perioperative 
period?

Can both 
clopidogrel /or 
aspirin be 
continued ?

Neither 
clopidogrel /or 
aspirin can be 
continued
(closed space 
surgery)

Proceed 

Restart 
clopidogrel 
and aspirin 
or Bridging 
therapy

Yes

Proceed

No

Consider 
Bridging 
therapy

Yes

Proceed

Any procedural 
complexities? or 
comorbidities?

If Yes Consider 
Bridging Therapy

Does patient have additional risk 
factors for stent thrombosis? 
• procedural complexities?
• comorbidities?

Yes NO

Consider 
Bridging 
therapy & 
continue 
aspirin

Restart 
clopidogrel 
and aspirin or 
Bridging 
therapy as 
soon as 
possible in 
post operative 
period.

Can Aspirin be 
continued?

Yes

Proceed

NO

Restart 
antiplatelet 
therapy as soon 
as possible in 
post operative 
period.
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45. Anion Gap.

Definition: The anion gap is the difference in the measured 
cations and the measured anions in serum, plasma, or 
urine. The magnitude of this difference (i.e. "gap") in the 
serum is often calculated, when attempting to identify the 
cause of metabolic acidosis.

Formula to calculate AG:

AG = Na - (Cl + HCO3)

Normal AG: 12 ± 2

Unmeasured Anion (UA) Unmeasured  Cations (UC)

Albumin  - 15 mEq/L Calcium - 5 mEq/L

Organic acids - 5 mEq/L Potassium - 4.5 mEq/L

Phosphate - 2 mEq/L Magnesium - 1.5 mEq/L

Sulphate - 1 mEq/L

Total = 23 mEq/L Total = 11 mEq/L

• AG - UA - UC = 12 mEq/L
• If albumin is reduced by 50%, anion gap decreases by 4 mEq/L

Interpretation of Anion Gap:

I. Causes for increased AG 
Metabolic Acidosis:
• M - Methanol
• U - Uremia
• D - Diabetic ketoacidosis
• P - Paraldehyde poisoning
• I - Intoxication
• L - Lactic acidosis
• E - Ethanol
• S - Salicylate poisoning

II. Causes for Normal AG Metabolic Acidosis:
• H - Hyperalimentation fluids (i.e. total parenteral 

nutrition), Hyperchloremic acidosis
• A - Acetazolamide
• R - Renal Tubular Acidosis I,II & VI
• D - Diarrhea 
• U - Ureterosigmoidostomy
• P - Pancreatic fistulas

III.Causes for AG Acidosis:
• Hypoalbuminaemia - Nephrotic 

Syndrome, Liver cirrhosis 
• Intestinal obstruction
• Multiple Myeloma
• Lithium toxicity
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 Anion Gap. Continuation:

Urinary Anionic Gap: 

• If Normal Anionic Gap Acidosis
– Urinary AG = (Na + K ) – Cl 

( Per-requisites:  No Ketosis, Carbenicillin) 
• If UAG is negative => GI or Iatrogenic 

– Positive UAG (> 20 to 30 mEq/l) = > RTA – (I,II,IV)
– Look at Urine pH:  > 6  -    Distal ( Type I) RTA 
– Look at Urine pH:  <5.5  -  Proximal Type II /Type IV

• Look at Serum K+
– Hypokalemia  -  Proximal Type II

Hyperkalemia - Aldosterone Deficiency Type IV

ANION GAP:  EXPECTED & ACTUAL AG

• Calculated AG = (Na – Cl + HCO3)
• Corrected Expected Anion Gap (S.Proteins /pH)

– For every 1gm % increase or decrease of S. Albumin the AG    increase 
or decrease  by 2 mEq/l 

– E.g.:  In Patients with Nephrotic Syndrome / Cirrhosis
                   S. Albumin 2 gm % so expected AG = 12 – 4 = 8

• In Acidemia  State  Normal AG decrease   by 2 mEq/L
• In Alkalemia  State  Normal AG increase   by 4 mEq/L
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Fluosol - DA Polyfluro-octobromide

A 20% emulsion of 2 different 
perfluorocompounds which has oxygen 
carrying capacity at 370 C of about 40% of 
that of red cells.

Its a new Perfluorocompound (radio-opaque)

Dose: 20 ml/kg It has 2 Advantages:
  O2 is more soluble in perflourocarbon
• Higher concentration of compound can be 

administered, therefore 100% emulsion with 
phospholipids has a sufficiently low viscosity to be 
infused without dilution.

• It may carry as much as oxygen as Hb solution at a 
concentration of 7 gm/dl 

Side effects: Pulmonary reactions, 
cytotoxicity, complement activation, 
Vulnerability to O2 toxicity

Blood Substitute.Continuation:
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48. Intra lipid emulsions for LA toxicity.

Intravenous lipid emulsion (ILE) is a novel method for 
treating local anesthetic systemic toxicity (LAST) that also 
shows promise as an effective antidote for other lipophilic 
drug poisonings.

Benefits of Lipid emulsion:
• Used to reversal of LA cardiac toxicity
• Used to reverse over dose of other lipid soluble drugs 

( bupropion, Lamotrigene, Verapamil, Clomipramine)
• It abolishes CNS symptoms which prevent progression of 

CNS toxicity to cardiac toxicity.

Treatment of Cardiac arrest with Lipid emulsion: 70 Kg patient

A. Start oxygen & secure Airway & CPR - ACLS

B. Give IV bolus of Intralipid 20% - 1.5 ml/kg over one min (100 ml)

C. Continue CPR

D. Start IV infusion of Intralipid 20% - 0.25 ml/kg/min (400 ml over 20 min)

E. Repeat bolus every 3-5 minutes up to 3 mL/kg total dose until circulation 
is restored (100 ml at 5 min interval X 2 times)

F. Continue infusion until hemodynamic stability is restored. Increase the rate 
to 0.5 mL/kg/min if BP declines ( 400 ml over 20 min)

A maximum total dose of 8 mL/kg is recommended

Mechanism of Intralipid Emulsion:
• Lipophilic substances, such as local anesthetics, are drawn into 

the “lipid sink” and a concentration gradient develops between 
tissue and blood which cause local anesthetics to move away 
from the heart or brain (areas of high concentrations) to the 
“lipid sink”.

• Lipid emulsion could theoretically increase intracellular fatty acid 
content and therefore overcome the reduced ATP production, 
which results from LA block of fatty acid transport and oxidation.
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51. Hyponatremia.

Defined as serum Na < 135 mmol/Lt (Normal 137 – 142 
mmol/Lt). Usually reflects hypotonic state. 

Clinical features:  Symptoms are primarily neurologic
!" #$%&'()'*)&+,-(+'./0)1-(,+*$-2''3'456'*789:"
!!" ;+<+,+'./0)1-(,+*$-'='45>'*789:

• General symptoms: Headache – (early sign), Weakness, 
apathy, giddiness, fainting, Mental confusion

• GI symptoms: Anorexia, nausea, vomiting, thirst is 
characteristically absent.

• Skin: Loss of skin Turgor and elasticity 
• CVS: Orthostatic hypotension,/ Tachycardia, cold 

extremity .In CCF patient, aggravation of heart failure 
• Neurological: Cerebral edema, (due to osmotic water shift)

< 120 mEq/l ! seizure, confusion, delusion stupor, coma.

!"#$%&'"(%)%*+,#
' ?),,+@($<+'(.+,-0/',+8A$,+B'$1CAB$)1')C'$B)()1$@'B-%$1+'),'
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Management is determined by:
• State of ECF Volume ( Low, Normal or High)
• Neurological symptoms

/*%0+1%+2(#(3*024%$"+23*#35#67&3*"+$%)2",#
• Hyponatremia is a manifestation of serious underlying disorder 
• Requires careful evaluation preoperatively 
• Plasma Na+> 130 mEq/L – safe for GA.
• Plasma Na+ should be corrected above 130 mEq/L for elective 

surgery.
• Risk:  Intraoperative:  cerebral edema 
• MAC
• Post operative:  Agitation 
• Confusion
• Water intoxication in TURP patient. 
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62. Fluid Management in Infants.

• Fluid management in infants is the most important & critical 
as smaller volumes involved. 

• Normal daily water consumption in infant is 10% - 15% of 
body weight.

Fluid calculation is based on the Holiday Segar Formula:
It is based on energy requirement.
•  1- 10 kg infant need about 100 cal/kg/24 hr
• 10 - 20 kg infant need about 1000 + 50 cal/kg/24 hr
•     > 20 kg infant need about 1500 cal + 20 cal/kg/24 hr

Approximately 1ml of water is needed for each calorie 
expanded:
• 1 - 10 kg infant requires 100ml/24hr/kg
• 10 - 20 kg infant requires 1000 ml + 50 ml/24hr/kg
•     > 20 kg infant  requires 1500 + 20 ml/24hr/kg 

Estimated Fluid  requirements - 4:2:1 Formula:

Body Weight Fluid 

First 10 kg 4ml/kg/hr

Second 10 kg 2 ml/kg/hr

Subsequent 1 ml/kg/hr

• The Fluid of choice is controversial: Hartmanʼs Solution, 1/2 
Normal saline

• Neonates requires 3-5mg/kg/min of glucose infusion to 
maintain euglycemia ( 40 - 120 mg/dl)

• Premature requires 5 - 6 mg/kg/min of glucose infusion.

• After using 4:2:1 Formula the amount obtained is Maintenance fluid 
• To calculate deficit the Maintenance fluid is multiplied by number of hours of 

fasting 
• Deficit = Maintenance fluid  X number of hours of fasting 

• The deficit is administered in aliquots of 50% in the first hour, 25% in 2nd 
3rd hour respectively. 

Replacement requirements:
• It can be divided into blood loss & third space loss.
Blood Loss:
• Blood loss is typically replaced by non-glucose containing crystalloids ( e.g: 

3 ml of HRL with each ml of blood)
• Because their small intravascular volume, neonates & infants are at 

increased risk for electrolyte disturbance ( Hyperglycemia, Hyperkalemia & 
Hypocalcemia) 

• Platelets One unit per 10kg & FFP 10-15ml/kg should be given when blood 
loss exceeds 1-2 blood volumes.

• Cryoprecipitate is 1U/10 kg.

Third Space Loss:

Degree of Blood loss or Tissue 
Trauma

Additional fluid requirements

Minimal (e.g. herniorrhaphy) 0 - 2 ml/kg

Moderate (e.g. !""#$%&'&(&)*+ 2 - 4 ml/kg

Severe (e.g. Bowel resection) 4 - 8 ml/kg

• Magnitude of perioperative third space loss is proportional to the amount of 
tissue manipulation.

• E.g. Burns, trauma, infected tissues, etc.
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62. Fluid Management in Infants.

• Fluid management in infants is the most important & critical 
as smaller volumes involved. 

• Normal daily water consumption in infant is 10% - 15% of 
body weight.

Fluid calculation is based on the Holiday Segar Formula:
It is based on energy requirement.
•  1- 10 kg infant need about 100 cal/kg/24 hr
• 10 - 20 kg infant need about 1000 + 50 cal/kg/24 hr
•     > 20 kg infant need about 1500 cal + 20 cal/kg/24 hr

Approximately 1ml of water is needed for each calorie 
expanded:
• 1 - 10 kg infant requires 100ml/24hr/kg
• 10 - 20 kg infant requires 1000 ml + 50 ml/24hr/kg
•     > 20 kg infant  requires 1500 + 20 ml/24hr/kg 

Estimated Fluid  requirements - 4:2:1 Formula:

Body Weight Fluid 

First 10 kg 4ml/kg/hr

Second 10 kg 2 ml/kg/hr

Subsequent 1 ml/kg/hr

• The Fluid of choice is controversial: Hartmanʼs Solution, 1/2 
Normal saline

• Neonates requires 3-5mg/kg/min of glucose infusion to 
maintain euglycemia ( 40 - 120 mg/dl)

• Premature requires 5 - 6 mg/kg/min of glucose infusion.

• After using 4:2:1 Formula the amount obtained is Maintenance fluid 
• To calculate deficit the Maintenance fluid is multiplied by number of hours of 
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• The deficit is administered in aliquots of 50% in the first hour, 25% in 2nd 
3rd hour respectively. 

Replacement requirements:
• It can be divided into blood loss & third space loss.
Blood Loss:
• Blood loss is typically replaced by non-glucose containing crystalloids ( e.g: 

3 ml of HRL with each ml of blood)
• Because their small intravascular volume, neonates & infants are at 

increased risk for electrolyte disturbance ( Hyperglycemia, Hyperkalemia & 
Hypocalcemia) 

• Platelets One unit per 10kg & FFP 10-15ml/kg should be given when blood 
loss exceeds 1-2 blood volumes.

• Cryoprecipitate is 1U/10 kg.

Third Space Loss:

Degree of Blood loss or Tissue 
Trauma

Additional fluid requirements

Minimal (e.g. herniorrhaphy) 0 - 2 ml/kg

Moderate (e.g. !""#$%&'&(&)*+ 2 - 4 ml/kg

Severe (e.g. Bowel resection) 4 - 8 ml/kg

• Magnitude of perioperative third space loss is proportional to the amount of 
tissue manipulation.

• E.g. Burns, trauma, infected tissues, etc.
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49. Permissive Hypercapnia.

• Its a strategy used to minimize the occurrence of ventilator 
related lung injury.

• This is achieved by ventilating the patient by low tidal volume 
(4 - 7 ml/kg), thus making it possible to ventilate the patient 
with lower peak inspiratory pressure, & to minimize potential 
pressure or volume related complications.

• Plateau  pressure are targeted (< 30 to 35 cm of H2O)  to 
avoid alveolar over distention.

Indications:
• Status Asthmaticus
• ARDS

Mechanism & physiologic changes in permissive Hypercapnia

Decrease Tidal Volume ( 4 - 7 ml/kg)

Decrease peak inspiratory  

Decreases Mean 
airway pressure

Decreases Barotrauma

Atelectasis

To reduce PEEp may be 
used if airway pressures 
are in acceptable range

Respiratory Acidosis

pH may be normalized 
with sodium bicarbonate or 
THAM(tromethamine)

Increase PaCO2

Hypoxemia

Corrected by 
using Higher 
FIO2

• Acidosis causes CNS dysfunction, intracrainal HTN, neuromuscular weakness, 
CVS impairment & increases Pulmonary vascular resistance.

• pH is targeted > 7.30
• Tromethamine (THAM) is a non bicarbonate buffer that helps to compensate for 

metabolic acidosis. THAM decreases H+ ions concentration & indirectly 
decreases CO2 level & increases bicarbonate levels.

• Each 100 mL contains tromethamine 3.6 g (30 mEq) in water for injection. The 
solution is hypertonic 389 mOsmol/L (calc.). pH 8.6 (8.4-8.7).

• THAM Solution (mL of 0.3 M) Required =Body Weight (kg) X Base Deficit (mEq/
liter) X 1.1*

•
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Hypocalcemia. Continuation: 
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58. Liquid Ventilation / Perfluorocarbons

• It has been recognized that surface tension of the surfactant deficient 
lung may be reduced by filling alveoli with certain fluids. For mammals, 
to breathe liquid in tidal fashion, for prolonged periods two major 
requirements must be met 

I. A liquid must be used that possess high solubility for oxygen and 
CO2 and 

II. A ventilator must be used to perform work of breathing because of 
the high viscous resistance to flow of the liquid medium. The fluid 
should also be non-absorbable and poor solvent for surfactant.

• LELAND CLARK first identified Perfluorocarbons as a class of 
compounds suitable for liquid breathing. Only recently has a medical 
grade liquid suitable for clinical applications of liquid ventilation 
became available. Per fluro-octyl bromide (perflubron).

PFC are 5: !
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Liquid Ventilation - 2 Forms
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• Liquid ventilation, allows liquid to be used to recruit atelectasis lung 
and reduce tension at the alveolar lining. 

• In expiration:  The liquid FRC represents an incompressible reservoir 
of oxygen occupying alveoli that would otherwise collapse and allow 
intrapulmonary shunting. 

• In inspiration:  Tidal volumes of gas purge that reservoir of CO2 and 
replenish the supply of dissolved O2 like an efficient bubble 
oxygenator.

• Normal lung if filled with PFC, PaO2 falls by 100 mm torr. In 
surfactant deficiency, oxygenation improves after PFC, V/Q 
mismatch is improved.

• During PLV, movement of PFC in the airways appears to mobilize 
secretions towards trachea. Tracheal instillation of saline tends to 
liquefy these secretions. Cessation of PEEP or ventilator 
disconnection carries this debris forward into the trachea, where it 
can be removed by suctioning.  
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64. Anatomy of Epidural Space & the methods of identification.

Anatomy of Epidural Space:
• The epidural space is the circular space surrounding the dural 

sac and all of its contents. 
• Extends from the foramen magnum to the sacral hiatus.
• The space is more extensive and easily discernible posteriorly, 

while anteriorly, the dura adheres closely to the periosteum of 
the vertebral bodies. 

• Lateral boundaries and the intervertebral foramina and the 
peduncles of the vertebrae. 

• The space extends laterally accompanying the spinal nerves 
through the intervertebral foramina into the paravertebral space 
up to the angle of the ribs.

• This communication between the extradural and paravertebral 
spaces explains the – ve pressure in epidural space. 

The contents of the epidural space: 
• Aeriolar tissue, fat and 4 spinal nerve roots with their dural 

sleeves. 
• The spinal arteries.
• The venous plexus and capillary network
• There are strong lateral attachments of the dura at the cervical 

and lumbar areas to the spinal canal wall.
• Posteriorly, in the midline, a distinct connective tissue, named 

“Plica mediana dorsalis” connects dura matter to ligamentum – 
Flavum. 

To reach the epidural space in the midline sagittal plane, the 
following structures are penetrated from outside to inside: 
• Skin and subcutaneous tissue.
• Supraspinous ligament 
• Inter spinous ligament 
• Ligamentum flavum 

!"#$%&'%$(")*+,-%.(,/$0%
• In the anterior region it is almost non existent.
• Posteriorly it is measured readily in the midline, as shown in the 

table

1(")*+,-%.(,/$%2334 56"/78$..%&'%)*+,%2334
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Distance to epidural space: 
The over all median distance in normal adult female is 4.7 cm at L3 – L4 
level.
The maximum depth occurs at L3 – L4 inter space.
The depth decreases above L3 and below L4 level.

Epidural space in children: 
• In children under 6 yrs of age, the epidural space has spongy, 

gelatinous lobules and distinct space. (This is contrast to densely 
packed fat globules and fibrous strands characteristic of the mature 
epidural space).

• Because of this difference there is a more rapid longitudinal spread of 
drugs within the juvenile epidural space.
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59. High Frequency Ventilation - HFV

• Pattern of ventilation in which high RR and small tidal volumes 
approximate to or less than patients dead space volume are applied. 

• It is in general a positive airway pressure technique. !
• HFV is ventilation at RR > 4 times that of normal with wide range of TV.
Objectives: 
1. To provide safe and effective support of CVS functions.
2. To provide adequate pulmonary gas exchange.
3. To treat underlying pulmonary pathologic condition.
Conventional methods consists of artificial ventilatory support with ↑ 
ambient O2 and continuous positive pressure.

Physics of gas exchange in HFV:
• In HFV, TV equal to or slightly less than dead space volume at high 

frequency are used for displacement. But basic exchange depends on 
agitated mixing and dispersion within alveolar system. This regional gas 
mixing coupled with augmented molecular diffusion, fresh gas reaches 
alveoli by combined convention and diffusion. 

• In large airways, convection current is the main mechanism for air 
movement, while in terminal airways, movement of air occurs by stream 
dispersion. 

• In higher frequency (> 600/mt), coaxial flow occurs i.e., air movement is 
bidirectional i.e., movement to alveoli within centre or mainstream and 
reverse flow for exit movement occurs at sides / periphery of tube. 

• Physics – gas exchange depends on agitated mixing and dispersion 
within alveolar system. 

Inflation-- active 
Expiration—passive
 In high frequency (> 600/mt) – bidirectional flow occurs. 
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Difference between Various high frequency ventilation:

!                    128

Dr Azam’s Notes in Anesthesiology 2013

Dr Azam’s Notes in Anesthesiology 2013

63. Oxygen Cascade

• Oxygen like any other gas, moves down a partial pressure gradient 
from air via the respiratory tract. 

• Arterial blood, systemic capillaries and cells to finally reach the 
mitochondria- where it is consumed.

Definition: The steps by which the partial pressure of oxygen 
gradually decreases from a high level in the inspired gas to a low 
level in the mitochondria is called oxygen cascade.

!

"!#$%!&!'()!**+,!

!"#$%&'("()*+%,%!% "-%.&/01+(/"2%3/+44)/+%!!% 567!% 8%40% %567!%
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C8 I@AB%F%J@K%B8C?%D%?LB%D%?M%E5&%

Series of steps of PO2 from atmospheric air to mitochondria 
and the factor effecting them
Dry atmospheric air 160mmHg (21 kPa) 

Factors effecting are barometric pressure and FiO2

Atmospheric. pressure x FiO2

760 x 0.21 = 160mmHg 
Humidification at 370C 150mmHg (19 kPa) 
=(atmospheric pressure – saturated vapour pressure of H2O at 
body temperature 370C) x FiO2

(760 – 47) x 0.21 = 149.3 mmHg

Alveolar gas 106 mmHg (14 kPa) PAO2
Due to:  

• Dilution of atmospheric air by alveolar air 
• Constant uptake of O2 - O2 consumption VO2

Arterial O2 tension PaO2 100mmHg (13.3 kPa) 
Due to 

• Ventilation perfusion mismatch (venous admixture) 
• True shunt of pulmonary arterial blood

Cell PO2 40mmHg (6 – kPa)
• Drops from 100mmHg in arterial blood to the 40mmHg at 

capillary level – factors affecting blood flow, Hb, CO
Mitochondria 5-22 mmHg 

• Most of the oxygen is used in the mitochondria. If the PO2 
here fills to below 1-2mmHg (0.2 kPa) – PASTEUR POINT 
then aerobic metabolism stops. 

• Reductions of PO2 at any stage results in reduction of PO2 
leading to anaerobic metabolism below the Pasteur point. 
1 kPa = 7.6mm Hg 

Oxygen Cascade:
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68. Spinal Needles

1. Vary in regard to the outside diameter (OD), inside 
diameter (ID) and shape of their tip.

2. These differences are important because they affect 
the size and shape of the puncture hole made in the 
dura mater and the speed with which CSF appears 
in the hub after the SAS is entered.

3. Gauge      22,  25,  26, 27 & 29
4. OD (mm) 0.7, 0.5, 0.45, 0.34 
5. ID of spinal needles also varies considerably for the 

same size of OD.
6. ID is important as it affects the rate of flow of CSF 

down the needle, which is related to the CSF 
pressure at the needle tip. With a 26 gauge needle, 
it can take 10 to 60 seconds for CSF to appear at 
the needle hub. It is seen sooner if the hub is 
translucent rather than opaque. It addition the, flow 
will be faster if the patient is sitting up rather than in 
the lateral decubitus position, as the pressure at the 
needle tip is greater. 

7. 22 gauge needles can be used without the aid of an 
introducer, but thinner needles usually require an 
introducer which is first inserted into the ligamentum 
flavum.

8. The shape and sharpness of the needle tip affects 
the shape and size of the hole produced in the dura. 
This hole is not simply the same size as the OD of 
the needle.

9. Often there is a flap similar to that of an opened “tin 
can” whose lid has not been completely removed. 

10.This flap may move back into the hole, partially or 
totally preventing CSF escape, even after puncture 
with large-bore needles.

11. Conveniently, it is also possible to tear the dura, producing a large hole even 
with a small needle. 

12. The dura is made chiefly of collagen fibers and some elastic fibers. 
13. The collagen fibers are oriented in diverse directions while the elastic fiber 

generally run longitudinally.
14. The dura is also variable in its thickness (0.5 – 2 mm) in the same individual. 

The thicker it is, the grater the retraction. 
15. Of the hole, the typical “tin-lid” hole is produced by all needle tips with a cutting 

edge.
16. When a non-cutting needle is used or when a cutting needle is inserted, With the 

point parallel to the longitudinal fibers, an ellipsoidal hole is produced, compared 
to a more round hole when the needle top is at right angles to the fibers.

17. Because the shape of the needle tip several different typer are available. 

TYPES:

Parts: 
• Stylet
• Cannula - Hub & tip
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Signs and symptoms:
• Onset – dramatic and abrupt.  
• Dyspnoea,  Arterial hypoxemia, 
• Cyanosis, Seizures, 
• Loss of consciousness, Hypotension 

(Disproportionate to blood loss)
• Acute pulmonary embolism, Uterine atony, 
• Fetal distress is present at the same time, 

• Cardiopulmonary arrest in 80%,
• Coagulopathy resembling DIC with associated 

bleeding, May be the only presenting symptom. 

Pathophysiology:
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The complete brachial plexus 
diagram:
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• Inborn errors of Haem synthesis characterized by overproduction of 
porphyrins compounds and their precursors.

• The porphyrins synthesis is required for haeme synthesis and 
cytochrome P 450.

• The rate limiting enzyme of haeme synthesis is the  δ Aminolevulinic 
acid (ALA) synthetase – normally inhibited by haeme.

• When subsequent enzymes in the pathway are deficient this inhibition 
fails and abnormal precursors (porphyrias) are formed in excess.

• All porphyrias have high ALA synthetase activity.

Classification: 
!"#$%&'(#)*#+,*&$- .*,%+*)#)&"%&'(#)*#+,*&$-

!"#$%&'($%)*'$$%($&+,)+-.)'/& 0).$-),+,'%$'"&#),+,)+-.)'/
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6%)%7'$/).&",+),+,)+-.)'/
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Acute intermittent porphyria – most serious form of Hepatic 
porphyrias
• Autosomal dominant
• Increase ALA synthetase and decrease uroporphyrinogen synthetase
• -S/S Acute abdominal pain + Neurotoxicity in females (during 

menstruation)
• Neurotoxicity:   Psychosis (cerebral cortex dysfunction), SIADH, 

Hyponatremia (Hypothalamus dysfunction), "   Bulbar paralysis 
(Swallowing difficulty and Aspiration – (cranial N), Tachycardia, 
orthostatic hypotension, HTN (ANS) pain and paresis (Peripheral 
nerves), 

• Cutaneous photosensitivity.
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Muscles of Larynx:
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• Larynx is the cartilaginous skeletal held together by ligaments ad muscles.
• Extends from root of the tongue to the first tracheal ring (C3 to C6)

Measurements Male Female

Length 44 mm 36 mm

Transverse 
Diameter

43 mm 41 mm

AP Diameter 36 mm 26 mm

• Larynx is made up on 3 unpaired & 3 paired cartilaginous 
structure:

3 Unpaired 3 paired

Thyroid Cartilage Arytenoid cartilage

Cricoid cartilage Corniculate cartilage

Epiglottis Cuneiform Cartilage

Muscles of Larynx:

Intrinsic Muscles:
• Abductors: 

• Posterior cricoarytenoid
• Adductors:

• Lateral cricoarytenoid
• Transverse arytenoid
• Cricothyroid*
• Thyroarytenoid *

• Relaxors:
• Thyroarytenoid*
• Vocalis

• Tensors:
• Cricothyroid *

Extrinsic Muscles:
• Sternothyroid
• Thyrohyoid
• Inferior constrictor
• Stylopharyngeus
• Palotopharyngeus 
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Ligaments: 

Intrinsic Ligaments: 
• Cricovocal membrane
• Quadrangular membrane
• Cricothyroid membrane

Extrinsic Ligaments:
• Thyrohyoid membrane
• Cricotracheal membrane
• Hypoepiglottic ligament

Cavities: 
• Vestibule
• ventricle
• Subglottic

Inlets of Larynx:
• It extends from the laryngeal inlet to the lower border of cricoid cartilages.
Folds:
• Aryepiglottic fold - Space between the aryepiglottic fold forms the laryngeal 

inlet.
• Vestibule fold - Space between the vestibule fold is called as Rima Vestibuli             
• Vocal fold - Space between the vocal fold is called as Rima glottidis

• Vallecula: Shallow space present in front of the epiglottis behind the base of 
the tongue.

Ligaments of larynx:
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• Aryepiglottic fold - Space between the aryepiglottic fold forms the laryngeal 

inlet.
• Vestibule fold - Space between the vestibule fold is called as Rima Vestibuli             
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Blood Supply to Larynx:

• Superior Laryngeal Artery: 
• Cricothyroid Artery: 

• Branch of 
superior 
thyroid artery

• Supply up to 
the vocal cord

• Inferior laryngeal 
artery • Branch of 

Inferior thyroid 
artery

• Supplies below 
the vocal cords.
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Nerve Supply:

Lymphatic Drainage: 
• Supraglottic lymph vessels: Upper deeper cervical glands
• Subglottic lymph vessels: Pre-tracheal ( lower deep cervical 

glands)
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Nerve Supply:

Lymphatic Drainage: 
• Supraglottic lymph vessels: Upper deeper cervical glands
• Subglottic lymph vessels: Pre-tracheal ( lower deep cervical 

glands)
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• Inferior laryngeal 
artery • Branch of 

Inferior thyroid 
artery

• Supplies below 
the vocal cords.
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Nerve Supply:

Lymphatic Drainage: 
• Supraglottic lymph vessels: Upper deeper cervical glands
• Subglottic lymph vessels: Pre-tracheal ( lower deep cervical 

glands)
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Control Of Breathing:
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Controlled Ventilation: IPPV
• Humidification of inspired gases - to prevent drying of 

secretions
• Adequate intravenous fluid is administered to prevent 

dehydration & drying of secretions.
• Ventilator setting: to avoid Hypercapnia & Auto 

PEEP
• Tidal volume: 8ml/kg
• High inspiratory flow rates 1L/kg - to prolong the E 

Time.
• Respiratory rate 10 to 12 breaths per minute - No 

Hyperventilation
• Increased E time - prolonged E time for emptying of 

the alveoli.

Intraoperative bronchospasm: Identification & Management:

To R/O other causes of high 
airway pressure & 
wheezing:
• ET - Tube Kinking
• Thick secretions
• Pulmonary edema
• tension pneumothorax
• Aspiration Pneumonitis
• Pulmonary edema
• Endobronchial intubation
• bucking

Deepen Anesthesia:
• Give 100% oxygen
• Inhalation Anesthetic 

agents if BP is normal.
• Low BP - Ketamine

Beta2 Agonist:
• Rapid acting albuterol through 

meter dose inhaler directly in 
breathing circuit.

• Aminophylline 0.5mg/kg - 
tachyarrhythmias

• Terbutaline S/C 0.25mg every 20 
min for 3 doses.

• Epinephrine: 0.1 - 0.5 ml of 1:1000 
S/C may be the last resort.

• Steroids: hydrocortisone 4mg/kg 
followed by 3mg/kg.

Reversal: 
• Neostigmine 0.05mg/kg + Gylcopyrolate 0.01 mg/kg IV.

Extubation:
• Trachea should be extubated while anesthesia is still sufficient to 

suppress hyperactive airway reflexes.

Post-operative Management:
Goals:
• To promote adequate analgesia
• To minimize the incidence of postoperative complications
• To prevent infections
• Chest physiotherapy & deep breathing exercise.
• Consider CPAP - Decreases WOB, Improves LV Compliance.
• Continuous administration of Local anesthetic with low dose 

opioids via epidural catheter for post operative pain relief.
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Pathophysiology:

Triggering 
Factors:

Stress of Surgery 
Stress of Anesthesia.

Stress of Surgery. 
Stress of Anesthesia.

Surgery & Anesthesia Anesthesia, blood 
loss & Anemia

• Intubation
• Extubation
• Hypothermia
• Anemia
• Increased blood loss
• Inadequate pain control

State
Increased 
Inflammatory 
Response

Increased 
Hypercoagulability

Increased Stress

Hypoxic State

Consequence
Increase in ILF, TNF 
& creative proteins

Increased  platelet reactivity
increased antithrombin 3

Increased Cortisol
Increased catecholamines

Decreased 
Oxygen supply

Increased 
Coronary Stress

Increased 
HR & BP Decreased 

Oxygen Supply

Plaque RupturePlaque Rupture

Coronary Artery Thrombosis

Myocardial Infraction

Perioperative Ischemia

Perioperative MI:
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 Acute treatments for suspected intraoperative myocardial ischemia
Associated Hemodynamic Finding Therapy Dosage

I Hypertension, tachycardia + Deepen anesthesia
IV β - Blockade

Esmolol 2-100 mg, + 50-200
Metoprolol 0.5-2.5 mg
Labetalol 2.5 – 10mg
33-330 µg/min +

Ii Normotension, tachycardia + IV Nitroglycerin
Assure adequate anesthesia change 
anesthetic regimen
IV β- Blockade

As above

III Hypertension, normal heart rate Deepen anesthesia
nicardipine

0-20 mg
Nicardipine 1-5 mg, + 1-10 µ
Phenylephrine 25-100 µg

IV. Hypotension, tachycardia + IV α-agonist Nor-epinephrine 2-4 µg
V Hypotension, bradycardia Lighten anesthesia

IV Ephedrine
IV Epinephrine
IV Atropine
IV Nitroglycerin when normotensive

5-10 mg
4-8 µg
0.3-0.6 mg
As above

VI. Hypotension, normal heart rate IV α- Agonist
IV Epinephrine
alter anesthesia (eg, lighten)
IV Nitroglycerin when normotensive

As above

VII. No abnormality IV Nitroglycerin
IV Nicardipine

As above
As above
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Normal	
  :	
  Aortic	
  valve	
  area	
  2.5	
  –	
  3.5	
  cm2

Aortic	
  valve	
  area	
  reduction	
  
• Normal - 2.6 – 3.5 cm2

• Mild - 1.2 – 1.8 cm2

• Mod - 0.8 – 1.2 cm2

• Significant - 0.6 – 0.8 cm2

• Critical - < 0.6 cm2

Calculation of Stenosis:
Gorlinʼs modification of standard hydraulic formula 

!             (Cardiac output / systolic ejection period) x H.R.

       Aortic valve orifice (cm2) = 1 x 44.5 x mean aortic pressure gradient

Where 1 = Aortic orifice constant 
44.5 – hydraulic constant Simplified version of Gorlinʼs formula 

Aortic valve area = Cardiac out put (lt/min) / Mean aortic pressure 
gradient

Pathophysiology:

Aortic stenosis

Obstruction to ejection 
of blood into the aorta

Increase in L.V. pressure 

Increase in 
LA Pressure 

Increased Left ventricular 
diastolic pressure & VolumeL.V. Hypertrophy 

Pulmonary 
hypertension 

Pulmonary edema 

RVF

Increased 
Myocardial O2 
Demand 

Sudden death

Angina Pectoris 
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Pathophysiology: Downward 
to upward disease or failure.
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Mitral valve Stenosis:

Grades MVA 

Mild 
Moderate 
Severe 
Critical 

1.5 – 2.5 cm2 
1.1 – 1.5 cm2 
0.6 – 1 cm 2 
Less than 0.6 cm 2 

Symptoms:
• Dyspnea: The principle symptom of MS is exertional 

dyspnea, largely the results of reduced pulmonary 
compliance. 

• Frank pulmonary edema.  The latter may precipitated by 
any condition that increases flow across the stenotic mitral 
valve. 

• Hemoptysis: This may be due to rupture of thin walled 
bronchial veins usually as a consequence of sudden rise in 
LAP. 

• Chest Pain 
Palpitation 

• Systemic embolism; This may be first symptom and may 
occur even before development of dyspnea.  Symptom 
depends on vessel involved:

• Altered consciousness (cerebral vessels) 
Myocardial ischemia and angina pectoris (coronary) 
Systemic hypertension (renal) 

• Pulmonary infection 
• Fatigue
• Abdominal discomfort due to hepatic congestion
• Edema 

Laboratory finding
Electrocardiogram: It is relatively insensitivity for detecting Mild MS, but it 
show characteristic changes in moderate to severe obstruction. 
• Left atrial enlargement (P mitral)
• Broad 93 mm or more) component of P waves in leads V1 through V2, with 

a depth and with of 1mm or more. 
• Right ventricular hypertrophy 
• Tall (or relatively tall) R wave in lead V1 
• R:S ratio more than 1 in lead V1
• Deep S wave in leads 1, avL, and V4 through V6
• RAD of QRS complexes 

Drugs 
Classes and uses of drugs 
Classes of drugs Principal uses
Diuretics Preload reduction in heart failure 

Beta – blockers Control of ventricular rate in AF 

Calcium antagonists Control ventricular rate in AF 

Digoxin Increase contractility in heart failure control of 
ventricular rate in AF 

Coumarin anticoagulants Prevention of atrial thrombus formation in AF 

Antiarrhythmic drugs Atrial and Ventricular Tachyarrhythmia 

!"#$%&'#()"*+(#,*&"$-#,$-(&.*/(-')"#("0("1*/%01-*
!"#$#% &$#% '(% )'*#$&+*)('% ,#*-##'% .$/01% /1#.% *(% *$#&*% "#&$*% .)1#&1#% &'.%
&'#1*"#1)&%(2%1/+"%1#3#$)*4%*"&*%*"#%.$/01%5/1*%,#%1*(66#.%,#2($#%1/$0#$47%
Drugs Interaction Solution
Diuretic Hypokalemia leading to arrhythmias Potassium administration

Beta blockers Extreme bradycardia in combination 
with opioids

Anticholinergic drugs

Digoxin Hypokalemia leading to arrhythmias Potassium administration

Coumarin 
anticoagulants

Increased bleeding Fresh frozen plasma
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Asymptomatic ! Normal ECG 
Mild ! -! P mitral (LAE) 
Moderate -! P mitral with RVH, right axis deviation 
Severe -! Bilateral atrial enlargement, RVH, right axis Deviation 

Atrial fibrillation
• Fibrillation waves in leads V1 or V2 of 1 mm or more. 

Chest Cardiograph
• Straightening of left heart border 
• Prominence of main pulmonary artery 
• Dilation of upper lobe pulmonary veins 
• Kerley B lines 
• Calcification of mitral valves 
• Double shadow 
• Backward displacement of esophagus by enlarged LA. 
• Elevation of left main bronchus. 
• Calcification of mitral valve, best seen on fluoroscopy 

Echocardiogram: This is the most sensitive and specific non invasive 
method for diagnosing and quantifying severity of MS. 
• Mitral valve severity 
• Mitral valve morphology 
• Presence of severity of coexisting mitral regurgitation 
• Left atrial size and function 
• Pulmonary systolic pressures
• Left atrial size and function 
• Pulmonary systolic pressures 
• Left ventricular size and function 
• Right ventricular size and function 
• Evaluation for rheumatic involvement of aortic or tricuspid valves.

Cardiac catheterization 
• Catheterization is indicated to assess hemodynamics, when there 

is discrepancy between Doppler derived hemodynamic and clinical 
status of a symptomatic patient. 

Blood examination:
• Raised ESR 

increasing titers of antistreptolysin O 
Anti DNAase B. 

Anesthetic Management
Premedication 
• Anti-anxiety: Midazolam is the benzodiazepine most commonly 

used for anxiolytic.   The usual intra muscular dose is 0.05 to 0.1 
mg / kg.  it is common to administer titrated doses of 1.0 to 2.5 mg 
at a time intravenously.  Heavy premedication, produces significant 
hypoxemia and oxygen should be administered. 

• Hypoxemia and hypercarbia can aggravate pre-existing pulmonary 
hypertension. 

• Antisialagogue: with less likelihood of increasing heart rate, 
glycopyrrolate is the drug of choice. 

Mitral Stenosis – hemodynamic goals:
Preload Maintain, preload, avoid hypovolemia 

After load Prevent pulmonary vasoconstriction (hypoxia, hypercarbia) 
ionotropes may be required for systemic hypotension. 

Contractility RV dysfunction may be a problem with long standing pulmonary 
hypertension. 

Rate Low end of normal.  Avoid tachycardia 

Rhythm Maintained 
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Acute hypertension – Inj. Nitroprusside 0.5 – 10 micro gram / kg 
per min with monitoring. 
Hypotension – Inj phenylephrine 0.2 mg increments. 
Category Recommended Not recommended
Inducing agents Etomidate, Opioids, 

Benzodiazepines
Ketamine

Maintenance 
agents

Opioids Potent inhalation agents 
in high concentrations

Muscle 
relaxants

Succinylcholine, 
Rocuronium, 
Cisatracurium

Pancuronium

Hypotension Phenylephrine B-Adrenergic against, 
Ephedrine, Epinephrine, 
Dopamine, Dobutamine

Right heart 
failure

Reverse pulmonary 
vasoconstriction, Dilate 
pulmonary. Vasculature

Postoperative management 
• Plain relief:

epidural analgesia >>>> systemic opioids 
bupivacaine 0.125% - 0.0625% + fentanyl 4-5 µg / ml  

• Regional anesthesia in conjunction with other modalities tailored to 
each patients need may prove to offer best outcome for patients.  
Patients with decreased pulmonary compliance, increased oxygen 
cost of breathing, and deteriorating hemodynamics may require 
Ventilatory support. 

Pressure Volume Loop:
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Leeʼs revised CRI- 1999.
(Assign one point to each of the following variables)

i. High risk type of surgery (intra-peritoneal, intra-
thoracic or supra inguinal vascular procedures.

ii. History of IHD (history of MI, positive exercise test, 
current complaint of ischemic chest pain or use of 
nitrate therapy of ECG with Q waves)

iii. History of CHF
iv. History of cerebro-vascular disease
v. Insulin therapy for diabetes
vi. Preoperative serum creatinine > 2.0 mg/gl

Class I = 0 factors,
Class II = 1 factor
Class III = 2 factors
Class IV = >2 factors

High (reported cardiac risk often >5%)
• Emergent major operations, particularly in the elderly. 
• Aortic and other major vascular
• Peripheral vascular
• Anticipated prolonged surgical procedures associated 

with large fluids shifts and/or blood loss.
Intermediate (risk generally <5%)
• Carotid Endarterectomy 
• Head and neck 
• Intraperitoneal and Intrathoracic 
• Orthopedic
• Prostate
Low (Cardiac risk generally <1%)
• Endoscopic procedures 
• Superficial procedures
• Cataract
• Breast

Goldman's	
  CRI	
  -­‐	
  1977.
i. Age > yearsAge > yearsAge > yearsAge > years 5

ii. MI in previous 6 monthsMI in previous 6 monthsMI in previous 6 monthsMI in previous 6 months 10

iii. S3 gallop or ↑ JVP (0-3 cm)S3 gallop or ↑ JVP (0-3 cm)S3 gallop or ↑ JVP (0-3 cm)S3 gallop or ↑ JVP (0-3 cm) 11

iv. Important aortic stenosisImportant aortic stenosisImportant aortic stenosisImportant aortic stenosis 3

v. Rhythm other than sinus, Pac on last preoperativeRhythm other than sinus, Pac on last preoperativeRhythm other than sinus, Pac on last preoperativeRhythm other than sinus, Pac on last preoperative 7

vi. >5 PVC/min at any time before>5 PVC/min at any time before>5 PVC/min at any time before>5 PVC/min at any time before 7

vii. PaO2, < 60 or PaCO2 > 50mm Hg,
K<3.00 mEq/L or HCO3 < 20 mEq/l
BUN > 50 or Cr> 3 mg/dl. Abnormal SGOT, signs of chronic liver 
disease, bed ridden from non-cardiac cause

PaO2, < 60 or PaCO2 > 50mm Hg,
K<3.00 mEq/L or HCO3 < 20 mEq/l
BUN > 50 or Cr> 3 mg/dl. Abnormal SGOT, signs of chronic liver 
disease, bed ridden from non-cardiac cause

PaO2, < 60 or PaCO2 > 50mm Hg,
K<3.00 mEq/L or HCO3 < 20 mEq/l
BUN > 50 or Cr> 3 mg/dl. Abnormal SGOT, signs of chronic liver 
disease, bed ridden from non-cardiac cause

PaO2, < 60 or PaCO2 > 50mm Hg,
K<3.00 mEq/L or HCO3 < 20 mEq/l
BUN > 50 or Cr> 3 mg/dl. Abnormal SGOT, signs of chronic liver 
disease, bed ridden from non-cardiac cause

3

viii. Intraperitoneal, Intrathoracic, aortic surgeryIntraperitoneal, Intrathoracic, aortic surgeryIntraperitoneal, Intrathoracic, aortic surgeryIntraperitoneal, Intrathoracic, aortic surgery 3

ix. Emergency operationEmergency operationEmergency operationEmergency operation 4

TotalTotalTotalTotal 53

Class I 0-5 points (low risk)

Class II 6-12 points (intermediate risk)

Class III 13-25 points (high risk)

Class IV ≥ 26 points (very high)

Detsky’s	
  ModiGied	
  CRI	
  -­‐	
  1986
i. Age > 70 years 5

ii. MI < 6 months 10

iii. MI > 6 months 5

iv. Unstable angina 10

v. Pulmonary edema < 1 week 10

vi. Pulmonary edema in the past 5

vii. Non sinus rhythm PAC 5

viii. CCVSA class III 10

ix. CCVSA class IV 20

x. Critical As 20

xi. Emergency operation 5

xii. Poor general status 5

Total 120
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Risk of Perioperative re-infarction in patients suffered with recent MI:

Duration Since Last MI Re-infarct Rate

With in 3 months 30%

3 - 6 months 15%

> 6 months 6%

ANESTHETIC MANAGEMENT
!"#$%!#"&'()#*!"#!&"&'(%+
• Continue the anti-hypertensives/anti anginal drugs till the time of surgery
• ACEI is skipped on the day of surgery
• Aspirin/clopidogrel - stopped 7 days before
• Ticlopidine-stopped 14 days before,
• Platelet GPllb/Illa inhibitors: 
• Abciximab - 24 -48 hours 

Eptifibatide & tirofiban -4-8 hours 
• Warfarin - Should be discontinued 4 - 5 days prior to surgery.
• If emergency - CNB can be done if INR < 1.5

Vitamin K 10-25 mg im/IV - slowly 12-24 hours prior to surgery. 
• Heparin: Delay the heparin administration - 1-2 hours after the 

procedure. Remove the catheter after 2-4 hours of last heparin dose. 
Re-heparinized only after 2 hours of removal of catheter.

• LMWH: Risk of bleeding/spinal hematoma are decreased. CNB can be 
performed safely after 12-24 hours of administration. Catheter should be 
removed 12 hours after the last LMWH administration.

• High risk patients - pre-operative NTG infusions may be started. 
• Prophylaxis for venous thromboembolism may be required for some 

surgeries like major surgery in a patient with clinical conditions 
associated with venous thromboembolism risk or patients older than 60 
years without risk factors, total hip replacement, intracranial 
neurosurgeries etc.

ECG leads! Coronary artery responsible for ischemia 
II, III, aVF! ! RCA
I, avL! ! ! CCA
V3 – V5! ! LAD

Sensitivity of leads to monitor ischemia
• V3-61%, V5-75%, V4+V5-90%,   II + V5 -80%,!                 

II + V4+V5-98%
• MI is defined as persistent ST-T changes lasting 60 

seconds.
• If only one lead can be displayed, V5 should be used 

because lead V5 has the greatest sensitivity.
• (75% intraoperatively and 89% during exercise treadmill 

testing). 

HAEMODYNAMIC GOALS DURING ANESTHESIA ARE:
Objective is to maintain a favorable myocardial supply - 
demand relationship.
1. Autonomic mediated increases in HR and BP should be 

controlled by deep anesthesia or adrenergic blockade and 
excessive reductions in coronary perfusion pressure or 
arterial oxygen content are to be avoided.

2. Diastolic arterial pressure should be generally maintained at 
50mm Hg or above. Higher diastolic pressure may be 
preferable in patient with high grade coronary occlusion.

3. Excessive increase in LVEDP (such as those caused by 
fluid overload) should be avoided because they ↑ L,V. after 
load and can ↓ sub endocardial perfusion.

4. Adequate blood Hb > 9-10 mg/dl and arterial oxygen 
tension (>60mm Hg) should generally be maintained.
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Fetal:
1. Cerebral thrombosis. 
2. Anoxia 
3. Renal failure 
4. Cardiac arrest
5. Coronary thrombosis. 
6. C.V.S. collapse.

Precaution
• Careful pre evaluation of the 

patient regarding function of each 
and every organ.

• – 1.5 hrs is the upper limit of the 
length of time that hypotension 
should be permitted, more 
complications occurs if duration 
is more.

• Maintain normal blood volume by 
replacing blood loss.

• Maintain airway and complete 
oxygenation.

• Proper post operative care 
should be given. 

COMMONLY USED HYPOTENSIVE AGENTS

Drugs Dosage
Mechanism of 
action Advantage Disadvantage

1. Sodium 
nitroprusside 

0.5 to 10μg/kg/iv Nitric oxide 
mediated direct 
vasodilator

Rapid onset and 
offset

Cyanide toxicity, ↑ ILP 
rebound HTN, ↑ pulmonary 
shunt coagulates abnormal

2. NTG 
nitroglycerine 

1 to 10 μ/kg/iv Same of nitric 
oxide

Rapid onset and 
offset

Cyanide toxicity, ↑ ILP 
rebound HTN, ↑ pulmonary 
shunt coagulates abnormal

3. Trimethaphan 1 to 5mg/iv Ganglion 
blockade

Rapid onset and 
offset

Histamine release, 
↓pseudocholinesterase 
cerebral compression below 
MAP 55mmHg

4. Esmolol 0.2 to 5mg/kg/iv 
loading, 
50-200μg/kg/iv

β-adrenergic 
blockade

Rapid onset and 
offset

Cardiac depress and 
bronchospasm

5. Labetalol 20mg tab 0.5 to 
2mg iv, total 
300mg

α and β - 
adrenergic 
blocked

↓ probability of 
adverse effects

Bronchospasm

6. PGE1 0.1 to 0.65 μg/
kg/iv

Direct 
vasodilation

Rapid onset, 
decreases reflex 
tachycardia and 
stable CBF

Slow offset, bradycardia 
hypotension

7. Nicardipine Begin 5mg/hr 
max 15mg/hr

Coronary and 
peripheral 
vasodilator

rapid onset, 
decreases reflex 
tachycardia and 
stable CBF

Slow off, resists 
antihypotensive therapy. ↑ 
pulmonary. shunt

8. Inhalation 
anesthetics 

Titrate by 
inspired conc.

Vasodilation and 
myocardial 
depression

Provides 
surgical therapy

↑ ICP, ↑ cerebral edema, ↓ 
vital organ blood flow
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• Ratio between diastolic – pressure time index 
(DPTI) and tension time index (TTI) is called 
endocardial viability ratio.

• Normally it is 1 or more.
• Ratio less than 0.7 indicate subendocardial 

ischemia. 

• DPTI ! Measure of blood flow to the left 
ventricle 

• Coronary perfusion pressure x diastolic time.
• TTI ! Measure of O2 demand. 

• Systolic BP and systolic time.

• Endocardial viability ratio can be useful in 
evaluating O2 supply and demand balance.

• Myocardial O2 demand is the most important 
determinant of myocardial blood flow.

• Relative contribution to O2 requirements 
includes.

• Basal requirement - ! 20%
• Electrical activity  -! 1%
• Pressure work      !-! 64%
• Volume work         -! 15%

• Myocardium normally extracts 65% of O2 in 
arterial but while other tissues extract only 25%. 
Therefore myocardium cannot compensates for 
decrease in blood flow by extracting more O2 
from Hb. Any increase in myocardial metabolic 
demand must be met by an increase in 
coronary blood flow. 

Endocardial Viability Ratio = DPTI/TTI

Factors affecting myocardial O2 supply and demand balance.

DECREASE O2 SUPPLY INCREASE O2 DEMAND 

Decrease coronary blood flow Tachycardia 

Tachycardia Increase wall tension (↑preload & after 
load )

Hypotension (diastolic)  Increase myocardial contractility

Increase preload Hypertrophy

Hypocapnia (coronary vasoconstriction) Shivering

Coronary artery spasm HTN

II) DECREASE O2 CONTENT ± 
AVAILABILITY 

Increase metabolic status

Anemia Increase stress (surgery)

Hypoxemia Exercise

Decrease O2 release from Hb                                    
Increase pH
Decrease, DPG
Decrease temp
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24. What are the side effects of different irrigation solutions?

Solution
Osmolality 
(MOSM/L) Advantages Disadvantages

Distilled water 0.0 Improved visibility Hemolysis, Hemoglobinemia, 
Hemoglobinuria Hyponatremia

Glycine (1.5%) 220 Less likelihood of Transurethral Resection 
syndrome

Transient postoperative visual syndrome, 
Hyperammonemia Hyperoxaluria

Sorbitol (3.3%) 165 Same as Glycine Hyperglycemia, possible Lactic acidosis 
Osmotic diuresis

Mannitol (5%) 275 Isosmolar solution itʼs Not metabolized Osmotic diuresis possibility of acute 
intravascular volume expansion.

Normal Saline 308 (ISo) Ionized, cannot be used with cautery

Urea 1% 167 Free passage into  extra-
vascular space,↑ Blood urea

Glycine (1.2%) 175 Less likelihood of TURP syndrome Transient visual impairment 
(blindness)
Hyperammonemia, Hyperoxaluria

Glucose 2.4 - 5% 139 Sticky
Cytal 
(sorbitol 2.7% +
Mannitol (.54%)

178 Expensive
Not easily available
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What are the systemic effects of Glycine?

Volume of Glycine absorbed Signs and symptoms

>500 ml Visual disturbances, headache

>1000 ml Depressed consciousness, Pain 
abdomen

>3000 ml Diarrhea

Plasma conc. of Glycine Signs and symptoms

5-8 mmol/l Visual disturbances

>10 mmol/l Transient blindness, N&V

>20 mmol/l Fatal

What are the manifestation of Hyponatremia?
Serum 
Sodium 
(mEq/L)

ECG Changes CNS CVS 
Manifestations

120 Widened QRS Restlessness and 
confusion

hypotension & 
Bradycardia

115 Widened QRs/elevated 
St segment

Nausea and / or 
semi coma

Cardiac depression

110 Ventricular tachycardia/
fibrillation

Seizure and coma CHF

What is the strength of sodium in various 
solutions?
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Classic Formulas:

Hypernatremia

Total H2O deficit (L) =  total body
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desired
Na+

)
serum
Na+

Hyponatremia
Na+ requirement (mmol) = total body water x (desired Na+ -
serum Na+ )

Rate of infusion (cc/hr)
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Formula to calculate the sodium deficit?
• Sodium deficit (mEq) = Weight X Normal TBW X (130 - Current Na)
• The normal TBW (in liters) is 60% of the lean body weight (in kg) in men, 

and 50% of the lean body weight in women. Thus, for a 60 kg woman 
with a plasma sodium of 120 mEq/L, the sodium deficit will be 0.5 × 60 × 
(130 - 120) = 300 mEq.

• E.g.Because 3% sodium chloride contains 513 mEq of sodium per liter, the 
volume of hypertonic saline needed to correct a sodium deficit of 300 mEq will 
be 300/513 = 585 mL. Using a maximum rate of rise of 0.5 mEq/L per hour for 
the plasma sodium (to limit the risk of a demyelinating encephalopathy), the 
sodium concentration deficit of 10 mEq/L in the previous example should be 
corrected over at least 20 hours. Thus, the maximum rate of hypertonic fluid 
administration will be 585/20 = 29 mL/hour. If isotonic saline is used for sodium 
replacement, the replacement volume will be 3.3 times the replacement volume 
of the hypertonic 3% saline solution.

PHARMACOLOGY OF INHALATIONAL ANESTHETICS  59

MAC), allowing estimation of anesthetic depth in patients receiving more than 
one agent concurrently (usually a volatile anesthetic and nitrous oxide).

Multiples of the MAC for inhalational anesthetics can be used to describe 
differing depths of anesthesia, although MAC multiples are not linear because 
the dose–response curves for different agents do not parallel. Nevertheless, 
some useful dose levels are:

0.3–0.4 MAC is associated with awakening from anesthesia in the absence 
of other agents (referred to as MAC-awake).
1.3 MAC is known to prevent movement in 95% of patients in response to 
a surgical incision (making 1.3 MAC an inhalational anesthetic analog to 
an ED95 dose used for intravenous agents).
1.5 MAC typically blocks the adrenergic response to the surgical stimulus.

Please note that the MAC values cited above for inhalational anesthetics are 
values for normal adults. Table 5.2 lists MAC values for commonly used inha-
lational agents.

The MAC value for an inhalational anesthetic may be increased or decreased 
in individual patients by a variety of factors, as outlined in Table 5.3:

Nitrous Oxide
Nitrous oxide is a colorless, nonpungent gas with a slightly sweet odor and 
taste. It is the only inorganic chemical in current use as an anesthetic. The 
vapor pressure of nitrous oxide at room temperature is 745 PSI. Therefore, it 
exists as a gas at atmospheric pressure, because its critical temperature (the 
temperature below which a gas cannot be liquefied, no matter how high the 
applied pressure) is in the range of ambient operating room temperatures. It is 
stored as a compressed liquid. Note that due to its low potency (MAC = 105%). 

 Table 5.2 Minimum alveolar  
concentration (MAC) values.

Agent MAC

Desflurane 6.0%

Sevoflurane 2.05%

Isoflurane 1.15%

Halothane 0.75%

Nitrous Oxide 105%
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administration of 1 MAC of nitrous oxide at atmospheric pressure is not 
possible – as this would lead to asphyxia from a lack of oxygen. In practice, the 
highest MAC of nitrous oxide that can be delivered on most anesthesia machines 
is 0.67 (corresponding to an inspired concentration of 70%).

Cardiovascular effects: Nitrous oxide depresses myocardial contractility, 
but this effect is usually offset by its stimulation of the sympathetic nervous 
system. Blood pressure and heart rate are generally unchanged by adminis-
tration of nitrous oxide in the absence of surgical stimulation.
Respiratory effects: Nitrous oxide causes an increase in respiratory rate 
and a decrease in tidal volume. These effects are balanced, so that minute 
ventilation is minimally changed. Hypoxic ventilatory drive is markedly 
diminished, so that patients may remain apneic despite marked hypoxemia. 
Nitrous oxide may increase pulmonary vascular resistance and is generally 
avoided in patients with pulmonary hypertension.
Cerebral effects: Nitrous oxide increases cerebral blood flow, blood vol-
ume, and oxygen consumption. Intracranial pressure is mildly increased.
Diffusion into gas filled spaces: Nitrous oxide can diffuse from the patient’s 
blood into gas-filled spaces within the patient (bowel gas, pneumothorax, etc.) 
more rapidly than other gases (e.g. nitrogen) can diffuse out. This is because 
nitrous oxide is 20 times more solubile in blood than nitrogen. This diffusion 
continues until the partial pressure of nitrous oxide in the space equals that in 
the blood. The accumulation of nitrous oxide can lead to expansion of the gas-
filled space, causing distention of the bowel or expansion of a pneumothorax.
Methionine synthetase inhibition: Nitrous oxide oxidizes the cobalt atom 
in vitamin B12, inactivating vitamin B12-dependent enzymes, such as 

Table 5.3 Factors affecting MAC.

Increased MAC Decreased MAC

Children (from infancy to adolescence)

Hypernatremia

Cocaine or amphetamine intoxication

Chronic alcohol use

MAO inhibitors

Tricyclic antidepressants

Premature infants and the elderly

Hypothermia

Pregnancy

Acute alcohol intoxication

Opiates, benzodiazepines, barbiturates, clonidine, 
dexmedetomidine
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When nerve cells are at rest, these sodium channels are in a resting, noncon-
ducting state, and the cell has a resting membrane potential of about −70 mV. 
During membrane depolarization, the sodium channels open briefly, allowing 
sodium ions to flow into the cell and the transmembrane potential to rise to 
+35 mV. After a depolarization, the sodium channels get rapidly inactivated 
and the resting membrane potential is reestablished. This series of events is 
collectively referred to as the action potential.

Local anesthetics preferentially bind to sodium channels in the open or 
inactivated state and prevent ion conduction. When local anesthetic molecules 
have bound to a sufficient number of sodium channels, the membrane is unable 
to depolarize sufficiently to reach the threshold potential, and generation of an 
action potential is prevented.

Factors Affecting Local Anesthetic Action
Fiber size and type: Peripheral nerves contain myelinated A and B fibers 
and unmyelinated C fibers, as outlined in Table 6.1. In general, smaller 
nerve fibers of the same type are more readily blocked than larger fibers, 
yet the smaller unmyelinated fibers are less easily blocked than the larger 
myelinated ones. The “size principle” leads to the commonly observed 
phenomenon of differential conduction blockade, in which sympathetic 
fibers are more easily blocked than pain and temperature fibers, which 
are more easily blocked than motor, pressure, and proprioceptive fibers. 
Clinically, this phenomenon is seen in patients who may have incomplete 
blockade of motor fibers and pressure sensations despite sympathectomy 
and blockade of pain sensations. There is considerable overlap of local 
anesthetic sensitivity among nerve fiber types.
pH: Most local anesthetics are weak bases that exist as an equilibrium of 
a more lipid soluble, neutral form and a less lipid soluble, charged form. 
The local anesthetics typically have pKa’s greater than 7.4, so less than 50% 
of the drug exists in the lipid soluble form in normal extracellular fluid. 
Additionally, commercial preparations of local anesthetics typically have 

Table 6.1 Pain fiber types.

Fiber type Local anesthetic sensitivity Size Myelination

A + Large Yes

B ++ Medium Yes

C +++ Small No
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Airway Management
Everyone rotating through anesthesia wants to learn how to intubate, but it is 
more important to learn the way to effectively bag-mask ventilate a patient. 
Early general anesthetics were given by “open drop” masks and required great 

Table 2.1 Historical dates of note.

1500 BC The use of opium-like preparations in anesthesia recorded in the Ebers Papyrus

1275 Ether discovered by Spanish chemist Raymundus Lullius

1540 The synthesis of ether was described by German scientist Valerius Cordus

1665 First intravenous injection of an opiate through a quill

1773 Joseph Priestly introduces nitrous oxide

1842 Crawford W. Long successfully uses ether during neck tumor excision in Jefferson, Georgia

1845 Horace Wells publicly demonstrates the use of nitrous oxide in Boston – however, it is 
labeled a “failure”

1846 William T.G. Morton shows first successful public demonstration of ether anesthesia at 
Massachusetts General Hospital, Boston.

1847 James Young Simpson uses Chloroform for labor pain

1853 John Snow administers chloroform to Queen Victoria during childbirth

1878 William MacEwan introduces oro-tracheal intubation with a flexible brass tube

1884 Carl Koller discovers local anesthetic properties of cocaine

1889 August Bier describes spinal anesthesia for surgery

1894 Anesthetic charts introduced

1905 Long Island Society of Anesthetists founded

1921 Fidel Pagés describes a lumbar approach to epidural anesthesia

1932 First barbiturate, hexobarbital, used clinically

1941 Robert Miller and Sir Robert Macintosh introduce “Miller” and “Macintosh” blade concepts, 
respectively

1942 Harold Griffith uses curare for the first time during an appendectomy

1956 Michael Johnstone introduces halothane, a halogenated inhalational agent

1960s Fentanyl, ketamine and etomidate synthesized

1977 Propofol is synthesized

1970s Pulse oximeter is developed and becomes widely available for use in 1980s

1980s Halothane gradually replaced by enflurane and isoflurane

1983 Archie I.J. Brain introduces Laryngeal Mask Airway (LMA)

1986 ASA House of Delegates passes “Standards for Basic Anesthetic Monitoring” resolution

1990s Sevoflurane and Desflurane introduced into clinical practice

2000s Anesthesia Information Management Systems (AIMs) come into widespread use

PHARMACOLOGY OF INTRAVENOUS ANESTHETIC AGENTS   45

Typical induction agents include propofol, thiopental, etomidate, and ketamine. 
The agent chosen is usually determined by each drug’s side effect profile in 
relation to the patient or the case. Table 4.3 summarizes intravenous drugs and 
their dosages commonly used in anesthesia practice.

Propofol is the most commonly used induction agent and acts by enhanc-
ing transmission at the GABA-A receptor. Because of its rapid onset, titrat-
ability and short duration of action, propofol is also frequently utilized as an 
IV infusion to provide sedation for MAC or sedation cases, or as part of a 
balanced general anesthetic.

Propofol is a water insoluble agent that can only be administered intra-
venously. It is prepared as 1% emulsion with egg lecithin, glycerol, and 
soybean oil.

Propofol’s initial distribution half-life is 2–8 min, and it undergoes rapid 
hepatic metabolism to water soluble metabolites which are excreted by the 
kidneys. Remarkably, few pharmacokinetic changes are noted in the elimina-
tion of propofol for patients with liver or renal disease.

Propofol is a potent cardiovascular and respiratory depressant, and it 
should only be used by persons qualified and prepared to maintain the patient’s 
airway and hemodynamic stability. Propofol is often avoided in cases where 

 Table 4.3 Recommended drug dosages for common IV agents.a

Benzodiazepinesb

Midazolam 1–4 mg

Diazepam 2.5–10 mg

Lorazepam 1–4 mg

Opioids (Bolus)b

Morphine 1–5 mg

Hydromorphone 0.2–0.5 mg

Fentanyl 25–100 mcg

Meperidine 25–50 mg

Induction agents

Propofol 2–2.5 mg/kg (induction), 25–200 mcg/kg/min (infusion)

Thiopental 3–5 mg/kg

Etomidate 0.2–0.5 mg/kg

Ketamine 1–2 mg/kg IV, 3–4 mg/kg IM (induction or bolus), 
1–2 mg/kg/h infusion

Neuromusclular blockersc

Succinylcholine 1–2 mg/kg, 20 mg bolus for laryngospasm

Rocuronium 0.6 mg/kg

Vecuronium 0.1 mg/kg

Cisatracurium 0.15 mg/kg

Pancuronium 0.1 mg/kg

a Adult dosages: Always start at low end of range and titrate up.
b Titration ranges for premedication or intraop/post op bolus dosing.
c Intubating dosages: Divide by 3 for ED95, divide by 5 for maintenance bolus dosing.
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Bradycardia, owing to a resemblance to acetylcholine and subsequent action on 
muscarinic receptors, and malignant hyperthermia (a rare hypermetabolic state 
that can occur in the skeletal muscle of susceptible individuals) are other side 
effects of note. Table 4.5 shows contraindications to the use of succinylcholine. 
Because of its mechanism of action, succinylcholine cannot be “reversed” by 
acetylcholinesterase inhibitors. In fact, attempting reversal can actually make 
neuromuscular blockade prolonged and more intense.

Nondepolarizing NMBs
There are several types of nondepolarizing NMBs, with the four in most com-
mon use being rocuronium, vecuronium, cisatracurium, and pancuronium 
(see Table 4.6). They can be subdivided according to their chemical struc-
ture into benzylisoquinoliniums (cisatracurium), and steroidals (rocuronium, 
vecuronium, and pancuronium). NMBs exert their effects by competitively 

Table 4.5 Contraindications to succinylcholine use.

Elevated serum potassium levels ( 5.5 meq/L)

History of burn injury

History of denervation injury

Known or suspected myopathy

Known or suspected risk for Malignant Hyperthermia

Known pseudocholinesterase deficiency

Table 4.6 Neuromuscular blocking drugs.

Drug Onset Duration Mode of elimination Important notes/side 
effects

Succinylcholine 30–45 s 5 min Plasma cholinesterase Increased duration in pts 
with pseudocholinesterase 
deficiencyCisatracurium 2–4 min 30–40 min Hoffman degradation

Vecuronium 2–4 min 30–40 min Liver/renal Few side effects

Pancuronium 4–6 min 120–
180 min

Liver/renal Can cause tachycardia & 
hypertension

Rocuronium 1–2 min 30–40 min Liver/renal May be used for rapid sequence 
induction if succinylcholine 
contraindicated
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Peak blood levels of local anesthetics are related to the dose administered 
and the rate of absorption of the drug from its site of action. Injection into 
a highly vascular area leads to higher blood levels of the drug than placing a 
similar amount of drug into a less vascular area. The rank order of peak blood 
concentrations of local anesthetic after administration of the same dose of drug 
at different sites is shown below:

intravenous  tracheal  intercostal  caudal  epidural  brachial plexus  sciatic  subcutaneous injection

Epinephrine and other vasoconstrictors slow the rate of absorption.
Strongly protein-bound local anesthetics (e.g. bupivacaine and ropivacaine) 

tend to be more lipid soluble, more potent, and have longer times to onset, longer 
durations of action, and slower absorption from neural tissue (Table 6.2).

Benzene
ring

(lipophilic) 

Figure 6.1 Local anesthetic structure.

Table 6.2 Properties of common local anesthetic agents.

Agent Onset of action pKa (36°C) Max dose  
(mg/kg)*

Duration of 
action (h)

Amides Lidocaine Rapid 7.8 4.5 (7 with epi) 1–2

Mepivacaine Moderate 7.7 5 (7 with epi) 1.5–3

Prilocaine Slow 8.0 6 (9 with epi) 1–2

Ropivacaine Slow 8.1 2.5 (3 with epi) 4–8

Bupivacaine Slow 8.1 2.5 (3 with epi) 4–8

Esters 2-Chloroprocaine Very Rapid 9.1 9 (15 with epi) 0.5–1

Procaine Rapid 8.9 7 (10 with epi) 0.75–1

Tetracaine Slow 8.4 1.5(2.5 with epi) 3

Cocaine Rapid 8.7 1.5 0.5

* Maximum dose for a single subcutaneous injection.
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usually administered to patients who have both low blood pressure and low 
heart rate. In addition to having vasopressor effects, ephedrine is also a bron-
chodilator, and it can be administered to patients who are in bronchospasm.

Phenylephrine acts on alpha receptors causing increased vascular resistance 
and blood pressure. It has no beta agonist effects and frequently causes a 
reflex bradycardia (i.e. high blood pressure stimulates baroreceptors thereby 
decreasing heart rate). Phenylephrine is usually administered to patients who 
have low blood pressure and high heart rates. It must be used with caution in 
patients with ischemic heart disease, as it can actually decrease cardiac output.

Norepinephrine acts on both alpha and beta receptors, with alpha activity 
predominating. Norepinephrine leads to increases in blood pressure primarily 
by causing increased systemic vascular resistance. Because of baroreceptor 
mediated reflex bradycardia, cardiac output may actually decrease with the 
administration of norepinephrine – in spite of an increase in blood pressure.

Dopamine acts on alpha, beta, and dopamine receptors, depending on the 
dose administered. At low doses (< 3 mcg/kg/min), dopamine will redistribute 
blood flow to the kidneys and may increase urine output. At higher doses, 
alpha and beta receptor actions predominate, leading to increased cardiac 
contractility and systemic vascular resistance.

Table 7.2 depicts commonly used vasopressors and their sites of action, and 
Table 7.3 depicts dosing regimens for these drugs.

Antiemetics
Postoperative nausea and vomiting (PONV) is one of the leading reasons for 
patient complaints, delayed postoperative discharge, and patient dissatisfaction 
with their anesthesia experience. There are various mechanisms by which 

Table 7.1 Actions of vasoactive receptor sites.

Receptor Receptor site action

-1 Glycogenolysis, gluconeogenesis, constricts vascular smooth muscle, relaxes GI tract

-2 Constricts vascular smooth muscle, decreases insulin secretion and norepinephrine 
release

-1 Increases heart rate and contractility, secretion of renin

-2 Glycogenolysis, gluconeogenesis, relaxes vascular smooth muscle and bronchioles

-1 Increases renin release, dilates vascular smooth muscle

-2 Constricts smooth muscle, inhibits norepinephrine release
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surgery and anesthesia can cause nausea and vomiting, and consequently there 
are many different drugs available for prevention and treatment.

Serotonin antagonists are the mainstay of antiemetic prophylaxis and 
PONV treatment. These drugs work by blocking 5HT3 receptor binding. 
Ondansetron is by far the most commonly used serotonin antagonist, but 
dolasetron and granisetron are also available. Patients at moderate to high risk 
for PONV can be given a prophylactic serotonin antagonist prior to surgery, 
but current guidelines for low risk patients are to treat only those who exhibit 
nausea and vomiting postoperatively. Side effects sometimes include headache, 
lightheadedness or drowsiness.

Promethazine (Phenergan) is a common second line agent for treatment 
of nausea and vomiting that has not responded to a serotonin antagonist. 
Promethazine is a nonselective antihistamine that may lead to drowsiness, and 
should be used with caution in patients for whom excessive sedation could be 
detrimental (e.g. those with sleep apnea or those receiving narcotics or other 
respiratory depressants).

Dexamethasone is recommended as part of a prophylactic regimen 
(typically in concert with a serotonin antagonist) for patients at moderate 
or high risk for postoperative nausea and vomiting. The exact mechanism 
by which dexamethasone decreases PONV is still unknown. Side effects are 
minimal at the recommended dose ranges.

Table 7.2 Receptor actions of commonly used vasopressors.

Drug Direct Indirect Site of action

Ephedrine + ++ , 

Phenylephrine +

Norepinephrine + , 

Dopamine ++ + , , D (dopamine receptor)

Table 7.3 Vasopressor dosing.

Ephedrine 2.5–10 mg IV bolus

Phenylephrine 40–100 mcg IV bolus or 20–150 mcg/min infusion

Norepinephrine 0.01–0.1 mcg/kg/min infusion

Dopamine 2–20 mcg/kg/min infusion78  ANESTHESIA STUDENT SURVIVAL GUIDE

Droperidol blocks the transmission of dopamine, serotonin, and GABA. 
Though an extremely effective antiemetic, it is typically reserved for refractory 
nausea and vomiting due to concerns about QT prolongation, and the 
consequent need to monitor the cardiac rhythm of patients after treatment. 
Droperidol also possesses sedative properties, and was once popular as a 
premedication prior to surgery.

Scopolamine is an anticholinergic drug which is often administered 
preoperatively via a transdermal patch (lasts up to 3 days). Patients should be 
counseled to wash their hands after the removal of a scopolamine patch, as 
inadvertent rubbing of the eyes may lead to prolonged pupillary dilation.

Commonly used antiemetics and their dosages are outlined in Table 7.4.

Antihypertensives
A full discussion of all antihypertensive agents is beyond the scope of 
this text, but it is worth noting that many patients require blood pressure 
reduction perioperatively. As with many anesthetic agents, favored antihy-
pertensives tend to be available intravenously and have short (or at least 
consistent) durations of action.

Beta blockers such as metoprolol or labetelol are easy to dose, and have 
been shown in studies to positively affect outcomes in patients with preexisting 
coronary artery disease. Esmolol is a pure 1 receptor antagonist that is 
commonly used intraoperatively, because of its extremely quick onset and short 
duration of action. Calcium channel blockers can be administered as boluses 
or precisely titrated as drips, and are frequently used for tight control of blood 

Table 7.4 Commonly used antiemetics.a

Ondansetron (Zofran) 4 mg IV, may repeat x 1 (0.1mg/kg up to 4mg in children)

Dolasetron (Anzemet) 12.5 mg IV, may repeat × 1

Granisetron (Kytril) 0.5–1 mg IV

Promethazine (Phenergan) 12.5–25 mg IV, may repeat × 1

Dexamethasone (Decadron) 4–8 mg IV, best given early during intraoperative period

Droperidol (Inapsine)b 0.625 mg IV, may repeat q 10 min × 3

aAll dosages for adults unless noted.
bMust monitor ECG for 2 h post administration.
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The Interview
Among the most vital parts of the preoperative evaluation is the development 
of strong rapport with the patient. Fear, anxiety, uncertainty, loss of control, 
and/or vulnerability are common emotions experienced by surgical patients. 
A high state of anxiety can have a detrimental effect on the recovery process. 
Studies have shown that well-informed patients experience less anxiety, are 
more easily mobilized, tend to be more satisfied with the care they receive, and 
report better overall postoperative well-being. Therefore, the development of 
a confident doctor–patient relationship can provide a strong foundation for 
good patient care and outcomes.

History and Physical
History
Obtaining a pertinent history and physical is an essential part of tailoring the 
anesthetic plan. A systematic approach to collecting patient history is often 
used to make sure that all relevant topics are covered.

Airway
The majority of anesthetic complications are due to respiratory injuries. Among 
the causes of the respiratory injury are inadequate ventilation, esophageal 
intubation, and difficult tracheal intubation. Since 17% of respiratory related 
injuries are due to difficult intubation, and up to 28% of all anesthesia-related 
deaths are due to the inability to mask-ventilate or intubate, recognizing a 
potential difficult airway in the preoperative evaluation holds great importance. 
It is important to question the patient about any prior anesthetics and any 
history of difficult intubation or mask ventilation.

Physical factors affecting mask ventilation can be determined from age and 
physical history as shown in the list below. If the likelihood of a difficult mask 

Factors Affecting Mask Ventilation

 26 kg/m2

 55

Adapted from Langeron, O. Prediction of difficult mask ventilation. Anesthesiology 200; 92:1229.
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ventilation is judged to be high, careful anesthetic planning (e.g., ensuring that 
a difficult airway cart is available) is needed.

The second most common airway complication involves patient dentition. 
It is imperative to discuss with the patient if he/she has any dentures, loose 
teeth, caps, crowns or anything else that can put the patient at risk for tooth 
injury or aspiration of a dislodged piece.

In evaluating the cardiovascular system, the main objective should be to decide 
whether a patient needs further cardiac testing (stress test) or intervention 
(cardiac catheterization) prior to elective surgery.

Patients should be asked about any history of heart attacks, hypertension, 
shortness of breath, dyspnea, use of anticoagulants, diuretics, heart surgery, 
edema, chest pain, chest tightness, use of antibiotics before dental work, blood 
pressure medication, last echocardiogram, or stress test.

One should then determine a patient’s functional capacity (see table below). 
Studies have correlated better perioperative outcome with patients whose 
metabolic equivalent (MET) activity was greater than or equal to 4 METs  
(see Table 8.1).

The revised ACC/AHA guidelines (2007) recommend the following 
stepwise approach to evaluating a patient’s cardiac status for patients undergoing 
noncardiac surgery:

Table 8.1 Energy requirements for various activities.

Adapted with permission from Brigham and Women’s Hospital Preoperative Assessment Form.
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Step 5: Patients with poor/unknown functional capacity
 In these patients, the presence or absence of active clinical risk factors 

determines the need for further evaluation.

Postoperative pulmonary complications can prolong the hospital stay by 
an average of 1–2 weeks. Therefore, it is important to review patient and 
procedure-related risk factors, perform a clinical evaluation, and recommend 
risk-reduction strategies to improve patient care and outcome.
Potential patient-related risk factors for perioperative pulmonary complica-
tions include:

Smoking
Poor general health status (ASA > 2)
Old age (>70)
Obesity
Chronic obstructive pulmonary disease
Reactive Airway Disease (Asthma)

Potential procedure-related risk factors include:

Surgery > 3 h
General anesthesia

Clinical Risk Factors for Increased Perioperative Cardiac Risk

# Clinical risk 
factors

Surgical Risk Action

1–2

3+

Source: ACC/AHA 2007 Guidelines on Perioperative Cardiovascular Evaluation and Care for 
Noncardiac Surgery: Executive Summary. JACC Vol. 50, No. 17, 2007.
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The type of surgery
Use of pancuronium1

Clinical evaluation should encompass a thorough history (i.e., questioning 
about shortness of breath, wheezing, chest pain, bronchitis, asthma, emphy-
sema, recent fever/chills, history of pneumonia or lung surgery, use of steroids) 
and a physical exam (i.e., auscultation for decreased breath sounds, wheezes, 
rhonchi, prolonged expiratory phase). Once all of the information is gathered, 
risk-reduction strategies (Table 8.2) can be applied to optimize patient care.

Hepatic disease can contribute to end-organ dysfunction (endocrine system, 
pulmonary edema, pulmonary hypertension, renal failure, and cardiomyopa-
thy) and increase the risk during certain surgeries. Hepatic disease can also 
cause abnormal coagulation and altered drug pharmacokinetics.

Table 8.2 Risk reduction strategies for pulmonary complications.

Preoperative

Intraoperative

Postoperative

Adapted from Smetana et al. Preoperative pulmonary evaluation. NEJM. Vol 340: 2008.

1
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Table 9.1 Components of the preoperative airway physical examination.

Component Nonreassuring finding

Length of upper incisors Relatively long

Relation of maxillary and mandibular inci-
sors during normal jaw closure

Prominent “overbite” (maxillary incisors anterior to man-
dibular incisors)

Relation of maxillary and mandibular inci-
sors during voluntary protrusion of the jaw

Patient’s mandibular incisors anterior to (in front of) maxillary 
incisors

Inter-incisor distance (mouth opening) <3 cm

Visibility of uvula Not visible when tongue is protruded with patient in sitting  
position (e.g., Mallampati class > II)

Shape of palate Highly arched or narrow

Compliance of submandibular space Stiff, indurated, occupied by mass, or non-resilient

Thyromental distance <3 finger breadths or 6–7 cm

Length of neck Short

Thickness of neck Thick (neck size > 17 inches)

Range of motion of head and neck Patient cannot touch tip of chin to chest or cannot extend neck

Reproduced with permission from Caplan RA, Benumof JA, Berry FA (2003) Practice guidelines for 
the management of the difficult airway: an updated report by the American Society of Anesthesi-
ologist’s Task Force on management of the difficult airway. Anesthesiology 98:1269–1277.

Figure 9.2 The glottis and epiglottis (Reproduced with permission from Principles of Airway 
Management, 3rd ed., Brendan Finucane and Albert Santora, Springer 2003).
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from the flow control valve to the patient. This prevents high pressures (that could 
induce barotrauma, or lung damage) from being delivered to the patient. A mod-
ern day anesthesia machine and its major components is shown in Figure 10.1).
Gases flow from the pipeline (or cylinder) into the machine, where they are 
directed through the fail-safe valve and into the flow control valve. From there, 
gases flow into the flowmeters, then into the vaporizers, and finally the anes-
thesia circuit and patient via the common gas outlet (see Fig. 10.2).

Pipeline Inlets
Gases arrive from a central hospital supply via a pipeline system that connects to 
the anesthesia machine. The pipeline and the hoses are both color coded: green 
for oxygen, yellow for air, and blue for nitrous oxide. The hoses connect to the 
machine using a diameter-index safety system (DISS). The DISS (Fig. 10.3) is a 
noninterchangeable threaded connection that makes it physically impossible to 
attach an oxygen hose to any port other than an oxygen outlet, because the size 
and diameter of the wall connections and hose adapters are gas specific.

Table 10.1 Basic anesthesia machine components.

2, N2

Note: the breathing circuit and CO2 absorber are separate from the machine.

Table 10.2 Components of the high and low pressure systems.
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Our preflight check starts at the beginning of the day with our initial room 
setup. In preparing a room, most anesthesiologists will use the mnemonic 
M.S.M.A.I.D.S. (Table 12.1) just as a pilot will use a written checklist to make 
sure that nothing is missed. The seven individual components of the mnemonic 
are outlined in the discussion below.

The first “M” stands for the anesthesia Machine. In performing a machine 
check, one should use a written check list in order to ensure that nothing is 
overlooked. A typical machine check will include:

1. Assure an adequate source of gases is coming from the wall
2. Ensure an alternative source of oxygen (E-cylinder) is attached to the 

back of the anesthesia machine and that it is full
3. Calibrate the oxygen sensor
4. Make sure fail-safe alarms are working
5. Check the level of volatile agent in the machine vaporizers
6. Perform a high pressure test
7. Perform a low pressure test
8. Make sure ventilator bellows are working

Suction is a vital part of any room setup. It is imperative that suction be pres-
ent and powerful enough to quickly evacuate any secretions in the oropharynx 
if they are present on induction – as this can improve the anesthesia provider’s 
view of the airway structures and help avoid aspiration of gastric contents. Prior to 
bringing a patient into the operating room, the anesthesiologist should ensure that 
there is an adequate source of suction available and that it will reach the patient.

The second “M” of the mnemonic reminds an anesthesia provider to pre-
pare the standard American Society of Anesthesiologists recommended moni-
tors as well as to consider if additional or invasive monitoring is necessary. 
Minimum monitoring requirements (see Chap. 11) include pulse oximetry, 
blood pressure, ECG, and capnography.

Table 12.1 M.S.M.A.I.D.S. mnemonic.

M  Machine

S  Suction

M  Monitors

A  Airway

I  IV

D  Drugs

S  Special

In preparing a room, most anesthesiologists will use the mnemonic 
M.S.M.A.I.D.S.
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use to ensure that a patient is ready for extubation. If a patient is going to be 
extubated awake, he/she should be following commands, able to oxygenate and 
ventilate without assistance, and able to protect his/her airway. The four stages 
of general anesthesia are outlined in the Table 12.2.

Taxi to the Terminal
The taxi to the terminal and the post flight check list is analogous to the trip from 
the operating room to the post anesthesia recovery area (PACU). The anesthesia 
provider should be at the head of the bed continuously evaluating the patient and 
ready to support the airway if necessary. Once in the PACU, the anesthesiologist 
will give a report to the PACU nurse and turn the care of the patient over to 
the PACU staff. Orders should be written to prepare for potential postoperative 
problems, such as pain, post operative nausea and vomiting, hypoxia, and blood 
pressure and heart rate perturbations (see Chap. 27, Postoperative Care Unit and 
Common Postoperative Problems) (Table 12.3).

Anesthetic Techniques
Having outlined the basic sequence of a general anesthetic (Table 12.3), we 
will now turn to the different types of anesthetic techniques available to take a 
patient safely through surgery (also see Chap. 13, Regional Anesthesia). Keep 
in mind that there is no absolutely correct technique for any given procedure. 
The type of anesthesia administered will depend on the anesthesia provider, 
surgeon, and patient’s preferences and may be dictated by the type of surgery 
and/or patient co-morbidities. Some surgeries are minimally invasive and 
cause the patients little pain or psychological discomfort. In such cases, a sur-
geon may request to have an anesthesia provider present to monitor the patient 
and administer sedation while the procedure is being performed. This is called 
Monitored Anesthetic Care (MAC).

Table 12.2 Stages of general anesthesia.

Stage 1 – Amnesia Patients should follow commands; Respiration pattern typically regular

Stage 2 – Delirium Period of uninhibited excitation; Patients at risk for laryngospasm; Pupils 
often divergent; Respirations often irregular

Stage 3 – Surgical anesthesia Target depth for anesthesia during surgery; Respiration pattern typically regular

Stage 4 – Overdosage Patients at risk for hypotension and cardiovascular collapse
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Table 12.3 Action sequence of a general anesthetic.

Air plane analogy Anesthesia tasks Important points

Preflight check − Operating room setup
− Preoperative patient evaluation
− Preoperative medications

− M.S.M.A.I.D.S
− Assessment of medical history
− Confirm NPO status
− Obtain informed consent
− Obtain I.V. access
− Administer appropriate preoperative  

medications and/or anxiolysis

Takeoff − Patient monitoring
− Induction of anesthesia
− Airway management

− Place and confirm appropriate monitors
− Position patient and pad pressure points
− Preoxygenate
− Administer induction agent
− Place endotracheal tube or other advanced 

airway device

Cruising altitude − Maintenance of anesthesia
− Maintenance of homeostasis

− Protect patient eyes
− Monitor vital signs and maintain appropriate 

blood pressure
− Ensure amnesia and anesthesia
− Monitor blood loss and administer appro-

priate fluids

Landing − Antagonism of neuromuscular 
blockade

− Emergence/extubation

− “Reversal” of neuromuscular blockade
− Turn off anesthetic agents
− Ensure patient is awake, following  

commands, protecting airway and can  
ventilate and oxygenate adequately prior  
to extubation

− Confirm stable vital signs

Taxi to the terminal − Safe transfer to PACU
− PACU orders and discharge

− Monitor airway
− Maintain oxygenation
− Confirm stable vital signs
− Write appropriate order to treat pain, 

nausea, vomiting and hyper or hypotension
− Give report to PACU staff

Monitored Anesthesia Care (MAC)/Anesthesia Sedation
Monitored Anesthesia Care or MAC is not a technique of anesthesia but rather 
a descriptive term for an anesthetic service in which an anesthesiologist 
is requested to be present at a surgical or diagnostic procedure to monitor the 
patient and administer medications for anxiolysis, analgesia, or sedation. 
It may or may not involve sedation of the patient. It is appropriate here to discuss 
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according to the size of the nerve fiber, myelination and the concentration of 
the local anesthetic (also see Chap. 6, Pharmacology of Local Anesthetics). 
Differential blockade (the order of effects among the different nerve types) 
typically results in sympathetic blockade (often accompanied by change in 
temperature sensitivity), followed by sensory blockade (pain, light touch), and 
finally motor blockade (paralysis). A well-placed neuraxial anesthetic can pro-
vide total anesthesia for a variety of surgical procedures.

There are a number of other medications that can be used for both spinal 
and epidural anesthesia. Opioids, alpha-2-receptor agonists (e.g., clonidine), 
and vasoconstrictors (e.g., epinephrine, phenylephrine) have all been given 
with the effect of enhancing the quality or the duration of the block. Epineph-
rine can prolong the duration of spinal anesthesia by decreasing the rate of 
absorption of the local anesthetic.

Epidural Anesthesia
Epidural anesthesia allows the delivery of medication either continuously or 
intermittently into the epidural space for up to several days after the surgical 
procedure. Sitting is the most common position in which an epidural is per-
formed. Benefits of the sitting position include better identification of the mid-
line and more flexion of the vertebral column. As the spine is flexed, it helps to 

Table 13.1 Risks of neuraxial anesthesia.

Bleeding

Infection

Nerve injury

Post-dural puncture headache

Failure of block to provide adequate anesthesia

Table 13.2 Contraindications to neuraxial anesthesia.

Absolute contraindications Relative contraindications

Patient refusal

Infection in the area of needle puncture

Elevated intracranial pressure

Uncontrolled bleeding

Bacteremia

Pre-existing neurologic disease (e.g. multiple sclerosis)

Cardiac disease

Abnormal coagulation studies
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line and marked. The block needle is inserted 1–2 cm lateral to the femoral artery 
pulse. The desired motor response is a quadriceps twitch. Femoral nerve PNB 
can be used for surgery involving the knee, anterior thigh, and medial portion 
of the lower leg. Since the femoral nerve is located in close proximity to the 
femoral artery, careful aspiration is important to avoid intravascular injection 
of local anesthetic (Figure 13.9).

Sciatic Nerve Block
The sacral plexus is formed from the ventral rami of L4–S3 nerve roots. The 
patient is placed in the lateral position with the operative side up. The operative 
leg is flexed at the knee, while the nonoperative leg remains straight. A line is 
drawn between the greater trochanter and the posterior superior iliac spine. 
A second line can be drawn from the greater trochanter to the sacral hiatus. 
A third line is drawn from the mid-point of the first line, intersecting the 
second line. This is the point of needle entry. The needle is inserted perpendic-
ular to all planes with the desired motor response of plantar or dorsiflexion 
of the foot. A sciatic nerve block can be used for surgery below the knee 
(with the exception of the medial portion of the lower leg innervated by a 

Table 13.3 Summary of upper extremity nerve blocks.

Type of nerve 
block

Indications Anatomical land-
marks

Average 
needle depth

Potential complications

Interscalene Shoulder; 
upper arm

Between middle 
and anterior scalene 
muscles at the level of 
C6 (cricoid cartilage)

1–2 cm Hemi-diaphragmatic 
paralysis; Horner’s 
Syndrome; epidural spread; 
intravascular injection; ulnar 
nerve sparing

Supraclavicular Upper and 
lower arm; 
hand

Between the middle 
and anterior scalene 
muscles, 1 cm above 
the clavicle

2–3 cm Pneumothorax (1% 
incidence); intravascular 
injection

Infraclavicular Lower arm; 
hand

2–3 cm caudad from the 
midpoint of the clavicle

6–8 cm Pneumothorax (much lower 
than with supraclavicular); 
intravascular injection

Axillary Lower arm; 
hand

4–6 cm Intravascular injection; pro-
longed set-up time; miss the 
musculocutaneous nerve
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Ultrasonography
The use of ultrasound in regional anesthesia has increased in popularity over 
the past few years. As more research is done, ultrasound may ultimately prove to 
be safer, faster, and more effective than the paresthesia or neurostimulation 
techniques. Ultrasound emits high-frequency sound waves, which are reflected 
back when they encounter different types of tissue. Different tissues have 
different degrees of echogenicity and thus reflect the sound waves at different 
speeds. The resulting image provides varying shades that helps distinguish the 
tissue types.

Nerves can be seen as round, oval, or triangular shaped structures and can 
be hyperechoic (light) or hypoechoic (dark). For example, nerves visualized 
above the diaphragm tend to be hypoechoic, while those below the diaphragm 

Table 13.4 Summary of lower extremity nerve blocks.

Type of nerve 
block

Indications Anatomical land-
marks

Average 
needle depth

Potential  
complications

Femoral Anterior thigh; 
knee; medial 
aspect of lower leg 
(saphenous nerve)

1 cm lateral to palpation 
of femoral artery along 
the inguinal ligament

3–5 cm Intravascular injection; 
miss obturator and 
lateral femoral cutane-
ous nerves

Lumbar plexus 
(Psoas)

Hip; anterior thigh; 
knee; medial 
aspect of lower leg 
(saphenous nerve)

5 cm lateral from 
the spinous process 
(midline) at the level of 
iliac crest

6–8 cm Epidural spread; 
intravascular injection; 
retroperitoneal hema-
toma; needle trauma 
to kidney

Sciatic (posterior 
approach)

Posterior thigh; 
below the knee 
surgery (except 
saphenous nerve 
distribution)

Posterior superior iliac 
spine (PSIS); sacral hia-
tus; greater trochanter. 
A line bisecting the 
midpoint of the PSIS 
and greater trochanter 
to intersect with a line 
drawn from greater tro-
chanter to sacral hiatus

5–7 cm Intravascular injection; 
nerve injury

Sciatic (lateral 
approach)

Below the knee 
surgery (except 
saphenous nerve 
distribution)

Between vastus lateralis 
and biceps femoris 
muscles, contact femur, 
then change needle 
angle approx. 45°

6–8 cm Intravascular injection, 
nerve injury, will miss 
posterior thigh  
(tourniquet pain)
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Colloids may even under some circumstances draw interstitial fluid back into 
the intravascular space.

Albumin 5% is the colloid most commonly used as a volume replacement. 
If diluted from 25% albumin it must be diluted with NS, not with hypotonic 
solutions like water or ½ NS. Improperly diluted albumin can cause fatal hemo-
lysis after infusion into a patient.

Plasmanate® (purified protein fraction 5%), contains mostly albumin (88%) 
but also alpha- and beta- (12%) and some gamma-globulins (1%). Plasmanate is 
heat-treated to be nonreactive immunologically. But, Plasmanate®, like albumin, is 
considered to be a “blood product” and therefore unacceptable to many individuals 
on religious or other grounds. It has 145 meq/l NaCl and is isotonic to plasma.

Hetastarch® (ethoxylated amylopectin 6%), is a solution of derivatized  
macromolecular complex carbohydrates. It has the same tonic, osmotic, and oncotic  
properties as the protein solutions, but is derived from vegetable matter, and 
therefore is not a “blood product” and is acceptable to many otherwise opposed to 
receiving derivatized plasma, such as Jehovah’s Witnesses. Hetastarch® and other 
similar products are also much less expensive than protein derivative solutions.

Table 14.4 Example fluid replacement calculation.

Patient and procedure:

An 80 kg male patient undergoes a 1-h tonsillectomy at 8:00 am after being made NPO at midnight.

Blood Loss:

Estimated blood loss is ultimately 250 ml

Crystalloid vs. colloid choice:

Crystalloid is adequate, no colloid needed for this small volume blood loss. Lactated Ringers is optimal 
though saline could be used.

Replacement:

(Calculated from the four parts of Table 14.3.)

Total crystalloid administered is:

120 ml (maintenance for the 1 h duration)

+960 ml (for the NPO deficit)

+750 ml (for the blood loss)

±250 ml (for the third space loss, estimated at 2 ml/kg/h)

=2080 of NS or LR over the 2 h perioperative period.

Postoperative maintenance:

May be 120 ml per hour with adjustments made based on vital signs and urine output.
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Transfusion of Blood Products: Goals and Indications
The goals of transfusion are several; one or more may apply to any given patient. 
Transfusion may be done prior to surgery to replace RBC volume in acutely 
or chronically anemic patients. It is used during and after surgery to replace 
traumatic, intraoperative, or postoperative losses of red blood cells. In cases of 
coagulopathy, it is done to replace coagulation factors and thereby, restore hemo-
stasis. In autoimmune or dilutional thrombocytopenia, transfusion of platelets 
may at least partly correct these conditions and allow thrombosis to occur nor-
mally. In cases of platelet inactivity due to disease or medications (e.g., NSAIDs), 
a small amount of platelets (one unit rather than 6 pooled units) can serve as a 
catalyst and initiate platelet thrombus formation and achieve the first steps of 
hemostasis. Finally, long after surgery, or in protracted illnesses or recuperation, 
it is often necessary to give RBC when a critical anemic threshold is met.

As the length of procedure and blood loss increase, replacement of blood 
products may be needed. Besides the clinical volume criteria listed above in 
Table 14.3, the hematocrit (HCT) is another clinical datum used for assessing 
red blood cell volume (RBCV) and anemia indirectly. HCT is really a surrogate 
measurement for RBCV, which is impossible to measure practically.

As a case begins, one can calculate a patient’s allowable blood loss (ABL) 
by using the formula below in Fig. 14.2. This gives the anesthesiologist a guide 
to know how much blood loss can occur prior to starting a blood transfusion 
(Fig. 14.3).

Serial HCT readings (plus the clinical criteria used to assess volume status, 
see Table 14.3) are the basis for choosing to transfuse blood cells. By practical 
convention, one gram of Hb is equivalent to 3 HCT percentage points. For 
example, if a patient has a Hb of 10 g/dl, the HCT will be approximately 30. 
Furthermore, each unit of PRBC in an adult is expected to raise the HCT by 

Allowable Blood Loss (ABL) Formula

EBV x (HCTini!al– HCTfinal) / HCTinital

where HCTfinal = lowest acceptable hematocrit 

Figure 14.2 Allowable Blood Loss (ABL) Formula.
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3 points. If such a predicted increase does not occur, one should be concerned 
about ongoing blood loss, hemolysis, or hemodilution with excess IV fluids.

HCT is drawn from venipuncture, peripheral or central venous line, or 
arterial line. One must interpret HCT carefully, because dilution from crystal-
loid or colloid may cause significant variation in HCT even without any sig-
nificant blood loss.

Decisions about giving platelets and plasma or plasma derivatives are based, 
in a similar way, on both clinical criteria and lab values. Diagnostic lab studies 
such as coagulation panels (PT, PTT, INR, platelet counts), and more specific 
studies such as specific factor levels, may be used in more challenging cases such 
as hepatic transplantation (high volume fluid turnover), or in the setting of end-
stage liver disease (because of the confounding factor of pre-existing coagu-
lopathy). Patients with known hemophilia or platelet abnormalities may also 
warrant more specialized studies of coagulation in the perioperative period.

Using CVP and PA Catheters for Volume Assessment
If surgical blood loss is expected to exceed one liter, placement of a CVP should 
be a consideration. The insertion of these lines is discussed in Chap. 15. Inser-
tion of a CVP line allows convenient monitoring of right atrial (RA) pressure, 
central venous oxygen saturation (CvO2), and serial HCT-all of which are 
useful to assess volume status and RBCV (see Table 14.2).

The use of pulmonary artery (PA) catheters is much less common than the 
use of CVP catheters. They nevertheless are useful at assessing volume status 
more precisely than a CVP can. PA catheters also allow sampling of mixed 
venous (SvO2) blood, which is a more accurate means of assessing total-body 
oxygen delivery than is CvO2. PA catheters also allow one to manage fluids 

Estimated Blood Volume (EBV) Formula

EBV = weight (kg) x average blood volume

Note: Avg. blood volume in adult male = 75 ml/kg
Avg. blood volume in adult female = 65 ml/kg

Figure 14.3 Estimated Blood Volume (EBV) Formula.

Table 16.1 Common intraoperative problems and differential diagnoses.

Problem Differential diagnosis Remarks

Hypoxemia Low inspired oxygen (FiO2) Always start by increasing the FiO2, and then continue to look for other causes.

Hypoventilation May be from opioids, benzodiazepines, or muscle relaxants, which decrease respiratory drive and 
muscle strength. If a patient is being ventilated, consider increasing respiratory rate or tidal volumes.

Disconnection of breathing circuit The most common cause of serious hypoxemic accidents.

Atelectasis Often a result of positive pressure ventilation, intubation and/or hypoventilaton. Consider 
alveolar recruitment maneuvers.

Bronchospasm Consider administering albuterol

Mucus plugging Perform suction and alveolar recruitment maneuvers.

Right-mainstem bronchial intubation Maximum depth for tracheal tubes measured at teeth: females 21 cm; males 23 cm. May 
visualize with bronchoscope or auscultate with stethoscope.

Pulmonary thromboembolism (PE) This may be diagnosed by a sudden drop in end-tidal CO2, and hypoxemia that does not improve 
with 100% FiO2. Often accompanied by tachycardia and hypotension.

Pulmonary edema May be from fluid overload, diastolic or systolic dysfunction, or myocardial infarction.

Venous air embolism Also causes drop in end-tidal CO2, and an increase in end-tidal N2.

Hypotension Hypovolemia Common causes include blood loss or dehydration from preoperative fasting.

Relative anesthetic overdose Minimal or a decrease in surgical stimulation can lead to relative anesthetic overdose and hypotension.

Vasodilatation from medication Opioids, sedatives, and most anesthetics reduce central sympathetic outflow and cause 
vasodilatation. Virtually every anesthetic induction or heavy sedation will be accompanied by this 
finding. Usually treated with phenylephrine, 40–100 mcg.

Low cardiac output Many anesthetics decrease cardiac output. Other causes include congestive heart failure, 
myocardial infarction, or tamponade.

Severe bradycardia This may cause low cardiac output (CO = HR × SV), leading to hypotension.

Severe tachycardia or arrhythmias If atrial fibrillation or flutter becomes too fast, hypotension may result.
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Pneumothorax Uncommon, but may spontaneously arise during positive pressure ventilation.
Anaphylactic reaction Most commonly from reaction to muscle relaxants or antibiotics. Give epinephrine to treat.
Sepsis Sudden decreases in blood pressure may result from sepsis.

Hypertension Pain from surgical stimulus Always consider “light” or insufficient anesthesia.

Essential hypertension These patients may be adequately anesthetized, but still markedly hypertensive.
Tourniquet pain A tourniquet can produce a hard, recalcitrant kind of hypertension called “cuff hypertension.”
Light anesthesia Check for empty vaporizers or medication infusors

Hypervolemia Fluid overload from intravenous fluid or blood products; may lead to pulmonary edema and 
congestive heart failure in patients with heart disease.

Failure to 
ventilate

Kinked endotracheal tube Most likely during ENT or thoracic surgery.

Biting on endotracheal tube May occur during “light” anesthesia or emergence; Can cause negative pressure pulmonary edema.
Disconnection of endotracheal tube from 
circuit or adapter

The most common cause.

Complete endotracheal tube obstruction 
from mucus or tissue

Can occur rapidly in infants/children whose ETT are narrow (especially when no humidification is 
used). Suction or replace tube.

Hole in endotracheal tube or a punctured cuff Most often during laser airway surgery or tracheostomy. Both surgeries also have  risk of airway fire!
High airway 
pressures

Bronchospasm (1) deepen anesthesia, (2) consider neuromuscular blockade, (3) administer beta-agonists, 
inhaled or intravenous corticosteroids, theophylline or epinephrine

Kinked endotracheal tube May require the use of an armored (metal spring reinforced) tube to prevent kinking.
Biting on endotracheal tube Consider placing a bite block or mouth gag.

Mucus plugging Common in patients with COPD, asthma and cystic fibrosis. This may require replacement of the ETT.
Stacking or auto-PEEP of mechanical breaths Occurs when the expiratory phase isn’t long enough to allow exhalation. Decrease the respiratory rate.
Dynamic airway obstruction May be from an airway tumor or mediastinal mass, especially after change in patient position.

(continued)
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it is reflected on an oximeter reading by the decrease in SaO2. This is important 
because most anesthetics are performed only with oximetery. Therefore, time is 
of the essence when responding to hypoxemia as detected by an oximeter because 
the problem or process causing the hypoxia may have been going on for quite some 
time before its severity reached the threshold of the pulse oximeter.

Immediate steps to take when addressing hypoxemia include those in 
Table 16.2.

Other causes of perioperative hypoxemia include V/Q mismatch as seen 
in pneumonia, pulmonary edema or pulmonary embolism, improper endotra-
cheal tube placement, right-to-left intracardiac shunting, impaired transfer of 
oxygen from the alveolus across the capillary membrane as seen in interstitial 
lung disease, alveolar hypoventilation as seen in COPD, asthma, bronchos-
pasm or neuromuscular disease, and decreased oxygen carrying capacity of the 
hemoglobin as seen in hypothermia or carbon monoxide poisoning.

Hypotension
Hypotension is common during anesthesia, especially during induction due 
to the vasodilating effects of intravenous and inhalational anesthetic agents. 
All drugs used for induction, sedation, and anxiolysis can cause a centrally-
mediated depression in sympathetic tone. The arteries and veins controlled by 
the brain’s vasomotor center are all over the body. These vessels dilate and blood 
pressure decreases from both arterial and venous dilation. This is a predictable 
consequence of almost all anesthetic inductions and most sedation techniques. 
In addition, since patients usually fast for at least 8 h prior to surgery, they are 

Table 16.2 Intraoperative hypoxemia: corrective actions.

 1. Assure 100% FiO2 delivery

 2. Hand ventilate to assess compliance and chest excursion

 3. Look for any disconnection: circuit, endotracheal tube, connectors

 4. Check expired gases for ETCO2

 5. Inform the surgical team and operating room nurse if severe

 6. Examine the capnograph waveform

 7. Inspect the endotracheal tube and circuit for kinking, biting, obstruction

 8. Inspect the endotracheal tube for excessively deep insertion (should be 21 cm in females, 23 cm in males)

 9. Suction the endotracheal tracheal tube to remove secretions and assess patency or obstruction

10. Perform direct laryngoscopy to verify tube placement in the trachea

11. Apply recruitment maneuvers to open up alveoli
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Obesity or chest wall rigidity May be difficult to manage. High opioid dose can cause a “rigid chest syndrome.”

Acute Respiratory Distress Syndrome (ARDS) A common cause of high mean pressures, especially in the ICU.

Hypocarbia Hyperventilation May see in anxious (awake) or mechanically hyperventilated (anesthetized) patients.

Leak of CO2 in sampling tubing This may also cause an abnormality in the capnograph waveform or envelope.

Massive pulmonary embolus Can impair gas exchange, manifesting as a sudden drop in expired CO2.

Hypothermia Most evident in severe hypothermia as during cardiopulmonary bypass.

Cardiac Arrest Impaired circulation and CO2 elimination.

Hypercarbia Hypoventilation Often from opioids, residual neuromuscular blockade, or low respiratory rate/ventilator tidal volumes.

CO2 insufflation during laparoscopy May need to increase minute ventilation to overcome hypercarbia.

Malignant hyperthermia Uncoupling of calcium metabolism in mitochondria from a rare (1:15,000) genetic defect in the 
ryanodine receptor of the calcium channel

Hyperthermia Metabolic rate increases 15% for every degree centigrade.

Hypothermia Convective, conductive, radiative, 
evaporative losses

Convective losses are the #1 cause of heat loss in the OR (skin to air). Heat loss also occurs from 
wet drapes and sheets, exposed skin or body cavities, non-heated breathing circuits.

Anesthetic effects on hypothalamus Anesthetics cause impaired central thermoregulation due to effects on the hypothalamus.

Administration of unwarmed fluid or blood 
products

Fluids should be warmed by an FDA-approved device.

Massive blood loss Difficult to keep patients warm after  1 blood volume has been lost.

Hyperthermia Excessive warming Use the air-warming blanket at a room-temperature setting to cool the patient.

Fever from sepsis or transfusion reaction Give acetaminophen or ibuprofen in addition to a cooling blanket.

Stroke Sudden extreme hyperthermia (>105°F) may be from a stroke to the hypothalamus.

Neuroleptic malignant syndrome Uncommon side effect of antipsychotic medications (chlorpromazine, haloperidol, olanzepine).

Malignant hyperthermia (1) stop anesthetic, (2) give iv dantrolene, (3) call for help (see Appendix B, Malignant Hyperthermia)

Table 16.1 (continued)

Problem Differential diagnosis Remarks
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also indicated in patients with unstable angina or Non ST Segment Elevation  
MI (NSTEMI) who are in shock, and in STEMI. Coronary artery bypass graft 
surgery is used for patients with >50% stenosis of the left main coronary artery 
and patients with two and three vessel disease who have either reduced left ven-
tricular contractile function or diabetes.

Valvular Disease
Common causes for mitral stenosis (MS) are rheumatic fever and congenital 
stenosis. It can lead to pulmonary edema and left ventricular failure. Mild MS 
is a valve area of 2 cm2 and critical MS is 1 cm2. Treatment is medical ther-
apy, balloon mitral valvuloplasty, open mitral commissurotomy, or mitral valve 
replacement. During anesthesia it is important to maintain sinus rhythm (atrial 
kick provides 40% of ventricular filling), preload, stroke volume, and low/normal 
heart rate (to allow time for filling). Avoid drops in SVR and prevent increases in 
PVR by preventing hypoxia, hypercarbia, and acidosis.

Mitral regurgitation (MR) can be caused by myxomatous mitral valve dis-
ease resulting in prolapse, ruptured chordae, or flail segments of the mitral valve. 
Other causes of mitral regurgitation include ischemic heart disease, which can 
result in left ventricular enlargement, mitral annulus abnormalities, or necrosis 
of papillary muscle structures. Other less common etiologies include endocardi-
tis, rheumatic heart disease, and hypertrophic cardiomyopathy. Acute MR leads to 
high pulmonary pressures and pulmonary congestion, whereas chronic MR can 

Table 17.3 Ischemic cardiac disease.

Disease Definition

Coronary artery disease Narrowing of coronary arteries from atherosclerosis

Ischemic heart disease Myocardial O2 demand not met by coronary blood flow

Acute coronary syndrome / myocardial 
ischemia

Term that includes any of the life threatening conditions 
below which represent acute myocardial ischemia

Angina pectoris Myocardial ischemia with chest discomfort

Stable angina Exercise induced chronic angina pectoris

Unstable angina Myocardial ischemia at rest or with minimal exertion

Variant angina Discomfort from coronary artery vasospasm

 Non-ST-segment elevation myocardial 
infarction (NSTEMI)

Myocardial ischemia from a partially occlusive coronary 
thrombus

 ST-segment elevation myocardial infarc-
tion (STEMI)

Myocardial ischemia from a totally occlusive coronary 
thrombus
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Cardiopulmonary Bypass (CPB)
A basic cardiopulmonary bypass circuit (see Fig. 17.3) consists of venous 
drainage by gravity via a cannula in the right atrium. Certain operations 
require cannulation of the superior vena cava and the inferior vena cava sepa-
rately in order to enhance surgical exposure to the heart. The venous cannula 
drains into a venous reservoir. The blood is then passed through an oxy-
genator (membrane or bubble), temperature regulator, and actively pumped 
(roller or centrifugal) back to the patient via an arterial filter into the aorta. 
The heart is cooled and arrested with a cardioplegia solution that is high 
in potassium concentration. Cardioplegia is given antegrade into the aortic 
root, or retrograde through the coronary sinus. Of note, the prime solution 
of the extracorporeal circuit often contains albumin, mannitol, and steroids, 
depending on surgeon preference.

During CPB, the ventilator is turned off. It is common to run an infusion 
of benzodiazepine, narcotic, and muscle relaxant, or to give these agents by 

to reduce bleeding. Administer heparin (which activates anti-thrombin III) at 
a dose of 300–400 U/kg with a goal ACT (activated clotting time) of >480 s 
before initiating cardiopulmonary bypass. Lower the SBP to 90–120 mm Hg 
before aortic cannulation in order to minimize the degree of aortic trauma and 
reduce the risk of aortic dissection and bleeding.

Management of Intraoperative Myocardial Ischemia
Should a patient exhibit signs of myocardial ischemia during surgery, steps 
must be taken to minimize the amount of damage that occurs. Diagnosis is 
often made based on ECG or echocardiogram findings. Therapy will be guided 
by the specific mechanism of ischemia as shown in Table 17.4:

Table 17.4 Etiology of Ischemia and Treatments.

Etiology Treatments

Hypotension – phenylephrine

Hypoxia – increase the FiO2

Tachycardia – -blockers

Vasospasm – nitroglycerin

Anemia – transfusion

Thrombosis – heparin

Hypovolemia – fluid administration
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these agents may be beneficial in the management of patients with increased 
ICP or used to facilitate surgical exposure in the “tight,” swollen brain.

Other agents commonly used in balanced anesthesia include opioids and 
benzodiazepines. Generally speaking, these agents have minimal impact on 
CMR or CBF and are commonly used as part of a balanced anesthetic.

Neurosurgical Procedures: Anesthetic Management
General Goals
The goals for the management of a neurosurgical patient are similar across 
the spectrum of patient disease. Attainment of these goals relies on a thorough 
appreciation of basic neurophysiology, understanding of the effects of indi-
vidual anesthetic agents on brain function, and clear perioperative communi-
cation with the neurosurgical team.

Key Features of a Neuroanesthetic

(1) Neuroprotection

   (a) optimization of CBF/CMR balance

   (b) control of ICP

   (c) temperature regulation (avoid hyperthermia)

(2) Provision of optimal operating conditions, including neuromonitoring and “relaxed” brain

(3) Maintenance of normal glucose and electrolyte balance

(4) Prompt emergence from anesthesia to facilitate neurologic assessment

Craniotomy
Preoperative Considerations
Questions to ask at the beginning of an evaluation include:

Why is the surgery being done?
Is the targeted pathology related to tumor, neurovascular malformation (aneu-
rysm/AVM), traumatic brain injury with intractable intracranial hyperten-
sion, or intracranial hemorrhage (epidural, subdural, intracerebral)?
Will neuromonitoring be employed?

A detailed neurologic exam must be performed with attention to recent signs and 
symptoms such as mental status, seizures, focal deficits, and signs of increased 
ICP. Available neuroimaging studies should be reviewed and any procedures 
noted (e.g., embolization of AVM or tumor, placement of intraventricular 
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Table 19.2 Apgar score.

0 Points 1 Point 2 Points

Appearance completely blue extremities blue Pink

Pulse absent <100 bpm >100 bpm

Grimace no response to stimulation grimaces when stimulated pulls away when stimulated

Activity none some flexion moving actively

Respiration none weak good

Figure 19.4 Mild to moderate variable decelerations with pushing during the second stage of 
labor. (From Datta, S. Anesthetic and Obstetric Management of High-risk Pregnancy. Springer, 
2004. Used with permission).

represent uteroplacental insufficiency, that is, insufficient fetal oxygen delivery 
during uterine contraction. Variable decelerations are typically due to umbilical 
cord compression and have a variable relationship to uterine contraction.

Neonatal Evaluation: The Apgar Score
Once the fetus has been delivered, the Apgar Score (Table 19.2) can be used to 
evaluate its well-being. Named after Virginia Apgar (an anesthesiologist who 
developed the system in the 1950’s), the score is made up of five criteria each 
on a scale of 0–2. The five scores are then summed to provide a single total 
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Apgar Score of the newborn. The score ranges from 0 to 10, with 7–10 generally 
considered normal.

Anesthesia for Vaginal Delivery
The coordinated uterine movements and cervical dilation cause significant 
discomfort commonly known as labor pain. Labor itself can be divided into 
three stages:

the first stage of labor begins with contractions and ends with complete 
cervical dilatation
the second stage of labor begins with full cervical dilation and ends when 
the fetus is delivered
the third stage of labor begins with the delivery of the fetus and ends with 
delivery of the placenta

The majority of pain during the latent phase of labor is visceral in quality 
and uterine in origin. During the first stage of labor, pain is due to cervical 
dilatation and uterine contractions. The pain pathway involves visceral afferents 
that enter the spinal cord at T10-L1. As labor progresses to second stage, it is 
increasingly accompanied by somatic pain, which reaches the spinal cord via 
pudental afferents (S2–S4). Fig. 19.5 depicts pain pathways in the parturient.

T

L

10
11
12
1

2
3
4

S

Figure 19.5 Pain pathways for the first and second stages of labor. (From Datta, S. Obstetric 
Anesthesia Handbook, 4th ed. Springer, 2006).
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BMI has its limitation and may not be an accurate way of assessing obesity in 
body builders.

There are two types of obesity: “central-android” type, which is more 
common in men and “peripheral-gynecoid” type more common in women. 
The former is also known as apple-shape obesity and the latter is known 
as pear-shape obesity. It is important to measure abdominal circumference in 
addition to BMI. Central obesity (waist measurement more than 40 in. for men 
and more than 35 in. for women) is associated with the respiratory and 
cardiac co-morbidities. Waist-to-hip ratio (WHR) >0.95 for men and >0.8 for 
women has been shown to confer higher risk of complications.

Physiologic Changes Associated with Obesity
Cardiovascular System
Obesity is an independent risk factor for cardiovascular disease. Since adipose 
tissue needs perfusion, total blood volume and stroke volume will increase to 
perfuse additional body fat. Cardiac output (C.O.) increases by 0.1 L/min for 
each 1 kg addition in body weight.

Gradual accumulation of fat between fibers of heart muscle may cause 
myocyte degeneration and cardiac dysfunction. Lipotoxicity of the myocar-
dium by free fatty acids may also cause apoptosis of lipid-laden cardiomyocytes 
and contribute to cardiomyopathy. Increased C.O., left ventricular hypertrophy 
(LVH), and LV diastolic dysfunction all predispose to heart failure. Diabetes 
mellitus (DM), hypertension (HTN), and coronary artery disease (CAD) are 
other factors that predispose these people to congestive heart failure.

Increased C.O. with normal peripheral resistance causes hypertension. For 
every 10 kg increase in body weight, there is 3–4 mmHg increase in systolic 
pressure and 2 mmHg increase in diastolic pressure. This increase is more 
prominent with abdominal obesity. Peripheral vascular resistance may also 
increase due to different substances released from adipocytes and sympathetic 

Table 20.1 Classification of obesity.

Obesity class BMI Health risk

Class I (overweight) 25–30 Low

Class II (obese) 30–35 Moderate

Class III (severely obese) 35–40 High

Class IV (morbidly obese) >40 Very high
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and wide spectrum of liver disease from simple fatty liver to cirrhosis. Abdomi-
nal obesity is also associated with higher risk of gastroesophageal acid reflux 
(GERD) and aspiration.

Endocrine and Metabolic System
Obesity is associated with hyperlipidemia, hypertension, insulin resistance, and 
pro-inflammatory and pro-thrombotic states. Extra adipose tissue releases sev-
eral products including nonsteroidal fatty acids (NSFA), cytokines, plasmino-
gen activator inhibitor (PAI)-1, interleukin-6, and adiponectin. These products 
are responsible for metabolic complications and are associated with higher risk 
of coronary artery disease. Treatment should be targeted toward weight reduc-
tion. Figure 20.1 depicts common systemic manifestations of obesity.

Neurological and Psychological Problems
Body image may be severely distorted in people with obesity, and obese 
people may be discriminated against in school and workplace. Depression is 
common and it is important to be sensitive to these issues. Carpal tunnel and 
other superficial nerve compression are also more common in obese people, 
and special attention is necessary during positioning these patients in the 

Figure 20.1 Systemic manifestations of obesity. CO = cardiac output; CHF = congestive heart 
failure; DM = diabetes mellitus; CAD = coronary artery disease; HTN = hypertension.
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At some centers, low-dose ketamine has also been used before incision and 
during surgery to improve postoperative pain control.

Upper abdominal incisions are painful and are associated with atelectasis. 
Pain control can be achieved by either epidural anesthesia (for open laparo-
tomy cases) or PCA. A patient’s coagulation status is usually checked before 
epidural catheter placement.

Advantages of epidural analgesia for abdominal procedures include bet-
ter postoperative pain control, improved deep breathing and decreased risk 
of atelectasis, sympathetic blockade, faster resolution of ileus after colonic 
resection, and improved perfusion of intra-abdominal organs. Disadvantages 
of epidural analgesia include patient discomfort during catheter placement, 
incomplete block, catheter migration, small but potentially devastating risk of 
epidural bleeding and abscess formation, risk of dural puncture and postdural 
puncture headache. It also has non-procedure-related risks such as hypoten-
sion, motor blockade, CNS toxicity, urinary retention particularly after anorec-
tal surgery, and pruritis if an opioid is used within epidural infusion.

The level of epidural catheter placement for pain management after abdom-
inal surgery is either low thoracic or lumbar, depending on the incision site. For 
upper abdominal surgeries, a low thoracic or upper lumbar (T6–L1) catheter is 
appropriate, and for pelvic and lower abdominal surgeries mid- to low-lumbar 
(L2–L5) epidural catheter may provide better coverage (Table 20.2).

PCA (patient-controlled analgesia) as an analgesic option with morphine, 
hydromorphone, or fentanyl is easier to achieve, can provide pain medication 
upon patient’s demand, and does not involve a special procedure. However, 
PCA may prevent the patient from taking deep breaths, may delay ambulation, 
and can cause respiratory depression and somnolence.

Table 20.2 Epidural catheter placement level for postoperative pain control.

Type of surgery Usual incision Epidural catheter placement

Liver, pancreas, spleen, stomach Chevron or upper midline Low thoracic

Kidney and ureter Oblique flank Upper lumbar

Colorectal Low midline Upper lumbar

Bladder, uterus surgery Low transverse or low midline Low lumbar

Hernia Inguinal Low lumbar

Hemorrhoid Anorectal Caudal
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This innervation is important when one is administering anesthesia for stone 
extractions. The bladder holds 400–500 cc of fluid and receives its innervation 
from the hypogastric plexus (T11–12, S2–4) (Table 21.1).
The blood supply to the kidneys is via a single renal artery, which originates 
inferior to the SMA. There are, however, many normal anatomical variants in 
which multiple renal arteries are possible.

Patient Positioning
There are multiple patient positions utilized in urological surgery and the 
anesthesiologist must be aware that there are physiological changes that 
accompany these positions.

The lithotomy position (Fig. 21.1) is most commonly used for cystoscopies, 
transuretheral resection of prostate or bladder tumor (TURP or TURBT), or 
ureteroscopies. Placement in this position for greater than two hours may be a risk 
factor for development of sensory neuropathies or rhabdomyolysis secondary 
to compartment syndrome. This position increases upward displacement of 
intra-abdominal contents, decreasing pulmonary compliance, forced residual 
capacity and vital capacity, and increasing atelectasis. Elevating the legs also 
increases venous return, cardiac output, and arterial blood pressure, but these 
changes may not have clinically significant manifestations.

Placing the patient in the kidney rest position (also called the lateral 
flexed position) is preferred for better access during renal surgery. Often an 
axillary roll (usually a rolled towel) is placed between the table and upper 
chest to ensure that the brachial plexus is free from compression or injury. 
The lateral decubitus position has profound effects on creating ventilation–
perfusion mismatch and causes dependent atelectasis. Hemodynamically, 

Table 21.1 Spinal pain segments for the genitourinary system.

Organ Sympathetics Pain pathways

Kidney T8-L1 T10-L1

Ureter T10-L2 T10-L2

Bladder T11-L2 T11-L2 (bladder dome)
S2–4 (bladder neck)

Prostate T11-L2 T11-L2S2–4

Penis L1 and L2 S2–4

Scrotum S2–4

Testes T10-L2 T10-L1
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and disadvantages (Table 21.2). Ideally, one would prefer an isotonic fluid that 
does not cause hemolysis when intravascularly absorbed, is transparent, non-
electrolytic, inexpensive and nontoxic. Since this is not possible, a number of 
other solutions have been employed and it is critical that the anesthesiologist 
be aware of the type of solution being used and its associated potential periop-
erative complications.

TURP syndrome is a phenomenon that can be caused by intravascular 
absorption of irrigation fluid into the venous sinuses of the distended bladder 
when the pressure of the irrigating fluid exceeds venous pressure. The TURP 
syndrome is defined as a constellation of signs and symptoms that reflect rapid 
absorption of irrigating solution, leading to respiratory distress from volume 
overload, dilution of serum electrolytes and proteins, and resultant cardiopul-
monary changes (Table 21.3). Central nervous system manifestations in the 
awake patient include nausea, agitation, confusion, visual changes, seizures, and 
even coma. These effects are most likely secondary to hyponatremia leading 

Table 21.2 Commonly used irrigating solutions.

Irrigating solution Relative osmolality Advantages Disadvantages

Distilled water Very hypoosmolar  Visibility Hemolysis, hemoglobinemia, 
hemoglobinuria, hyponatremia

Glycine Hypoosmolar  TUPR syndrome 
incidence

Transient postoperative visual 
syndrome

Sorbitol Hypoosmolar  TUPR syndrome 
incidence

Hyperglycemia, Osmotic 
diuresis

Mannitol Isosmolar Not metabolized Osmotic dieresis, may cause 
intravascular volume expansion

Table 21.3 Symptoms of TURP Syndrome.

Cardiovascular Neurologic Other

Hypertension Confusion/disorientation Hemolysis

Arrhythmias Seizures Hyponatremia

Congestive heart failure Unresponsive Hyperglycinemia

Pulmonary edema Visual problems or blindness Hyperammonemia

Hypoxemia
Myocardial ischemia
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blunting of the central nervous system reflexes to hypoxia and hypercarbia
decrease in the compliance of the thoracic wall
decrease in alveolar gas exchange surface
generalized de-conditioning of chest wall musculature

The larger proximal airways tend to dilate with age, causing an increase 
in dead space. The distal airways tend to collapse, causing an increase in clos-
ing volume and air trapping. The compliance of the chest wall decreases (due 
to stiffening of the costochondral joints). The intercostal spaces are usually 
decreased because of loss of musculature, which increases the work of breath-
ing and decreases the ability to re-expand atelectatic regions of the lungs. It also 
hinders the ability to cough and adequately clear secretions.

The central nervous system reflexes in response to hypoxemia and hypercar-
bia are also diminished. Clinically, all these changes predispose the patients to 
hypoxemia in the perioperative setting. Finally, the hypoxic pulmonary reflex, 
which is responsible for shunting blood away from poorly ventilated parts of 
the lung is diminished, leading to greater ventilation–perfusion mismatching.

Renal Changes
A decline in renal function is seen in the elderly due to a decrease in glomerular 
filtration rate (GFR) and total renal blood flow (RBF). The serum creatinine 
may not reflect the extent of renal impairment as muscle mass declines in the 
elderly. Creatinine clearance can provide a much more accurate reflection of 
renal function in the elderly. The elderly are also predisposed to dehydration 
because of diminished compensatory mechanisms, including perception of 
thirst and the renal response to antidiuretic hormone (ADH) (Table 23.1).

Table 23.1 Renal changes in the elderly.

Decrease in renal blood flow

Decline in glomerular filtration rate

Decline in ADH response

Decrease in total body water

Decreased ability to conserve sodium

Diminished urine concentrating ability

Decline in renin-aldosterone levels

Decreased thirst perception
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Ambulatory Surgery
Ambulatory surgery generally places a great emphasis on the aesthetics of the 
patient experience from arrival to discharge and on maximization of efficiency 
and facility throughput. The goals of ambulatory anesthesia include rapid emer-
gence from anesthesia, expedited discharge by “fast-tracking” patients through 
the recovery room, prevention and rapid treatment of common postopera-
tive problems such as pain and postoperative nausea and vomiting (PONV), 
increased operating room efficiency, and patient convenience.

Preoperative Considerations
Ambulatory surgery encompasses all patients, undergoing a surgical proce-
dure, who are planned for discharge on the day of surgery, regardless of the 
anesthetizing location. However, the range of facilities in which ambulatory 
procedures occur is diverse and represents an important consideration for 
patient selection and planning. Unforeseen difficulty can be managed rather 
routinely when ambulatory surgery is performed in the setting of the full sup-
port services of an inpatient hospital. In contrast, even basic problems, such as 
the need for postoperative bladder catheterization, may not be easily handled 
in the office-based practice.

Specific preoperative issues to consider for ambulatory surgery patients include:

1. Is the nature of the surgical procedure compatible with same-day discharge?
2. Do patient characteristics or co-morbid conditions (see Table 24.1) predis-

pose the patient to complications that might require hospital admission?

Indeed, even the simplest procedure done on a physiologically complex patient 
may require hospital admission and overnight observation. Table 24.1 provides 
representative criteria used to decide whether the patient might be an appro-
priate candidate for ambulatory surgery. Table 24.2 presents surgery- and pro-
cedure-related factors one might consider in deciding whether the proposed 

Table 24.1 Patient selection factors for ambulatory surgery.
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procedure is appropriate for the ambulatory setting. Table 24.3 lists common 
ambulatory procedures. However, no procedure is always done in an outpatient 
basis. Even the simplest procedure (e.g. cataract removal) done on a physiologi-
cally complex patient may require hospital admission and overnight observa-
tion.

Preoperative testing is a controversial topic that requires good judgment. 
Patients are best evaluated in a preoperative clinic setting well in advance of the 
planned procedure. Advance assessment allows problem identification and 
implementation of optimization strategies that may facilitate handling of med-
ically complex patients in the outpatient setting.

Generally, patients planned for same-day discharge should not have active 
issues that require substantial medical consultation or interdisciplinary planning. 
If such medical co-morbidities are present, regardless of anesthetic or surgical 
approach, the risk of peri-operative exacerbation of underlying medical conditions 
is real. The challenges and dangers intrinsic to the management of sick patients in 
a stand-alone ambulatory surgery center or office-based practice, in many cases, 

Table 24.2 Procedure-related considerations for ambulatory surgery.

Table 24.3 Common ambulatory procedures.
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basis. Even the simplest procedure (e.g. cataract removal) done on a physiologi-
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tion.
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Generally, patients planned for same-day discharge should not have active 
issues that require substantial medical consultation or interdisciplinary planning. 
If such medical co-morbidities are present, regardless of anesthetic or surgical 
approach, the risk of peri-operative exacerbation of underlying medical conditions 
is real. The challenges and dangers intrinsic to the management of sick patients in 
a stand-alone ambulatory surgery center or office-based practice, in many cases, 

Table 24.2 Procedure-related considerations for ambulatory surgery.

Table 24.3 Common ambulatory procedures.
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outweigh the potential benefits of rapid discharge, patient convenience, and 
decreased cost. However, a carefully selected patient with medically optimized 
conditions often does quite well in the ambulatory center.

Preoperative testing focused on specific patient factors is appropriate. Medi-
cally informed common sense should guide this decision-making. For example, 
patients with hypertension or other known cardiovascular disease should have 
a preoperative ECG; patients on medications that affect electrolyte balance 
(e.g. furosemide, spironolactone, and potassium) should have a recent preop-
erative chemistry panel; patients with chronic anemia or recent active bleeding 
(e.g. menorrhagia, epistaxis, and GI bleed) should have a hemoglobin value 
measured since the last bleeding episode. A healthy patient generally needs no 
preoperative testing and “routine” tests such as complete blood count, chem-
istry panel and chest X-ray should never be ordered without a clear idea of 
why the test results will be useful in the anesthetic planning and perioperative 
management of the patient in question.

Certain procedures simply cannot be performed on an outpatient basis; 
this is primarily due to the need for continuous postoperative monitor-
ing (e.g. measurement of gastric drainage, placement of drains for bleeding, 
and need for frequent electrolyte studies), ongoing interventions (intravenous 
medications for pain, fluid resuscitation, and complex dressing changes), or 
inability to eat, drink, or urinate. Examples are listed in Table 24.4.

Table 24.4 Procedure exclusions for outpatient management.
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Inadequate pain control and continued nausea or vomiting with inability 
to tolerate oral intake are the two most common reasons for discharge delay. 
These clinical problems should be treated aggressively. PONV in the PACU 
should be treated with an agent of a different class than used for prophylaxis. 
Pain should be treated with rapidly acting IV analgesics, and the patient should 
then be transitioned to oral medications.

Out-of-OR (OOR) Anesthesia
General Considerations
Provision of anesthesia outside of the operating room is one of the biggest chal-
lenges in anesthesia. Demand for anesthesia services in the electrophysiology 
lab, interventional radiology suite, and endoscopy center is growing rapidly. 
At the same time, increasingly complex procedures (e.g. percutaneous cardiac 
valve replacements, cerebral aneurysm embolization, aortic aneurysm stenting, 
and ICD placement) are performed in these locations on patients with mul-
tiple underlying physiologic derangements that range from life-threatening 
cardiomyopathy to super morbid obesity. The physicians performing these 
procedures often lack in-depth understanding of the complexities of anes-
thetic management in patients outside of the OR (OOR), while the demands 
of the clinical system often emphasize the need for exceptional efficiency. In 
many instances procedure rooms are not designed to accommodate anesthesia 
equipment, and the presence of an anesthesia machine with the ability to moni-
tor exhaled carbon dioxide and deliver inhaled potent agents is an uncommon 
luxury. All of these considerations make the provision of “just another MAC” in 
the OOR setting a true clinical challenge that requires refined communication 
skills, deft clinical management, and a high degree of flexibility and accommo-
dation. Table 24.5 shows unique aspects of OOR anesthesia practice.

Table 24.5 Unique aspects of Out-of-OR-anesthesia.
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hemodynamic profile. Ketamine does not suppress respiration but may also be 
associated with unpleasant psychedelic side effects in a subset of patients.

Several possible anesthetic approaches are outlined in Table 24.6, although 
many others can be conceived.

Electrophysiology Lab (EP)
The wide variety of procedures performed in the EP lab include pacemaker 
placement, external cardioversion, internal defibrillator placement and testing, 
and arrhythmia ablation. By definition, all patients have cardiac disease, and 
many have severe compromise of cardiac function with low ejection fraction, 
coronary artery disease, and high propensity toward unstable rhythms. More-
over, the EP lab represents a very foreign environment to the anesthesiologist. 
There is a large amount of equipment that surrounds the patient and often inter-
feres with immediate access to the airway and intravenous catheterization sites.  

Table 24.6 Anesthetic options for GI endoscopy procedures.

Option A:

Comment:

Option B:

Comment:

Option C:

2

2

Comment:
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Orthopedic Surgery
Not all trauma is orthopedic, and not all orthopedic procedures result from 
trauma. Here we shall focus on the special challenges in care of the routine, 
scheduled, elective orthopedic patient.

Choice of Anesthetic
Orthopedic procedures lend themselves to a wide variety of regional techniques, 
many of which are detailed in Chap. 13. The question that patients frequently 
ask is “Are blocks better and safer than general anesthesia?” Unfortunately, the 
answer is far from clear. A good general anesthetic is always better than a bad 
regional anesthetic. Does regional anesthesia reduce patient morbidity or 
improve patient satisfaction?

The answer is an unequivocal “it depends.” Patients with less pain are obvi-
ously more satisfied, but again a poorly functioning block (or regional/epidural 
catheter) will increase pain and aggravation, as well as patient and surgeon dis-
satisfaction. Ultrasound-guided catheter techniques are revolutionizing ambu-
latory orthopedic procedures in some hospitals, while others are abandoning 

Table 25.3 Trauma blood protocol.

o Male
o Obviously non-child bearing age

Table 25.4 Massive transfusion protocol.

 – Cooler #1:4 units PRBC
 – Cooler #2:2 units PRBC + 3 units FFP
 – Bucket: Cryoprecipitate + Platelets
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perception. In transduction, the ability of the body to sense noxious stimuli 
(nociception) depends on the activation of nociceptors (pain receptors). These 
receptors are divided into thermal, mechanical, and polymodal nociceptors. 
Thermal receptors are excited by extremes of temperature, mechanical receptors 
respond to sharp objects that penetrate, squeeze, or pinch, while polymodal 
receptors respond to the destructive mediators of thermal, mechanical, and 
chemical stimuli. The chemical stimuli include potassium, serotonin, bradyki-
nin, histamine, prostaglandins, leukotrienes, or substance P, which may lead to 
activation or sensitization of the polymodal nociceptors.

Following transduction, the nociceptor signal is translated into an electrical 
signal which allows for transmission of the stimuli via the peripheral nerves. 
Peripheral nerves are typically classified by their primary function (motor or sen-
sory), diameter and speed of conduction velocity (see Table 26.1). Pain pathways 
are typically mediated through A delta and C fibers via the dorsal root ganglion 
and then transmitted through one of three major ascending nociceptive pathways 
(spinothalmic, spinoreticular, or spinomesencephalic) as shown in Fig. 26.1.

Modulation of pain (suppression or worsening of a painful stimulus) 
occurs either peripherally at the receptor, at the level of the spinal cord or in 

Table 26.1 Classification of peripheral nerves.

Fiber 
class

Diameter 
(µm) Myelin

Conduction 
velocity (m/s) Innervation Function

A alpha 12–20 +++ 75–120 Afferent to skeletal 
muscle

Motor and reflexes

A beta 5–12 +++ 30–75 Afferent from cutaneous 
mechanoreceptors

Vibration, light 
touch and pressure

A gamma 3–6 ++ 12–35 Efferent to muscle 
spindles

Muscle tone

A delta 1–5 ++ 5–30 Afferent pain and 
thermoreceptors

“Fast”, sharp, 
intense, lancinating 
pain, touch and 
temperature

B <3 + 3–15 Preganglionic sympa-
thetic efferent

Autonomic function

C 0.2–1.5 − 0.4–2.0 Afferent pain and 
thermoreceptors

“Slow”, dull, 
burning, achy pain, 
touch, pressure, 
temperature, 
postganglionic 
autonomic
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supraspinal structures (i.e. the brain stem, thalamus, or cortex). Finally, the 
perception of pain takes place at the level of the thalamus, somatosensory 
cortex, anterior cingulate gyrus, insula, cerebellum, and frontal cortex. The thala-
mus and somatosensory cortex are thought to allow for the localization of pain, 
while the anterior cingulate gyrus is involved in the emotional response to the 
stimulus. The insula, cerebellum, and frontal cortex allow for one to remember and 
to learn from a painful experience and to develop avoidance behavior.

General Pain Definitions
When discussing acute and chronic pain, it is important to have a basic battery of 
definitions to express the type and description of pain a patient is experiencing.

General Pain Types

Nociceptive pain Normal, acute pain perception evoked by short-lasting noxious stimuli in intact 
tissue, in the absence of peripheral or central sensitization.

Inflammatory pain Pain following tissue injury but with no neural injury.

Neuropathic pain Pathophysiologic state of pain after neural injury resulting in peripheral and 
central reorganization

Abnormal Pain Descriptor Definitions

Allodynia The perception of pain by a stimulus that is not normally painful

Hyperalgesia The enhanced perception of pain by a normally painful stimulus

Dysesthesia Abnormal sensations experienced in the absence of stimulation

Paresthesia An abnormal sensation (e.g. burning, pricking, tickling, or tingling)

Acute Versus Chronic Pain
The clinical definition of acute versus chronic pain is determined in a temporal 
fashion with an arbitrary timeframe of 3–6 months defining the cutoff point 
between acute versus chronic.

Acute pain can be defined as a noxious stimulus caused by injury or abnormal 
functioning of viscera or musculature. It is usually noted following posttraumatic, 
postoperative, obstetrical, and acute medical illnesses (i.e. myocardial infarction or 
nephrolithiasis). It is typically classified as somatic or visceral in nature. Somatic 
pain is caused by the activation of nociceptors in the skin, subcutaneous tissues, 
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Common Chronic Pain Medications Classifications
Opioids
The opioids are a diverse classification of mediation that typically provide anal-
gesic effect via actions on the µ, , and  opioid receptors. The receptors are 
most abundant in the dorsal horn of the spinal cord and also in the dorsal root 
ganglion and peripheral nerves. Various natural and synthetic formulations 
and routes of delivery exist for these medications, including oral, intravenous, 
buccal, transdermal, and intrathecal. The most common oral agents are listed 
in Table 26.3. The major side effects of opioids include constipation, nausea, 
vomiting, pruritus, sedation, and respiratory depression.

Some of the major challenges surrounding opioids include those of toler-
ance, physical dependence, withdrawal, and addiction. Tolerance is defined 
as a fixed dose of an opioid providing less analgesia over time that may lead to 
escalating doses of narcotics to achieve the same pain relief.

Physical dependence is a physiologic state which is manifest by abruptly 
stopping opioid medications which then results in a withdrawal state. Opioid 
withdrawal presents with irritability, anxiety, insomnia, diaphoresis, yawning, 
rhinorrhea, and lacrimation. As time progresses, the symptoms may include 
fevers, chills, myalgias, abdominal cramping, diarrhea, and tachycardia. 
Opioid withdrawal is self-limiting and can typically last 3–7 days.

As opposed to physical dependence, addiction is defined by opioid use 
resulting in physical, psychological, or social dysfunction and continued use of 
the opioid despite the overlying issues. Behaviors that are most indicative 

Table 26.3 Common oral opioid pharmacodynamics and dosing.

Opioids Half-life Duration (h)
Equianalgesic oral 
doses (mg)

Initial 
dose (mg)

Dosing 
interval (h)

Codeine 3 3–4 80 30–60 4

Hydromorphone 2–3 2–3 2 2–4 4

Hydrocodone 1–3 3–6 10 5–7.5 4–6

Oxycodone 2–3 3–6 7 5–10 6

Methadone 15–30 4–6 10–20 20 6–8

Morphine 2–3.5 3–4 10 10–30 3–4

Propoxypene 6–12 3–6 43–45 100 6

Tramadol 6–7 3–6 40 50 4–6
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includes treating the underlying cause, fluid bolus, draining the bladder, and pain 
control. Symptomatic treatment may be necessary to allow offending medications 
to wear off. Cardiac arrhythmias are also common causes of tachycardia. If atrial 
fibrillation occurs, consider beta blockade, calcium channel blockers, and poten-
tially cardioversion if the patient becomes hemodynamically unstable.

The most common causes of postoperative bradycardia are increased 
parasympathetic flow or decreased sympathetic output, which may addition-
ally manifest as hypotension concomitant with the bradycardia. In cases of sus-
pected increased parasympathetic output, consider muscarinic blocking agents 
such as atropine and glycopyrrolate. In cases of decreased sympathetic output, 
beta-mimetic agents such as ephedrine are useful. Table 27.5 outlines the most 
common causes of postoperative bradycardia.

Myocardial ischemia should always be part of differential diagnosis 
in patients with hemodynamic compromise. Risk factors for myocardial 

Table 27.3 Suggested medical therapies for hypertension.

Mild to moderate hypertension

Severe or refractory hypertension
(consider intra-arterial BP monitoring) − Nicardipine

− Nitroglycerine
− Nitroprusside

Table 27.4 Causes of postoperative tachycardia.

Noxious stimuli

Physiologic derangements

Medications

Anesthetics
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ischemia include CHF, valvular disease, low ejection fraction, smoking history, 
anemia, hypertension, and emergency surgery. Causes may include tachycardia 
(decreases time in diastole, leading to coronary hypoperfusion), hypotension, 
and hypoxemia. Clinical signs are angina, ECG changes, and dysrhythmias. 
Work-up and treatment includes treating underlying causes (pain control, fluid 
bolus, and anxiolysis), oxygen, aspirin, nitroglycerine, beta blockade, and mor-
phine. Cardiac enzymes (e.g. troponin levels) should also be checked.

Postoperative Neurologic and Other Complications
The most common cause of delayed awakening is residual anesthetic, sedative, 
or analgesic. Less common causes include hypothermia, metabolic derange-
ments, and stroke. Management includes treating underlying causes (e.g. apply 
a forced air warming blanket, correct metabolic disturbances) or medication 
reversal. Naloxone reverses opioid effects, although the patient may need 
repeated doses if the half-life of the opioid is longer than naloxone. Flumazenil 
reverses benzodiazepine effects.

Another common complication is altered mental status and emergence 
delirium. Exacerbating factors are listed in Table 27.6.

Emergence delirium usually resolves in 10–15 min. Management includes 
verbal reassurance, adequate analgesia, correcting metabolic derangements, 

Table 27.5 Common causes of postoperative bradycardia.

Medications

Physical causes

Metabolic derangements
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providing supplemental oxygen, benzodiazepines, arm restraints, and phys-
ostigmine if reaction is related to scopolamine or atropine (central anticholin-
ergic syndrome).

Postoperative neuropathy is a less common injury that may present post-
operatively. Spinal cord injury can occur with positioning during intubation or 
with hematoma after neuraxial anesthesia, but this is very rare. More commonly 
seen are peripheral nerve injuries. These stretch or compression injuries may 
involve the ulnar nerve (compression of ulnar nerve at the postcondylar groove 
of humerus), peroneal nerve (compression of nerve against fibular head while in 
lithotomy), femoral nerve (due to exaggerated lithotomy position with “candy 
cane” stirrups), brachial plexus (due to over abduction of arms past 90° in the 
supine position or the neck being too far to one side), and long thoracic nerve 
(occurs with pneumonectomies, leading to winged scapula and paralyzed ser-
ratus anterior muscle). Most symptoms resolve in 6–12 weeks, although per-
manent injuries may occur.

Corneal abrasions can be caused by ocular drying (eyes open during pro-
cedure), contact with eye during facemask ventilation or intubation, or the 
patient scratching his or her own eye upon awakening (hence the reason we ask 
the patient not to rub his or her eyes on the way to the recovery room). Signs 
and symptoms include excessive tear formation, photophobia, and decreased 
visual acuity. Treatment includes artificial tears, eye closure, and ocular antibi-
otics. Most corneal abrasions heal within 72 h.

The most common cause of postoperative weakness is residual neuromus-
cular blockade. Other causes include cerebrovascular accident and preexisting 

Table 27.6 Causes of postoperative mental status changes.

Hypoxemia

Metabolic derangements

Cerebral hypoperfusion

Extremes of age

Emotionally significant operations

Presence of intraoperative recall

Scopolamine or atropine

Substance abuse

Pain, nausea, pruritus
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Characteristic!! ! Type of Fluid

Most Physiological ! ! ! RL
Rich in Na!! ! ! ! NS,DNS
Rich in K! ! ! ! ! Isolyte P,M
Correct Acidosis ! ! ! RL, Isolyte-P
Corrects Alkalosis! ! ! Isolyte G 
Avoided in Liver Failure! ! RL, Isolyte G
Cautious use in RF! ! ! RL, Isolyte P,G,E
Glucose Free! ! ! ! NS,RL
Sodium Free! ! ! ! Dextrose 5% 10%!
Potassium Free! ! ! NS, DNS, Dextrose
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Assessment Test

Face Unusual or deformed facies, any obvious abnormality in face, beard, Syndrome - Pierre-robin Syndrome, 
klippel-Feil, Goldenhar and Fetal Alcohol. 

Upper Incisors Absent, Loose Protruding

Nose Nasal Patency

MMAP”ing Mallampati Class III & IV. MMAP”ing

Measurements: 3-3-1; 
•Thyromental span = < 3 fingers breath, Mouth Opening = < 3, Jaw Protrusion = < 1 cm or upper lip bite 
test.

MMAP”ing

A-O extension ( in absence of C-Spine precautions), Inability to adequately to flex & extend the atlanto-
occipital joint. 

MMAP”ing

Pathology in the mouth & Upper airway. Swellings in and around the airway H/O snoring & stridor. 

MOANS (Specific for BMV) Mask Seal, Obesity/Obstruction, Age > 55, No teeth, Stiff lungs

RODS (Specific for 
supraglottic devices)

Restricted mouth opening, Obstruction in upper airway, Disrupted upper airway e.g trauma, intra-oral burns, 
Stiff lungs (Poor compliance)

BANG (specific for surgical 
airway)

Bleeding tendency, Agitated patient, Neck scarring and flexion deformity, Growth or vascular abnormalities 
in the region of the surgical airway

Factors for higher risk of 
aspiration.

NPO status & Full stomach, GE Reflex, Pregnancy, Obesity Hiatus Hernia, presence of Ryleʼs tube.

Difficulties during and after 
removal of airway 
maintenance device.

Any cause encountered as above

Rapid Assessment of Airway: FUN - M - MAPing with MOANS, RODS, BANGS, Assessment of risk factors for aspiration 
& difficulties for removal of airway maintenance device. 
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Bainʼs Circuit:

Classic LMA:

 

Intubating LMA:

LMA Fastrach (LMA North America, Inc)

Although the LMA Fastrach (Fig. 8) may function as a ventilating supraglottic airway, it
is primarily an intubating tool and was designed as a conduit for placement of an ET in
cases of anticipated or actual difficult direct laryngoscopy. Its rigid, anatomically
shaped airway tube is wide enough to accommodate a size 8 ET and short enough
for placement of the ET cuff below the vocal cords. The LMA Fastrach was intended
for blind endotracheal intubation but also can be used with a fiberoptic bronchoscope,
lighted stylets, or the Flexible Airway Scope; it is available in sizes 3 to 5 and comes
with a specially designed, reusable, wire-reinforced LMA Fastrach ET (Fig. 9).

Fig. 7. Laryngeal mask airway LMA Supreme. (Courtesy of LMA North America, Inc; with
permission.)

Fig. 8. Laryngeal mask airway LMA FasTrach. LMA ET Tube is placed in the airway tube. The
tip of the ET tube protrudes under the epiglottic elevating bar. (Courtesy of LMA North
America, Inc; with permission.)

Supraglottic Airway Devices 303

iGel:

Fig. 19. i-gel supraglottic airway device. (Courtesy of i-gel Intersurgical Ltd, Wokingham,
Berkshire, UK; with permission.)

Fig. 20. Placement of the i-gel supraglottic airway device in the oropharynx. (Courtesy of
i-gel Intersurgical Ltd, Wokingham, Berkshire, UK; with permission.)

Supraglottic Airway Devices 311
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• H-Heating element 
• O-Orifice 
• P-Differential Pressure Transducer 
• R1-Resistor
• R2-2nd Resistor

Aladin Cassette: 
How it works
In the S/5 ADU,
anesthetic agent
control consists 
of two parts: the
electronic control
mechanism in 
the anesthesia
machine and the
separate Aladin agent cassettes.

Agent concentration is adjusted by regulating the amount 
of fresh gas flowing through the cassette. A throttle valve
regulates how much fresh gas flows to the agent chamber.
Part of the fresh gas bypasses the cassette, so the more
fresh gas allowed to pass through the chamber, the greater
the concentration. Both flows are electronically measured 
to control the throttle valve.

Each Aladin Cassette is magnetically coded for its specific
agent. This allows the S/5 ADU to recognize which agent
cassette is inserted.

The agent vaporizes freely in the cassette without pressur-
ization or heating. The cassette has a temperature measuring
sensor at the rear where the temperature of the agent is
measured. The pressure inside the cassette is measured
from the cassette flow before entering the cassette. The
fresh gas content (O2 and N2O/Air) is taken into account to
help achieve greater accuracy.

Benefits

Easier to handle
• The Aladin Cassette can be handled or stored in 

any position.

• Weighing only 2 to 3 kg/4.4 to 6.6 lbs, the Aladin Cassette
can be easily carried and handled.

Automatic record keeping and gas usage calculation
• Electronic control of desired agent concentration 

provides agent setting data for automatic record 
keeping and fresh gas flow data.

• Gas usage data provides a unique tool for low flow 
savings analysis.

Enhanced safety
• During the daily system check, the S/5 ADU performs 

a check on the Aladin Cassette and agent control 
mechanism.

• S/5 ADU agent control is also monitored during operation.

Virtually maintenance-free
• The Aladin Cassette is virtually maintenance free!

• The S/5 ADU electrical control can be calibrated using
the S/5 ADU’s intuitive service menu.

Filler wheel first locks the key filler and 
then opens the gas and liquid channels. 
An overfilling protection system is built in.

Key filling system

Liquid level indicator

Eject handle for easy carrying,
replacement and storage.

Agent chamber

Simple diaphragm pressure regulator:
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Bourdon Gauge:
Low Pressure Aneroid Gauge:

Pressure Regulator:

Oxygen failure safety device:
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Oxygen Flush:

Flow will be 35-75 L/min.
Pressure of 45 to 55 psi.

Ruben Non-breathing valve:

• Ruben Non rebreathing valve
• Inspiration: 0.8 cm of H2O Inspiratory resistance
• Expiration: 1 cm of water expiratory resistance

AMBU BAG:

Ruben Non Rebreathing valve:
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Venturi Mask:

Bernoulliʼs Principle:

Parts:
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A

2414 Adult Subspecialty ManagementV

surfaces. !e most popular approach to the problem has been 
wrapping the tube with metallized foil tape.50,59,61,63,73,76,77

!ree types of tape have been used: aluminum foil with 
adhesive backing, copper foil with adhesive backing, and plastic 
tape thinly coated with metal on one side and adhesive on the 
other. !ese tape products are widely available from electronics, 
arts and cra"s, and building supply shops. Lead foil (commonly 
used on windows for burglar alarms) is similar in appearance, but 
is toxic and should never be used in the airway.

!e aluminum and copper tapes have been evaluated for 
protection of different types of endotracheal tubes with various 
lasers. Although taping does not provide protection of the inflat-
able cuff portion of an endotracheal tube, these metal tapes do 
offer a measure of protection against inadvertent, brief, or unfo-
cused far-infrared CO2 laser hits to the taped portion of the tube 
sha". Metallic tapes are a less certain shield, however, against the 
near-infrared beam from Nd:YAG. !e solid copper (1-mm foil; 
Venture Tape Corp, Rockland, MA) and aluminum (no. 425 or 
no. 433; 3M Corp, Industrial Tape Division, St. Paul, MN) tapes 
were able to withstand at least 60 seconds of direct Nd:YAG laser 
exposure without penetration or ignition.77 An Emergency Care 
Research Institute (ECRI) study78 found that the 3M aluminum 
tape provided protection against CO2 and KTP:Nd:YAG, but it 
did allow ignition of a PVC tube at the highest power setting of 
an Nd:YAG laser. Copper tape (no. 1181; 3M Corp, Electrical 
Products Division, St. Paul, MN) provided ignition protection 
from all three lasers. Sosis and Dillon77 found that metallized 
plastic tape (Radio Shack no. 44-1155, Fort Worth, TX) was more 
easily ignited by Nd:YAG than an unwrapped red rubber tube, 
with a time to ignition of 6 seconds versus 13 seconds for the 
unwrapped control. !e ECRI78 also found that although the met-
allized plastic tape was most pliant and least likely to abrade the 
larynx, it provided protection only against CO2 lasers, not against 
Nd:YAG or KTP:Nd:YAG.

Applying a protective metal foil wrap to an endotracheal 
tube requires some care. A clean tube should be wiped with 
alcohol to remove residue that could interfere with adhesion and 
then optionally wiped lightly with Mastisol or tincture of benzoin. 
!e end of the tape should be cut at an angle of about 60 degrees, 
and the cut edge should be aligned with the proximal end of the 
cuff junction (Fig. 77-8). Tape should be wrapped in a spiral, with 
about 30% overlap, to the exit point of the cuff pilot tube. Wrin-
kles should be eliminated to avoid abrading the tracheal mucosa. 
!e result should eliminate bare tubing or areas of exposed tape 
adhesive (which is quite flammable). Rewiping the wrapped tube 
with alcohol provides a degree of cleanliness before tracheal 
intubation.

Although this use is well supported in the medical litera-
ture, none of these metal foils has FDA approval because their 
manufacturers have not sought it. Physicians who devise a 
wrapped endotracheal tube using such tapes incur some product 
liability risk as a noncertified “manufacturer” should injury occur, 
especially because there are FDA-approved commercial products 
that claim laser resistance.

!e Merocel Laser Guard (Medtronic Xomed Merocel 
Corp, Mystic, CT) is a commercial, FDA-approved endotracheal 
wrap consisting of an adhesive metal foil laminated to a synthetic 
sponge surface. Properly placed on an endotracheal tube and kept 
moist, the Merocel product provides protection against CO2, 
argon, and KTP:Nd:YAG lasers, but not YAG lasers.78 !e manu-

facturer recommends this product only for use with CO2 lasers. 
!e shield material adds almost 2 mm to the diameter of the 
endotracheal tube. Similar to the nonapproved tapes, Laser Guard 
can be applied only to the sha" of the tube and provides no pro-
tection for the cuff.

!e FDA also has approved the use of an integral laser-
resistant coating in the manufacture of endotracheal tubes. !e 
commercially available Xomed Laser shield tube (Medtronic 
Xomed, Jacksonville, FL) is fabricated from silicone with an outer 
layer of finely divided aluminum powder in silicone; the alu-
minized layer extends over the inflatable cuff. !is tube is speci-
fied for use only with CO2 lasers, a beam power density of less 
than 4900 W/cm2, and an F2 of less than 25%.

Although more resistant to far-infrared radiation than 
PVC or red rubber tubing,79,80 the Laser Shield nonetheless burns 
vigorously when ignited in vitro,63 producing friable silica dust. 
It also may ignite under typical surgical conditions, failing the 
ECRI flammability test.78 In at least one case, an airway fire 
involving this tube occurred,56 resulting in serious injury attrib-
uted to an intraluminal fire caused by laser penetration of the cuff; 
the laser power settings were within specified limits, but the res-
piratory gas mixture included an excessive F2 and nitrous oxide. 
A newer version, the Laser Shield II, is approved for use with CO2 
or KTP lasers. !e construction of this version includes a sili-
cone-based tube that is smoothly wrapped by a coated aluminum 

Figure 77-8 Cuff wrapping technique. If a wrapped endotracheal tube is the 
chosen method for laser protection, the technique for wrapping is crucial in 
ensuring protection from ignition and foil-induced mucosal abrasions. It is 
often helpful first to paint the tube sparingly with a medical adhesive, such  
as benzoin or Mastisol. The end of the tape should be cut with a scalpel to 
approximately 60 degrees. Wrapping is begun by aligning the cut end of the 
tape with the junction of the tube and the proximal end of the cuff and is 
done in a spiral with a 30% to 50% overlap between layers. Wrapping should 
include the inflation tube for the cuff and should be continued until just short 
of the pilot balloon, with care taken not to wrinkle the tape at any point.

Cuff wrapping technique

Reservoir Bag:

Link 25 System: Functional Analysis of Mapleson E Circuit:
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Jackson Rees Circuit:

Circle System:

Components of the circle system include: 
a) Soda lime canister, 
b) Unidirectional valves, 
c) Fresh gas entry,
d) Y-piece. 
e) Reservoir bag. 
f) Relief valve, 
g) Low resistance interconnecting tubing.

Waters To & Fro:
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Capnogram: Clinical Application:
I. Elevated Base Line:

Seen in:
• Rebreathing
• Incomplete expiratory valve
• Exhausted absorbant
• Insufficient fresh gas flow.
• Deliberate addition of FGF.

II. Elevated base & low rounded peak: 

Seen in:
• Too low rates of sampling with a side stream.

III. Absence of Plateau:

Seen in:
• Contamination of the expired sample gas 

by FGF by placing the sampling unit near 
the fresh gas inlet.

• Too high rate of sampling.

IV. Slanting & prolongation of the 
expiratory upstroke:

Seen in:
• Obstruction to the ET-tube
• Airway obstruction - E.g. COPD, 

bronchospasm
• Acute Asthma 
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V. Low end tidal CO2 with good alveolar 
plateau: 

Seen in:
• Hyperventilation
• Increase in dead space ventilation
• Decrease temperature
• Increased muscle relaxation
• Increased depth of anesthesia
• Decreased blood flow:

• Decreased CO
• PE

VI. Elevated EtCO2 with good plateau:

Seen in:
• Hypoventilation
• Increased metabolism
• Increased temperature
• Shivering & convulsions
• Excess of catecholamines

XI. Cardiogenic Oscillations: Release of Tourniquet/ 
Unclamping of a major 
muscle.

Exponential  decrease in 
EtCO2: Sudden 
hypotension, Circulatory 
arrest & PE

Small air embolus.
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VII. Spontaneous respiratory efforts during 

mechanical ventilation:

VIII. Curare cleft/Notch

IX. Return of spontaneous ventilation:

X. Circuit leak during Positive pressure ventilation:
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TEC 5 Vaporizer:

Waters To & Fro:


