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Preface

Guest Editor

In the developed world, routine ICU monitoring includes daily chest
radiographs, laboratory tests, continuous telemetry and oxymetry, real-time
hemodynamic and respiratory measurements, and on-demand CT and echo-
cardiography. The relationship between close monitoring and better out-
comes is, perhaps surprisingly, taken as a matter of faith. Careful
surveillancemay reveal unsuspected abnormalities that lead to timely therapy.
Alternatively, monitoring may ensure that interventions achieve desired
goals. Monitoring is a key component of several treatments that improve sur-
vival, such as low tidal volume ventilation and early goal-directed therapy for
ARDS and sepsis, respectively [1–4].

Monitoring is not universally beneficial, however. It can potentially be
useless or harmful, particularly if the resulting therapy is ineffective. Some-
times insufficient skills preclude benefit [5]. More often, an ill-considered in-
stinct to correct physiologic or laboratory abnormalities can be harmful. In
the past, before permissive hypercapnia was routine, intensivists undoubtedly
contributed to the deaths of many intubated asthmatics while attempting to
correct respiratory acidosis [6]. More recently, mounting evidence suggests
harm when low transfusion triggers are used for anemia [7,8]. In dramatic
fashion, Swan Ganz catheters, once the definitive ICU monitoring tool, are
approaching obsolescence, with multiple trials failing to show benefit [9].

When it comes to ICU monitoring, neither naı̈ve faith nor nihilism is ap-
propriate. Intensivists should judge monitoring tools by the insight they pro-
vide and the outcomes that accrue. To do this, clinicians should understand
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technical and physiologic underpinnings and consider the evidence support-
ing a link between monitoring and outcome. To this end, we have devoted
this issue of the Critical Care Clinics. The range of topics covered by our all-
star panel should interest all intensivists. We begin with a novel review by
Friedman and colleagues that provides practical advice on choosing, design-
ing, and implementing an electronic medical record. Next, Marik and
Baram offer a comprehensive overview of noninvasive hemodynamic
monitoring, after which Magder provides an elegant discussion of invasive
techniques. Lui and colleagues follow with a timely piece devoted to in-
tra-abdominal pressure monitoring, and Ezzie and colleagues present a pro-
vocative critique of routine laboratory testing. Next, Sakharova and
Inzucchi thoughtfully review the benefits and sometimes unexpected pitfalls
of metabolic monitoring. Two masterful reviews devoted to the central ner-
vous system follow. The first, by Gunther and colleagues, addresses screen-
ing and assessment of cognitive dysfunction, while the second, by
Wartenberg and colleagues, describes multimodality techniques used in neu-
rocritical care. Next, Rubinowitz and colleagues provide a comprehensive
overview of diagnostic imaging, replete with instructive images, advice on
choosing appropriate tests, and a guide to interpretation. Two pulmonary
reviews follow. The first is a state-of-the-art manuscript by Bekos and Mar-
ini devoted to monitoring mechanical ventilation. The second, by Siner and
Manthous, offers a novel critique of methods used to assess readiness for lib-
eration from the ventilator. Finally, we round out this issue with a contem-
porary overview of severity of illness and organ failure assessment by Afessa
and colleagues and a compelling discussion by Berenholtz and Pronovost
devoted to monitoring patient safety.

I would like to thank the contributing authors, whose exquisitely written
manuscripts were a pleasure to read. I am indebted to Lisa Richman at
Elsevier, whose editorial support ensured this issue of the Critical Care
Clinics would be a ‘‘must-read’’ for the critical care community. Finally,
I want to thank the four wonderful women in my lifedHeide, Gabrielle,
Isabella, and Francescadwho monitored me closely throughout the project
and ensured that laughter, great food, and reality checks were always abun-
dant. Their steady support assured there would be no doubt about this
collection’s outcome. Guest Editor photograph by Gabrielle O. Siegel.
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Having endured the difficult challenge of selecting and implementing an
electronic medical record (EMR), we felt it important to share our experi-
ence. We will consider the practical aspects of justifying, planning, imple-
menting, and budgeting for an EMR. The acceptance of such systems has
become possible as a result of the increased operating speed of computers
and networks, the ability to connect wirelessly to a hospital network, the
growing facility of health care workers with computers, and increased pres-
sures from the public and from regulatory agencies to drive efficiencies [1–5].
We will summarize the process for physicians, nurses, information technol-
ogy experts, and administrators who are considering implementing a system
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in their intensive care unit (ICU) and/or hospital, or have a partial system
that they would like to enhance. It has been stated that ‘‘the introduction
of an EMR system in a R200-bed institution should be considered to
take the same order of magnitude in time as the completion of construction
of a new hospital building’’ [4]. There cannot be enough planning and
preparation.

The goal of such a system is to allow the critical care physician the ability
to review, thoroughly and within minutes, all of the information required to
care for a critically ill patient, including reference material, without ever
having to leave the mobile computer at the point of care, except to examine
the patient.

An entirely paperless system would be most desirable, but if that is not
immediately attainable, a secondary objective would be to get as close as
possible and then scan any remaining documents into the EMR.

Designing an EMR for an ICU cannot be accomplished in a vacuum. An
ICU must receive information from many parts of the hospital, eg, labora-
tory, radiology, pharmacy, medical records, admitting, and so forth. Like-
wise, an ICU must send information, often in the form of orders, to
various departments, eg, laboratory, pharmacy, billing, central supply.
Representatives from each of these areas must be intimately involved in
the planning process. A physician champion must ensure that each discipline
is designing its part so that staff physicians receive ALL pertinent informa-
tion. Important data from a clinical area, eg, a comment on a specimen from
the microbiology lab or a comment from a nurse in the operating room, may
not necessarily flow to the EMR unless, during the development process,
a physician ensures that it does. If there is minimal physician involvement,
and the installed EMR is found to be cumbersome to use, it may be too late
for corrective action. Thus, a competent, computer-literate physician cham-
pion must oversee the entire process, including the selection of the system,
and must be accountable to the medical staff with frequent exchanges
concerning the strengths and weaknesses of the system.

The features of an EMR that are desirable for the efficient functioning of
an ICU may be found in Box 1. A list of terms and abbreviations used in
this chapter may be found in Box 2.

Efficiency, safety, and regulatory issues

Leapfrog Group, Institute of Medicine, Institute for Healthcare
Improvement, and HCIT

Organizations such as the Leapfrog Group [6], the Institute of Medicine
(IOM) [7], and the Institute for Healthcare Improvement (IHI) are pushing
the health care system toward health care information technology (HCIT)
implementation. In the setting of critical care, Leapfrog is well known for
its support of the intensivist-led model of critical care. Leapfrog also has
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articulated the demand for implementation of computerized physician order
entry (CPOE). Some, but certainly not all, data suggest that CPOE can re-
duce medication errors with computer-based error checking (for duplicate
and/or dose errors) and improved patient identification procedures (see
section on CPOE). The federal government also is pushing for HCIT sys-
tems, as both houses of Congress have introduced HCIT legislation and
the president has created the Office of the National Coordinator for Health
Information Technology (ONC). It generally is believed that universal im-
plementation of HCIT will save billions of health care dollars [8].

JCAHO

The Joint Commission also has had a heavy hand in encouraging hospi-
tals to migrate toward HCIT implementation. The Joint Commission is one
of the entities that, as part of its survey function, verifies that a hospital is
compliant with the Medicare Conditions of Participation. There are survey
standards that assess how hospitals have migrated toward electronic com-
munication of information. As an example, a new standard for medication
reconciliation throughout all levels of care went into effect on January 1,
2006 [9]. Medications must be reassessed and verified at each transfer of
care (eg, ICU to floor) so that no important medications are omitted, and

Box 1. Desirable features of an EMR in the ICU

� access to all vital signs, vascular monitoring, pulse oximetry,
and waveforms

� immediate access to laboratory values, pathology reports,
microbiology reports, and radiology images and reports.

� immediate access to electrocardiograms and rhythm strips
� online medication administration record with documentation

of changes and explanations, eg, glucose values for insulin
drip changes, PTTs for heparin drip changes

� input and output records with intravenous drip documentation
and cumulative shift totals (drips must be noted in cc per hour
as well as dosage per unit time or dosage per kilogram per unit
time, where indicated)

� computerized physician order entry
� progress notes and nursing notes
� access to online medical reference information
� clinical decision support
� access to face sheet information, eg, insurance, next of kin,

contact phone numbers
� e-mail within the system between all users
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Box 2. Terms and Abbreviations

� APC–ambulatory payment classifications–a system used by
Medicare to categorize outpatients into disease/payment
categories

� Closed unit–An ICU where intensivists become the primary
attending once the patient is transferred. It is not closed with
respect to consultants.

� Core Measures–a JCAHO quality requirement that monitors
indicators for the management of various diseases. Results are
sent to the federal government and are available to the public.
Examples include the use of appropriate medications for
myocardial infarctions, and the appropriate and timely use of
antibiotics for pneumonia.

� COWs–computer on wheels–mobile carts with computers that
are wirelessly connected to the network.

� CPOE–computerized physician order entry
� DRG–diagnosis-related groups–a system used by Medicare

to categorize inpatients into disease/payment categories.
� eMAR–electronic medication administration record (an

electronic version of the MAR)
� EMR–electronic medical record
� Failover–a process whereby a backup component is

automatically and seamlessly exchanged for a component that
has failed

� HCIT - health care information technology
� HIPAA–Health Insurance Portability and Accountability Act

of 1996. Ensures the privacy and security of patient data.
� HL-7–Health Level 7–refers to the structure and definition of

health care data that can be exchanged within and between
organizations; uniform definitions help ensure the proper
exchange of information between vendor software

� I/O–fluid input and output records
� IHI–Institute for Healthcare Improvement
� IOM–Institute of Medicine
� IT–information technology
� JCAHO–Joint Commission on Accreditation of Healthcare

Organizations. This organization is the usual path to document
compliance with the Medicare Conditions of Participation that
allow hospitals to receive payments from Medicare.

� Leapfrog–group of large health care purchasers organized to
initiate improvements in the safety and overall value of health
care to American consumers
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any medications that no longer are necessary are discontinued. Medication
reconciliation can be simplified if HCIT provides data across the continuum
of ambulatory to critical care and back to ambulatory environments. Since
this requirement is relatively new, many vendors currently are attempting to
create a usable process. For those hospitals considering the purchase of
a system, a written guarantee is advisable to ensure that a medication recon-
ciliation process is available. JCAHO Core Measures compliance also is an
essential part of the functioning of any hospital and can be facilitated and
monitored through the use of order sets in the EMR [10].

FDA

The Food and Drug Administration (FDA) has taken the position that
‘‘computer systems used to create, modify, and maintain electronic records
and to manage electronic signatures also are subject to the validation
requirements. Such computer systems must be validated to ensure accuracy,
reliability, consistent intended performance, and the ability to discern
invalid or altered records’’ [11]. The issue is not at all trivial; an FDA anal-
ysis of 3140 medical device recalls conducted between 1992 and 1998 showed

� MAR–the medication administration record that is kept by the
nurses on paper. It documents all medications that have been
administered, who administered it, what time it was
administered, and whether a scheduled dose was held.

� MD PnP–medical device plug and play (see PnP below)
� ODBC–open database connectivity–a standard database access

method that allows access of data by any ODBC-compliant
software program

� ONC–Office of the National Coordinator for Health Information
Technology (also called ONCHIT)

� PACS–Picture Archiving and Communication System–
computerized storage system for digital radiographs

� PnP–plug and play–This refers to the ability to plug a module,
eg, pulse oximetry, directly into a portal that recognizes the
unit and begins communication with the EMR.

� RFID–radio frequency identification
� RFP–request for proposals–a formal list of specifications that

vendors use to submit a detailed bid
� SAN–storage area network; can be used for backup
� Tablet–a personal computer with an interactive screen that can

be used for touch screen operations, writing, and drawing,
sometimes with an attached keyboard

� 24/7–24 hours a day, 7 days a week
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that 242 (7.7%) were attributable to software failures [11]. As decision
support systems become more prevalent, the need for FDA oversight will
become more relevant. Those systems with clinical decision support most
likely will require FDA approval in the future.

HIPAA

HIPAA compliance is mandatory for any EMR. The privacy and security
of patient data must be ensured. In each hospital, there is a HIPAA compli-
ance officer who should be involved in the selection and implementation of
the system to verify adherence to the regulations. Examples of such compli-
ance include a prohibition against loaning a password to others; automatic
log out of terminals if inactive for a period of time; and audit trails to
determine whether confidentiality has been breached. The security of all
wired and wireless connections must be ensured.

Care standards, safety, and efficiency

There is no doubt that an EMR in the ICU has the capability of improv-
ing information access [12]. It also is clear that easy access to data with spe-
cific reporting tools in a computer-based system can facilitate compliance
with important care standards [10]. In one study, compliance with simple
regimens such as deep vein thrombosis prophylaxis, stress ulcer bleeding
prophylaxis, and elevation of the head of the bed to 30 degrees increased
from as low as 32% to greater than 95% [10]. However, deciding whether
CPOE is helpful or harmful has been more problematic [13], and will be
discussed in detail later.

Infection control

Infection control personnel must ensure that computers and monitors do
not become reservoirs for infection. They must consider whether computers
on wheels (COWs) are allowed into patient rooms, whether skins are used
for keyboards, and how often they are cleaned or changed. They must en-
sure that computers in the operating room (OR) do not pose an infection
risk. These considerations will be important in complying with state regula-
tions for infection control.

Develop a team and a plan

Develop an interdisciplinary working group and an initial assessment

It is vital to develop an interdisciplinary team to help choose and imple-
ment a system. This team must include high-level, hands-on representatives
from administration, IT, nursing managerial staff, medical staff, pharmacy,
medical records, admitting, finance, laboratory, materials management,
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outpatient centers, human resources, and other ancillary services such as
rehab, dietary, respiratory, case management, social services, infection con-
trol, HIPAA committee, etc.

Initial decisions that must be addressed include cataloging all existing
systems within the hospital, determining whether they will be replaced or in-
tegrated into a new system, developing rough estimates of budgets and man-
power (include hardware and personnel costs), and developing an oversight
team which, at a minimum, should comprise IT, nursing, administration,
and a physician champion. Other considerations include such issues as
whether the ICU is an open or closed unit (implementation will be easier
in a closed unit where fewer attending physicians need to learn the intrica-
cies of the system) and whether or not housestaff rotate through the ICU
(housestaff will be more willing to work with an imperfect system).

Develop a list of vendors

The list of potential vendors should not include just those that are within
budget. The very best products should be assessed to ascertain the state of
the art, and whether it is reasonable to compromise in selecting a less-
expensive alternative. Plan for presentations from up to 10 or more vendors.
Ensure that the vendors are prepared to show you a working demo with real
data. A system that is not easy to navigate for an untrained physician at
a demo will not likely become easy once installed. Determine for each ven-
dor the number of years in business, sales figures, the size of the company,
the number of years the product has been in use, the number of installations,
the client retention rate, the track record for ‘‘sunsetting’’ software products
and forcing clients to upgrade, bankruptcy contingencies, and the availabil-
ity of 24/7 support. Also consider whether the system can support multiple
sites and whether it has an integrated physician office component, if that is
something that the organization wishes to pursue. A list of potential vendors
from Frost and Sullivan may be found in Table 1 [14]. This list, from a 2006
publication, comprises the industry leaders, but by no means is all inclusive.
When the list of vendors is narrowed, plan site visits with the entire interdis-
ciplinary team. A checklist for evaluating vendors and developing a budget
can be useful, and one has been provided as a starting point (Box 3).

Interfacing old systems versus replacing with a new system

Most hospitals already have computer systems in place to facilitate work
in such areas as billing, admitting, medical records, laboratory, materials
management, and payroll. Thus, the first question a hospital must ask is
whether to integrate current systems into a new system, or whether to re-
place all existing systems with one all-encompassing integrated hospital sys-
tem. The team should develop a list of all current hospital systems with their
pros and cons. Determine what improvements would be desirable, and
whether the potential vendor meets those needs. If the old system is much



T

In ]

C

tions in

Optional features

C

k

ration

on;

ement

g;

ogy

der

Evidence-based critical

care alerts

E

for nurse;

ysician;

ration

rt;

y;

gy data;

opulated;

box

Computer physician order entry;

Bar coding at point of

care for bedside medication

3
5
4

F
R
IE

D
M
A
N
et

a
l

able 1

tensive care information systems market: solutions by major market participants (United States), 2005 [14

ompany IC IS product name Connectivity

Core features and func

a typical installation

erner Cerner Critical Care

(part of the Cerner

Millennium family of

Unified IT Systems)

Integrated into Cerner’s HIS,

also interfaces with non-Cerner

systems

Interfaces with bedside devices

Interfaces lab and radiology

databases

Patient care planning

and coordination tas

integration;

Nurse documentation;

e-Medication administ

record;

Physician documentati

Evaluation and manag

documentation codin

Clinical lab and radiol

results;

Computer physician or

entry;

Outcomes analysis;

Decision support

clipsys Sunrise Clinical

Manager

Integrated to Eclipsys enterprise

EMR or HIS

Physiologic monitoring interface

Remote access over the Web

Sequel server .NET coding

Patient flow sheet;

Clinical documentation

Documentation for ph

Nursing assessment;

e-Medication administ

record;

Clinical decision suppo

Clinical summary;

Clinical data repositor

Review of lab, radiolo

Charge-capture–auto-p

Electronic signature in



Epic EpicCare Vital signs and clinical

hemodynamic parameters

Patient flow sheet;

Nurse documentation;

n

nd

ata

Computer physician order entry;

IV management module

documentation

flow

e

ts into

entry;

er care

sical

cally

ers,

ural

emote

ele-

Native order entry but can

interface to a hospital’s existing

CPOE;

Structured form builder

in Microsoft Word;

Event manager able to evaluate at

the patient level, the

department level and

hospital-wide;

Decision support–queries, data

mining;

Offers a scaled down version

for the step-down units

(continued on next page)

3
5
5

IM
P
L
E
M
E
N
T
IN

G
A
N

E
L
E
C
T
R
O
N
IC

M
E
D
IC

A
L
R
E
C
O
R
D

monitoring interface Physician documentation;

e-Medication administratio

record;

Clinical decision support a

trending;

Clinical summary;

Clinical data repository;

Review of lab, radiology d

iMD Soft MetaVision Suite Interfaced to hospital

information system and

ADT;

Connectivity with patient

monitors and physical device

monitors (ventilators and

infusion pumps);

Interfaced with clinical lab

results;

Includes a wave form module,

allergy module, PACS imaging

interface, care plan module and

digital video cath module

Flowsheet–automates work

and brings patient devic

monitoring measuremen

the flowsheet;

Computer physician order

Nurse documentation;

Physician documentation;

Documentation for all oth

giversdrespiratory, phy

therapy, nutrition, etc;

Event managerdautomati

reviews patient paramet

event alerts, trending;

ICD-9 or -10 codingd

multidisciplinary proced

coding;

Remote connectivity and r

patient monitoring for T

intensivist activities



Tabl

Com

nctions in

Optional features

McK

Te n;

istration

ation;

and

ng;

ology results;

Computer physician

order entry (optional);

Charge-capture (optional)

Med d tracking;

ation;

verification;

port and

logy data

Available in a Microsoft

Windows-based

client/server platform

Available in its proprietary

operating system,

Magic

3
5
6

F
R
IE

D
M
A
N
et

a
l

e 1 (continued )

pany IC IS product name Connectivity

Core features and fu

a typical installation

esson Provider

chnologies

Horizon Clinicals Incorporated into its integrated

inpatient documentation

solution;

Captures patient vital signs

Patient flow sheets;

Nurse documentatio

e-Medication admin

record;

Physician document

Physician evaluation

management codi

Clinical lab and radi

Outcomes analysis

iTech MediTech

Management

Integrated to enterprise EMR or

HIS

Remote access over the Web

Patient flow sheet an

Nurse workflow and

documentation;

Physician document

Order entry;

Bedside medication

Clinical decision sup

trending;

Review of lab, radio



Misys

Healthcare

Misys Optimum Integrated into its Computer

Patient Record, computer

Patient care planning and

coordination task integration;

order entry;

iology results

ta analysis

emote Web

tracking,

lled medical

OWMED);

on;

tation;

gement

istration

pport and

ology data;

g and

Computer physician order entry

(optional as stand-alone

solution or able to tie into

existing enterprise CPOE

solution)

(continued on next page)

3
5
7

IM
P
L
E
M
E
N
T
IN

G
A
N

E
L
E
C
T
R
O
N
IC

M
E
D
IC

A
L
R
E
C
O
R
D

Systems physician order entry, lab and

pharmacy solutions

Computer physician

Clinical lab and rad

viewing;

Online outcomes da

Point of care and r

access

Philips

Medical

Systems

Care View and Care

View Chart

Interfaced with electronic

medical record

Interfaced with bedside devices

and medical devices such as

ventilators

Lab and radiology available at

point of care

Patient flow sheet,

census;

Incorporates contro

terminology (SN

Nurse documentati

Physician documen

Evaluation & Mana

coding;

e-Medication admin

record;

Clinical decision su

trending;

Review of lab, radi

Patient care plannin

coordination



Tab

Com

ions in

Optional features

Picis d

arted care

available

inology;

ing the

ation

n;

es;

patient-

care

ment

tion

d reports;

reporting;

t and

Computer physician order entry

(optional as stand-alone

solution or able to tie into

existing enterprise CPOE

solution)

3
5
8

F
R
IE

D
M
A
N
et

a
l

le 1 (continued )

pany IC IS product name Connectivity

Core features and funct

a typical installation

CareSuite Critical

Care Manager

Integration with Enterprise

Information Systems as

needed;

Automated collection of and

connectivity with patient

monitoring and medical

devices;

Integration with clinical results

databasesdlabs, radiology;

and with pharmaceuticals;

Multi-facility support;

Client/server-based with remote

connectivity

Patient care planning an

coordination;

Patient flow sheet of ch

at point-of-care;

Lab and radiology data

at point-of-care;

Controlled medical term

Nurse workflow and

documentation–includ

medication administr

record;

Physician documentatio

Documentation templat

Online notifications and

specific alerts;

Evidence-based critical

alerts;

Evaluation and manage

coding;

e-Medication administra

record;

Standard and customize

Outcomes analysis and

Clinical decision suppor

trending



Siemens INVISION Clinicals Interfaced with electronic health

record through its enterprise

Patient flow sheet, tracking,

census;

n;

patient-

ment

ation

rt and

y data;

nd

Computer physician order entry

(optional as stand alone

solution or able to tie into

existing enterprise CPOE

solution)

ronic medical record; HIS, health information

unication system; SNOWMED, Systematized

erican Pathologists, SNOWMED CT standard-

res. (From Boone C, Sherry K. Intensive care

ms markets, N07D-48. Palo Alto (CA): Frost

3
5
9

IM
P
L
E
M
E
N
T
IN

G
A
N

E
L
E
C
T
R
O
N
IC

M
E
D
IC

A
L
R
E
C
O
R
D

access directory

Interfaced with bedside devices

and medical devices

Web-based interface for point of

care and remote access

Nurse workflow and

documentation;

Physician documentatio

Online notifications and

specific alerts;

Evaluation and manage

coding;

e-Medication administr

record;

Clinical decision suppo

trending;

Review of lab, radiolog

Patient care planning a

coordination

Abbreviations: ADT, (admit/discharge/transfer); CPOE, computerized physician order entry; EMR, elect

systems; ICIS, intensive care information systems; IT, information technology; PACS, picture archiving comm

Nomenclature of Medical Clinical Terms (also referred to as SNOWMED CT). Created by the College of Am

ized medical terms used during diagnostic analysis, including laboratory results and other diagnostic procedu

information systems market: solutions by major market participants. U.S. high-acuity care information syste

& Sullivan; 2006. p. 114–18; with permission.)



360 FRIEDMAN et al
Box 3. Checklist for evaluating vendors and developing a budget
(see text for more detail)

� Form an interdisciplinary team
� Keep medical and hospital staff informed about all progress
� Analyze current systems
� Develop a comprehensive written detailed specification

of system expectations within each department
� Assemble a list of vendors and the determine the capabilities

of each
� Determine whether each vendor has a module for each clinical

and nonclinical department (eg, lab, radiology, nursing,
emergency department [ED], anesthesia, human resources,
payroll, medical records)

� Determine for each vendor the number of years in business,
sales figures, size of company, number of years the product
has been in use, number of installations, client retention rate,
track record for ‘‘sunsetting’’ software and forcing clients to
upgrade, bankruptcy contingencies, and availability of 24/7
support

� Determine how each vendor handles routine maintenance
(time of day and support staff); can they access the system
remotely

� Decide on integration of old systems versus an entirely new
system (discuss data conversion possibilities and costs with
the vendors)

� Decide on full versus stepwise implementation
� Begin vendor presentations/demos
� Look carefully at all displays and give careful attention to

laboratory data, dictations, intravenous medication drips in the
fluid I/O display, eMAR, CPOE, nursing data and notes as they
display in the EMR, physician note entry methods with
electronic editing and signing, physician notifications

� Assess potential EKG modules and telemetry strip interfacing
� Identify all necessary subscription files (eg, pharmacy

formulary lists, DRG/APC classification software, medical
necessity software) and ensure that interfaces are possible

� Assess PACS vendors and discuss possibility of interfacing
� Look at all other modules that might be interfaced (eg, infusion

pumps, bedside monitors, pulmonary function tests, fetal
monitoring, automated medication cabinets, bar coding,
sophisticated physician login methods) and ensure that
interfaces are possible



361IMPLEMENTING AN ELECTRONIC MEDICAL RECORD
better than the component in the new system, will interfacing with the old
system be possible, and at what cost?

Cost and work of integrating old systems
The cost and time of integrating old systems into new ones are consider-

able, and are not always attainable. Bidirectional interfaces must be written
by the vendors of the old system and the vendor of the new system so that
information can be exchanged. These interfaces do not always work prop-
erly and do not always survive upgrades or fixes to the new or the old sys-
tems. They must be maintained continually to ensure that information is
passing through correctly. The more old systems that are integrated, the
more problems will occur in the future as changes, upgrades, and fixes are
implemented in either system, and the higher the expense of maintaining
the interfaces. Although it may be more disruptive initially, replacing all
of the old systems with a single integrated system may save time and effort
in the long run. In this way, one can ensure that one company is responsible

� Check JCAHO compliance–ability to perform medication
reconciliation, core measure data acquisition, etc.

� Check HIPAA compliance–audit trails, automatic log off
� Determine whether outside medical reference sites can be

launched from the EMR
� Review discharge procedures–patient instructions,

prescriptions, interfacility transfer forms
� Review the final paper printout of a hospital admission
� Assess hospital wired and wireless infrastructure
� Assess hardware and personnel requirements (adequate

number of computers and COWs, adequate personnel for IT,
increased hours required for installation and training)

� Assess methodology, equipment, and personnel needed for
remote physician access

� Assess need for backup and redundant systems
� Narrow vendor list, make site visits and check all of the above

in detail
� Create an RFP, based on the written detailed specification, that

will be used to solicit bids from the vendors
� Choose one or more vendors and develop contracts–

incorporate holdback, develop a time line, and price protect
features that you are not sure you are buying

� Identify potential consultants
� Select a vendor, finalize a contract, and create an all-inclusive

budget
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for integrating all of the information, and hopefully, upgrades will be seam-
less to the users and to the hospital support staff. It may not seem obvious at
the time of purchase, but once an EMR problem arises in a multivendor
system, each vendor may blame the other, and it may be very difficult to
get the technical staff of either vendor to work on the problem. Further-
more, with multiple systems, multiple passwords to access various compo-
nents can become roadblocks to efficient functioning.

Historical information conversion if a new system is chosen
If a single vendor is chosen, there still is the issue of conversion of histor-

ical information into the new system. The easiest way to deal with replacing
old systems is to start fresh with a new system and leave the old systems run-
ning concurrently. This is cumbersome for the physicians who now have to
access both systems, although after a period of a few weeks, there is less and
less need to refer to the old system. Exceptions include old radiology and
pathology reports, and dictations, where such information is needed often
and should be converted. If much of the information is in the HL-7 format,
data migration will be facilitated, but depending on the size of the files, such
conversions can be costly and must be assessed up front. Often, the conver-
sion is accomplished by a separate vendor. It never is as easy as the vendor
claims, and sometimes cannot be accomplished at all. There must be assur-
ances that conversions can be completed in a timely manner, as well as
guarantees in writing with financial penalties if not delivered on time, since
failure to perform can delay the overall project.

Full versus stepwise implementation

The implementation of a system can be accomplished all at once or in
steps, depending on the size of the support staff. If it is accomplished in
steps, the same number of consultants and staff can be deployed at each
stage. Each step can include as many components as the staff can manage.
However, if installation is accomplished all in one stage, there will be
enormous personnel costs, and the hospital risks that the physicians will
reject the system and ask that it be removed, as happened to the CPOE
module at Cedars Sinai Medical System, in January 2003, after only
3 months of use [15].

Identify potential consultants

EMR vendors or other hospitals often can advise whether consultants are
necessary for implementation. Often, this is related to the amount of sup-
port that the vendor supplies. Knowledgeable consultants who have had
experience installing the chosen system can save enormous time and aggra-
vation. These consultants should be identified as early as possible so that
there is no delay in implementation. The scope of work and time line for
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each consultant should be delineated. Often, separate consultants will be
required for separate modules within the system. Consultants should be
interviewed personally to determine the true extent of their knowledge of
the system, as well as the number and success of previous installations.
References must be checked carefully.

The request for proposals and the contract

Each hospital department must develop a written detailed specification of
every clinical and technical item that the system must address. These written
expectations will serve as a list that will help determine if the delivered
system performs as promised. This comprehensive list will be modified to
serve as the backbone for a request for proposals (RFP) that will allow
the vendors to develop a bid that meets the scope of expectations. The im-
plementation time line for a comprehensive EMR may take years. If compo-
nents are installed or potentially installed along a time line, ensure that they
are price-protected. A ‘‘holdback’’ must be part of the contract so that a per-
centage of the payment can be held back until the hospital is completely sat-
isfied that the entire system is working as designed. Incorporate a vendor
bankruptcy plan, which might include obtaining the source code. Ensure
24/7 support for the system.

The budget

Make rough estimates of budgetary needs early in the process. The
purchase of the system may not be the largest expense. Be sure to include
consultant costs, computer and server purchases, network costs, mainte-
nance, personnel costs, and other software and interface costs. The IT staff
must be enhanced to handle the tremendous increase in technology that will
occur, as well as the need for 24/7 support for the system and the individuals
using the system. Nursing and others must budget for many extra hours for
training purposes.

Components of a full system

To promote physician acceptance, one should approach the development
of the system in two broad categories, passive (eg, laboratory data, reports)
and active (eg, writing progress notes, CPOE). Passive components should
be installed first. The nursing module should be next, and may be
disruptive for the first few weeks until nurses become familiar with the sys-
tem. After the dust clears, one can consider proceeding sequentially with the
active physician components (ie, daily progress and consultant follow-up
notes, and CPOE). A test system must be in place where modules can be
assessed fully before implementation; physicians should be able to navigate
swiftly through the labs, radiographs, and reports.
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Initial components: laboratory, microbiology, pathology, radiology,
and dictated reports

The easiest, although by no means easy, part of the task of achieving
a fully functional EMR is the implementation of the laboratory module.
Laboratory analyzers can download results such as hematology and
chemistry values directly and accurately into a patient’s record in the
EMR. Almost all hospitals have such systems, and are comfortable with
them. To gain acceptance from physicians, the transition to a new system
must be relatively seamless. The format of the new EMR lab data must
be either very similar to, or must improve upon, the previous data display.
Also, as mentioned earlier, it is an expensive and almost impossible task to
convert old laboratory data into a new system. The best way to approach
this is to start using the new system, keeping the old system running so
that old labs will be available on a designated monitor on each ward. Within
1 to 2 weeks, no one will be dependent on the old system. However, for
pathology and radiology, we recommend converting old reports into the
new system. This can be extremely useful when faced with a returning
patient.

As part of the lab implementation, microbiology and pathology sections
also must be installed. In some cases, these may be in separate modules. Ra-
diology reports also should be available. This can be accomplished with or
without a Picture Archiving and Communication System (PACS). A discus-
sion of PACS is beyond the scope of this chapter, except to say that one
should see proof that the PACS integrates effectively with the EMR (visit
a site where integration has occurred), and one should consider up to 10
or more PACS vendors before selecting a system. It is important to look
at the speed of accessing a plain radiograph, a CT scan, or an MRI while
in the EMR. The reports should be accessible while one is actually looking
at a film. One also must budget for an adequate number of radiology work-
stations and viewing sites (includes two 3-megapixel monitors), which can be
very costly. Radiologists often use voice recognition software to read the
films, and this must integrate with the PACS and with the EMR. Finally,
the team should visit a site that has been operational for a few years to
see if there is a delay because of large volumes of stored data.

It also is advisable at this stage to develop access to all dictated reports.
This is not a difficult task and can be accomplished within the medical
records module either with transcribers within the department or with a tran-
scription service. Ensuring easy electronic editing and signing by physicians
is part of this process.

Pharmacy

It is desirable to engage the pharmacy at a relatively early date. This can
be accomplished in parallel with or slightly after the laboratory implemen-
tation. We are not referring to physician order entry. We are referring to
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medication management and charges, and recording ordered medication
dosages and frequencies within a patient’s EMR. Although physicians
may be able to view the current medications, they still will have to refer
to the handwritten medication administration record (MAR) for the docu-
mentation of the actual administration of medications, until the installation
of an electronic medication administration record (eMAR) occurs.

When the pharmacy is online, a list of the medications that have been
ordered may or may not be available to physicians, depending on the ven-
dor. If it is available, it can be very useful, but may not always be accurate,
eg, information about the initiation or discontinuation of a stock medica-
tion, such as dopamine, may not make its way to the pharmacy until later,
if at all. Information about medications that have been held will be available
on the paper MAR, but the only way to ensure an accurate medication list
in the EMR is to install an eMAR, and one should try to accomplish this
early in the process of component implementation. Furthermore, if auto-
mated dispensing cabinets are used, this may enhance the accuracy of the
pharmacy data, but budgetary concerns must be addressed, and interfacing
with the EMR must occur. As part of the overall process, the pharmacy may
have to purchase and upload a comprehensive formulary list to address all
inpatient and outpatient orders and prescriptions.

Order entry and order history

Order entry can be accomplished by CPOE, but often CPOE is installed
later in the process. Until that time, nonmedication orders can be entered by
the ward secretary after verification by the nurse. This information must
flow accurately to the pertinent departments and must be transmitted to
billing. Written medication orders can be verified and signed by nurses
and can be faxed to the pharmacy where they are entered into the EMR.

The order history refers to the list of orders that have been written during
a patient’s hospitalization. The capability should exist to view these orders
in chronological or reverse chronological order, by physician, by type of or-
der (eg, pharmacy, lab, PT), or by status (eg, completed, active, pending).

Electronic medication administration record

The eMAR is a vital component of the EMR. Physicians constantly look
at the paper MAR to determine if any medications were held, to find the
time of administration, to see how much narcotic was administered in the
preceding 24 hours, or to see how much acetaminophen a febrile patient
received. A properly constructed eMAR will describe the time of every
dose, whether a dose was held, will define why a prn dose was given or
why a drip rate was changed, and will allow for a quick view of a complete
history of the administration of that medication. The physician must ensure
that these capabilities exist within the system, and that they are displayed
properly in the EMR.
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To ease the burden on the nurses, it is desirable to have medicines and
patient identification bracelets that are bar coded, so that proper identifica-
tion occurs and doses are entered correctly as medications are administered.
This process potentially can reduce nursing errors.

Nursing

Nursing flow sheets
Nursing modules usually are assessed and implemented by the nursing

department. However, the implementation decisions made by nursing may
not always yield an output in the EMR that is physician friendly. It is im-
portant that vital signs, input and output, and other information entered
by nurses are in an easily accessible format where 24 hours of important
information can be viewed without too much scrolling or waiting. It is im-
portant to review a patient record with periods of frequent (eg, every 5 min-
utes) vital signs to make sure that vital data during a critical event can be
viewed easily.

Nursing assessments
Nurses also must create care plans and record daily assessments. These

can be typed in a narrative format or completed by using templates and
‘‘charting by exception.’’ Often the choice is to chart by exception where
each assessment, such as the abdominal exam or cardiopulmonary exam,
is evaluated and, if nothing is noted, a note is created with a list of normal
symptoms and signs. There are drop-down menus to record positive find-
ings. We cannot overemphasize the importance of ascertaining exactly
where these assessments appear in the EMR, and determining the accessibil-
ity and readability of a shift’s worth of nursing documentation. The loss of
the narrative discussion may be problematic for some physicians, and trying
to follow the numerous assessments can become so cumbersome that the
physician rarely ventures into them and simply asks the nurses about the
events of the current and previous shifts. Furthermore, physicians from
different specialties should ensure that appropriate inpatient information
is accessible, eg, gastroenterologists need to see the number and quality of
stools, heme testing, and nasogastric drainage amounts; surgeons need to
see notes about wound care, and output from drains and pleural drainage
devices; and oncologists need to see pain assessments and the amount of
morphine administered to control a given level of pain.

I/O’s and drips
Fluid input and output (I/O’s) displays must be intuitive with the ability

to view sequential 24-hour totals, sequential 8-hour totals, sequential 1-hour
totals, and cumulative totals since admission, and must include medication
drip rates and volumes. The output display must include line items for
drains, dialysis, urine, nasogastric suction, and so forth. Medication drip
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rates (eg, dopamine, heparin, insulin) must be displayed accurately in terms
of volume as well as dosage (eg, mg/kg/min). This is extremely important in
the ICU, and must be ascertained at a live site to ensure that the system can
handle multiple drips and display the information accurately.

Notes and assessments from other services

There must be a designated method for entering and viewing notes from
disciplines such as social services, case management, dietary, rehabilitation
services, respiratory, and others. These notes must allow for viewing chro-
nologically or in reverse chronological order, all together or by discipline.
Most often, these notes are typed.

Styles of progress note entry

The method of entry of physician notes is an issue that requires much
thought, planning, and discussion. It is second only to CPOE in terms of
difficulty with physician acceptance. The problem usually is not with house
staff or employed physicians. They can take the time to learn a system and
all of its quirks because they are on-site all of the time. However, private
MDs may be reluctant to spend extra time entering an electronic note.
Several options exist and will be discussed below. Ideally, a note should
be populated automatically with vital signs, laboratory data, and reports,
and the physician should enter only subjective and objective findings, assess-
ment, and plan. The Medicare Conditions of Participation and JCAHO now
state that notes all be date and time stamped, and since compliance with this
may be nearly impossible with handwritten notes, there may be an urgent
need to transition to electronic notes. To facilitate acceptance, the system
should accept multiple methods for entering a note, as noted below.

Dictation
Physicians often dictate their histories and physicals and initial consult

notes and can continue to do so for the EMR. Usually, follow-up notes
are handwritten; however, it is possible to dictate these notes using the
same system. Certain vendors allow a voice file to be displayed in the
EMR so that other health care professionals can listen to the dictation be-
fore the transcription actually appears. This is a relatively easy way to initi-
ate the use of electronic notes, but there is a cost to the hospital, and a delay
in the appearance of the typed note.

Typing and templating
EMRs allow physicians to type their notes directly into a note section.

Some also allow sophisticated physician-specific templating with automatic
display of labs and reports. However, even sophisticated templating requires
some typing, and slow typists will be resistant to this method.
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Voice recognition
Voice recognition has come a long way in recent years. Separate modules

exist for different specialties and can be associated with templates. These
modules require training, not only for the system to recognize the dictator’s
voice, but also for the dictator to understand how to use the system to cor-
rect errors and complete the document. Some physicians will never be
trained adequately, sometimes because the system cannot accurately deci-
pher their speech, or because they simply are reluctant to spend the time
to learn the system. Some vendors might be willing to test a large sample
of doctors to assess their ability to use the system, and determine the feasi-
bility of attaining universal compliance. The cost of installation, training,
and licenses for these systems can be high.

Handwriting recognition
Handwriting recognition on a PC tablet also is surprisingly good. Even

very sloppy handwriting often can be ascertained by the programs. How-
ever, once the physician starts using more obscure terms and drug dosages,
the system does not perform as well. If the physician writes slower and
neater, results may improve. These systems may be tested on any tablet
PC without having to incorporate them into an EMR, so that the planners
can have some direction even before purchasing the EMR.

Handwriting into a picture file
If there are no other options, and the doctors cannot accept any of the

options noted above, the record can never become truly electronic in real
time. Handwriting by physicians onto a tablet is a simple solution, but is
not offered routinely, although scanning a handwritten note in real time
may be offered. Some vendors state that allowing a handwritten note defeats
one of the purposes of an EMR, ie, to prevent illegible handwriting and
improve documentation and coding as well as the flow of physician-derived
information to other parts of the EMR. However, we assert that if physi-
cians will not accept other alternatives, it is better to have an electronic
medical record that can be accessed from any location, even one with sloppy
notes, rather than one that is incomplete. The Medical Records Department
no longer would have to collate paper charts and store records, and could
downsize and reduce costs for the institution. This option could be offered
to the few physicians who refuse or are incapable of mastering other tech-
niques, or to those who use the hospital infrequently when they cover other
physicians, but it would allow the hospital to develop a plan for full imple-
mentation of physician notes with gradual conversion over time for those
who are unable to master the electronic note initially.

Furthermore, physicians, especially surgeons, occasionally need to draw
a picture of their findings. If a photograph is taken (eg, during endoscopy
or for a dermatologic lesion), it should be possible to incorporate it into
a note. Thus, for several reasons, it is essential to allow picture files into notes.
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EKG systems

The ability to read live EKGs online is an important part of an EMR in
the ICU, and usually must be accomplished by interfacing with another
vendor. It should be part of an overall system that allows storage and inter-
pretation online. Rhythm strips from telemetry or the ICU also are an
important feature, but are not necessarily included in the EKG systems
that are on the market.

Other clinical areas

Emergency department
Often, vendors have separate ED modules within their system. If not,

separate ED systems are purchased and must be interfaced with the
EMR. ED systems often have a public ‘‘tracker’’ on a large LCD or plasma
screen in the ED so that the staff can determine where a patient is, what tests
have been ordered, what tests have been completed, and how long a patient
has been in the ED from the time of triage or registration. It is a very effec-
tive method for managing patients and flow in the ED. Another part of the
module is physician and nursing documentation. The format of a chart in
the ED is not the same as the format of an inpatient chart, and thus, one
should evaluate the ED module closely before purchasing the entire system
to determine whether the module will serve the ED satisfactorily, and will
integrate seamlessly (vital signs, I/O, medications, and so forth) with the
inpatient electronic medical record if the patient is admitted.

Anesthesia/OR module
Similarly, a separate anesthesia module also is required that is specific to

the needs of the anesthesiologist. Vital signs must be documented, and
administered medications, fluid, blood, and anesthetic agents must be en-
tered. An interactive tablet for graphic input might be desirable. Not all
vendors have anesthesia modules, and it is important to note that an OR
module does not necessarily contain an anesthesia module. The OR module
handles scheduling, all of the day-to-day use of materials in the OR, the use
of medications, specifics of room use and timing of surgery, sponge counts,
and so on. Anesthesia modules are separate entities and stand-alone mod-
ules can be very expensive. It is possible to set up a process where the
anesthesia record is scanned into the EMR in the hope that a chosen vendor
will develop a reasonable module in the near future. However, even if the
decision is made to scan the written record, it still is essential to enter the
fluid input and output, blood, and medications directly into the EMR.

Other data

Each hospital has additional services that also must find their way into
the EMR. They include pulmonary function tests, fetal monitoring, dialysis
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services, and electroencephalography, among others. It is not always neces-
sary to integrate each of these systems. It is possible to simply scan reports
into the EMR, or allow a portal to access modules such as a fetal-monitor-
ing system. For dialysis, fluid input and output and vital signs should be en-
tered directly. One should ensure that the system has the capacity to store
and retrieve these scanned reports expeditiously so that they do not clog
the system after several years of input. Some vendors actually have modules
that accept and organize these scanned documents.

Efficient documentation of material usage also is important. The use of
bar-coded materials on the wards, associating their use with bar-coded
patient bracelets, probably is the most practical method of documenting
the use of materials such as IVs, dressing changes, and so forth. It probably
is worth the extra expense so that all of the materials used can be attributed
to a patient.

The system must be robust and allow the hospital to function in its usual
way. If the system has no fields to satisfy certain functions, there should be
methods for entering data in user-defined fields.

Computerized physician order entry

Although a consensus statement had been developed to help guide insti-
tutions through the process of CPOE implementation [16], only 9.6% of US
hospitals in 2002 had CPOE completely available, and even in those hospi-
tals, not all physicians used it [17]. The Leapfrog Group considers CPOE to
be an important safety measure; however, it is not completely clear that
CPOE truly saves lives or reduces medication errors [13]. Although there
are studies that show a reduction in errors [18,19], a reduction in adverse
drug reactions [20], and no increase in mortality [21], others have shown in-
creased mortality [22], increased medication errors [23], an increase in phy-
sician documentation time of 238.4% [24], and numerous unintended
adverse consequences [25]. It has been suggested that the increased mortality
in the study by Han and colleagues [22] was attributable to inadequate prep-
aration for CPOE implementation, inappropriate policy and process
changes, insufficient infrastructure, and lack of critical care order sets [26].
Sittig and colleagues [27] published an important list of lessons to be learned
from the Han study that should be reviewed by any team attempting to
install CPOE. Although features such as medication interaction checking
and dose range checking can improve safety, it still is possible to choose
the wrong patient, the wrong drug, or the wrong dose [28]. ‘‘Well educated
health informaticians are needed to manage and guide the implementation
process’’[29], and physicians must be intimately involved in every step.

One of the values of CPOE is the possibility of developing order sets that
can be individualized for each physician. These order sets should be evi-
dence-based; there are systems that can integrate with CPOE modules to
provide such evidence-based order sets, or they can be developed de novo.
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Order sets should be clear and self-explanatory. If a set of ‘‘cardiac en-
zymes’’ is ordered, for example, it should be possible to know the details
of the order before selecting it.

Individual orders should be easy to select. The process should be similar
to writing orders on paper. As each order is selected, it should populate a list
that can be viewed before signing. Physicians should have a list of favorite
orders, or mini-sets of orders that can be combined to complete a full set.
Adjustments for renal failure should result from a prompt or from
a semi-automatic adjustment feature. Before a list of orders is signed, it
should be easy to change a dose or a frequency. Dosage selections should
focus more on usual patient doses rather than on the strength of the pill.
Drug interaction algorithms can help ensure that any potential harm can
be averted, but the hospital should have the ability to set the level of severity
that is checked since the module can slow to an unusable crawl if all inter-
actions are checked. As the module is tested, try to imagine how the least
computer-literate, most impatient, physician would navigate.

Consider what happens when a patient is transferred to another bed. Are
all of the orders brought forward for review so that medication reconcilia-
tion can occur? If a doctor transfers a patient from the ICU to the floor
with a revised set of medications, and the patient is not actually transferred
that day, can the system accommodate this variation and implement the
ordered medications even though the transfer hasn’t occurred physically?
Try to envision as many scenarios as possible and test whether they are
handled satisfactorily.

Discharge procedures

At the time of discharge, numerous functions must occur. The order to
discharge must be written, outpatient medications and equipment must be
ordered by electronic prescription, discharge and medication instructions
must be printed, and facility transfer forms must be populated and printed.
States often have standard forms for interfacility transfer, and the EMR
should be able to populate most of the fields automatically. Some EMRs
facilitate all of these processes and can even assist with the conversion of
current medications to prescriptions for outpatient use.

Additional integration of ICU parameters into the system

There is a vast amount of data arising from physiologic monitors and
bedside medical devices. Often referred to as ‘‘real-time’’ data, these are
discrete data elements such as heart rate (from multiple sources such as
EKG, pulse oximetry, and from intra-arterial catheters), respiratory rate,
and arterial and venous blood pressures. There also are continuous wave-
form data (such as those from the arterial waveform, the EKG, the pulse
oximeter, the end-tidal CO2 monitor, and pressure volume loops from a me-
chanical ventilator). Further, there are data coming from devices such as
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infusion pumps that currently are never tracked (eg, occlusion events).
Ultimately, such data should be available in the EMR in real time. This
will be possible in the near future.

Practically speaking, nurses cannot care effectively for critically ill pa-
tients if they must take the time to document vital signs every 5 minutes. Cur-
rently, vendors have written interfaces to incorporate static vital sign data
directly from monitors into the EMR. It is important to know the protocol
for downloading this information. Will the system incorporate an automatic
noninvasive blood pressure measurement into the current vital signs even if it
was taken more than 15 minutes earlier? A better option is to allow the nurse
to evaluate the patient and decide to upload a set of data that he or she has
reviewed. There are additional data that also are desirable, including venti-
lator data and infusion pump data. Interfaces are possible with these as well,
but their development can be cumbersome. A more recent initiative, how-
ever, holds promise. Providers, academics, and industry are collaborating
to develop plug and play (PnP) solutions for medical device connectivity.
Medical devices should connect, communicate, and interact as easily as com-
puter peripherals connected to a USB port, yet medical devices do not even
have standard plugs. Some devices still are manufactured without data con-
nection capabilities. For those devices that do communicate, the data ele-
ments are sent inconsistently and the data are transmitted in device
idiosyncratic formats. One pulse oximeter will send the oxygen saturation
and heart rate but not the signal strength, another will send the heart rate
averaged over 8 seconds, whereas another averages the heart rate over
a 20-second period and does not send the wave form. Even data labels are
not standardized. The medical device (MD) PnP initiative [30], born within
the Center for Integration of Medicine and Innovative Technology (CIMIT),
is focused on delivering solutions to all of the problems described above. We
believe that PnP will be successful because of the emergence of what Seiver
called fourth-generation critical care information systems [31]. Fourth-gen-
eration systems are characterized by far more tightly integrated data with
workflow tools and clinical decision support. If providers come to rely on
a clinical decision support algorithm that monitors patients receiving pa-
tient-controlled analgesia (someday automatically manipulating the pump)
using data from physiologic inputs, or if they are relying on pulse oximeter
and/or end-tidal CO2 data, and any of these devices become nonfunctional,
providers must be able to unplug the bad device and plug in a new one, in
real time, with minimal effort. MD PnP will make this happen, and although
manufacturers may be reluctant to deliver at this moment, contracts for ma-
jor purchases are beginning to include PnP demands.

Novel data displays, which coalesce the flood of data into meaningful
patterns, also are on the near-term horizon. Because no human can effec-
tively monitor all of these data streams, and because as much as 94% of
threshold alarms may be clinically irrelevant [32,33], it is hoped that func-
tional clinical decision support algorithms, such as multiparameter alarms
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(eg, comparison of heart rate from multiple sources) and/or the use of con-
trol chart analysis of single or multiparameter signals, will be developed and
propagated. Hopefully this will improve the current state of the art, where
more than 25% of unintended adverse consequences in one survey were
related to clinical decision support [25].

So called ‘‘dashboard technology’’ also is on the horizon where data are
keyed to specific patients. The EMR efficiently links multiple systems and
data together to the dashboard for simultaneous display in designated win-
dows (most likely with some aspects in hidden windows), which might in-
clude laboratory, real-time vital signs, input and output, recent progress
and consultant notes, nursing assessments, medication lists, EKGs, real-
time rhythm strips, ventilator settings and waveforms, and radiology im-
ages. Filters can be programmed to prelaunch all images and data; for
example, once a patient is selected, the dashboard already has launched
the image system behind the scene, and every item of patient data either
is on the screen or is accessible immediately by opening a window.

Wireless data acquisition

Wireless in critical care

To further facilitate the efficient acquisition of data from the bedside, and
to free the patient from multiple connecting wires, one must consider ‘‘going
wireless’’ [34]. The ultimate goal of hospital informatics managers and inten-
sivists should be an EMR that is capable of accepting, assimilating, manag-
ing, storing, and displaying data generated through hospital systems and
ICU bedside devices. Wireless technology allows a variety of bedside devices
(ventilators and pumps) that are stand-alone and mobile to be ‘‘connected’’
to the patient, to network servers, and ultimately to the EMR. An added ad-
vantage of improved connectivity is the possibility of ‘‘virtual’’ grouping of
like bedside devices to create a ‘‘community’’ of similar devices that can be
viewed simultaneously. For example, respiratory therapy might concomi-
tantly view all mechanical ventilators, or biomedical engineering might track
the location, perform diagnostics, upload software, and download reports
on all infusion pumps at one time. Thus, three conceptual wireless ICU con-
structs emerge, each of which can be introduced in phases. First, medical de-
vices at the bedside can be networked wirelessly to device-specific servers or
directly to the EMR. Second, the wireless devices throughout the ICU or
hospital can be viewed remotely as their own independent wireless commu-
nities. Third, all bedside devices and personnel can be grouped with the pa-
tient to create a cohesive ‘‘bedside’’ patient-device-provider network.

Installing a wireless network

Creating a secure wireless ICU that prohibits intrusion should be ad-
dressed in the context of creating a secure wireless hospital. Wireless access
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will be critical as nurses use medication COWs to document administered
doses, and physicians use laptops or tablets to enter notes at the bedside.
Adequate wireless communication to each bedside must be assured. The
key element of wireless networking is the access point: a bidirectional
‘‘Wi-Fi’’ (802.11) transmitter/receiver that provides a zone of wireless cover-
age. The system must be capable of simultaneously handling multiple de-
vices and adjusting to changes in wireless workload. It must be monitored
continuously to ensure seamless and redundant wireless coverage, especially
in the setting of physical renovations and occasional access point failure.

Once the ICU has installed sufficient wireless coverage, the transition to
wireless operations can begin. The following are a few examples of common
bedside devices available in wireless format:

Physiological monitors
Physiological monitors are present at every ICU bedside and typically are

networked through wired connectivity to a central station. Monitoring
companies now also support on-board wireless systems [35,36]. The wireless
technology usually is available in smaller, portable units, although station-
ary bedside units also can be wireless. EKG leads are available in Bluetooth
(short-range wireless) format [37]. Bluetooth also is available commercially
for pulse oximeters and other devices [37]. Researchers currently are work-
ing to apply wireless connectivity to transducers for invasive blood pressure
monitoring.

Mechanical ventilators
Unlike physiological monitors, mechanical ventilators typically are

stand-alone devices. Ventilators commonly are not connected to bedside
monitors. The wireless approach requires that a transmitter be attached
externally to a ventilator since internal wireless connectivity is not available
yet. A ventilator network management system may permit a centralized view
of all ventilators. Through such a system, ventilator data can be seen
through Web applications on a hospital intranet or via the Web externally.
The ventilator management system can transmit alarm notifications of
changes in a patient’s condition to remote paging devices. An added desir-
able feature would be real-time ventilator settings, monitoring values, and
waveforms that all are available through the EMR.

Infusion pumps
Intravenous infusion pumps have been used largely as stand-alone de-

vices and have had limited programming capabilities. Today, however, the
newer generation of infusion pumps, referred to as ‘‘smart pumps,’’ incorpo-
rate multiple comprehensive drug libraries and infusion error reduction
systems. Drip rates and medication infusions can be communicated to the
EMR. All smart pumps today are available with on-board integrated wire-
less connectivity. With a wireless system, smart pumps can be tracked for
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location, easily switched to a different patient, have their software updated,
medication orders transmitted, and alarms forwarded. Using a pump net-
work server, pumps are linked continuously to the patient, the pharmacy,
and the EMR.

Bedside associations
A new paradigm of the ICU bedside features simultaneous association of

patients with providers, bedside devices, and medications. This level of inter-
connection can be achieved through bar-coding and RFID (radio frequency
identification). In the bar code approach, single- or 2-dimensional bar codes
are placed on each person (patient and provider) or device or item to be
linked together. A bar code scanner then is used to scan each bar code
and virtually attaches them together. Alternatively, the bar code can be re-
placed with an RFID tag. In this scenario, an RFID reader (similar to
EZ-Pass) associates all of the bedside elements together. Devices also may
be accepted wirelessly into the bedside association through plug and play
portals. Potentially, a pulse oximeter could be taken from one bedside to
another where it could be associated dynamically with a new patient
through a wireless plug and play portal, allowing it to begin transmitting
the new patient’s data to the EMR.

Other departments

It is beyond the scope of this chapter to discuss the details of the elec-
tronic versions of billing, admitting, medical records, human resources, pay-
roll, materials management, and so on; however, some of these departments
impact the physicians’ work flow. For instance, if a patient is transferred
within the EMR when a bed is available and not when the patient is actually
in the room, then the physician will be searching for a new consult in the
wrong room. In the medical records module, electronic editing and signing
functions must be intuitive. Physician privilege lists must be available elec-
tronically in the OR and every other patient care area; time clocks must
be interfaced with the payroll system; scheduling programs are needed for
outpatient areas; electronic incident reports are important for risk manage-
ment; and an electronic cancer registry can help to facilitate state reporting
requirements.

To run effectively, some of the hospital departments may have to sub-
scribe to software programs or data files. The pharmacy will need to pur-
chase comprehensive formulary files, medical records will need DRG/APC
classification software, lab and radiology may need medical necessity soft-
ware to determine whether specific diagnostic tests in specific circumstances
will be covered by insurance, and billing may need software to communicate
bidirectionally with payers. All of these programs and files must be pur-
chased and interfaced.
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Data mining

It is important that a vendor is capable of producing reports that are useful
for members of the organization. Administrators might wish to look at cost
per patient per day, and administrative physicians might wish to review
length of stay by physician for various DRGs. Nursing requires daily summa-
ries of bed use and availability. It is important to have such reports readily
available, with some ability to affect the way the breakdown occurs so that
reports can be individualized. It also is important to have files that can be ac-
cessed for home-grown reports. This may be accomplished by downloading
an ODBC-compliant set of data that can be accessed by other data-mining
software. It also should be possible to download data into homegrown data-
bases that are used to facilitate the functions of certain departments. If pos-
sible, some members of the IT staff can learn the programming language for
the system so that custom reports and other tools can be developed.

Physician reminders notifications

When the physician signs on to the system, information relevant to the
physician or group should be presented to help plan the day:

� all patients of the physician or group should be listed, including new
admissions who have not been seen yet
� all patients on whom the physician or group is consulting, including new
consults
� patients of the physician or group who currently are in the ED or in
another outpatient area of the hospital
� lab, radiology, or other results that have not been reviewed yet
� abnormal and critical labs
� charts/orders that need to be signed/cosigned
� important messages generated by another user

Necessary computer hardware, networking, and backup

Computer hardware and networking

It is extremely important that computer terminals used by the physicians
and nurses have adequate processor speed and memory, and that the hard-
wired and wireless networks have the proper bandwidths to accommodate
the traffic. Many hospitals have networks and computer terminals in patient
care areas that are perfectly adequate for current needs, but because of
slower processing speeds, will limit the performance of a new system. Fur-
thermore, there will be a marked increase in the use of computers by the
staff, requiring an increased number of terminals in each patient care area.
This can be accomplished through a combination of COWs, desktops, and
other portable devices. To determine how many computers are necessary,
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one can count the maximum number of doctors in each patient care area at
peak times, and add the nurses, aides, and other personnel who also might
need to use a computer. In the ICU and in other patient care areas, a choice
must be made between the use of COWs or stationary in-room terminals.
Furthermore, if the hospital has remote sites such as radiology or laboratory
services, proper networking must be assured. Since hundreds of computers
might be purchased or upgraded, and network connections created or up-
graded, it is important to assess these costs early in the process.

Tablets

Whether or not the institution chooses to use interactive computer moni-
tors, ie, tablets, will require research. If the system allows handwritten notes
and/or drawings, this will be essential. Sometimes it is easier for nurses to se-
lect drop-down documentation with the use of an interactive monitor, but
this must be assessed by the institution. We believe that tablets will become
important in the future, although keyboard access will still be necessary.

Disaster planning, downtime procedures, maintenance, and backup

Considerable planning must occur to accommodate users during system
maintenance periods or unplanned outages. There may be times when the
entire system must be shut down for maintenance. Sometimes the vendor
will provide sufficient support during working hours only, and this can be
problematic for a hospital if maintenance can only be performed during
peak hours. Ideally, maintenance should occur in the early hours just after
midnight. This should be determined early in the vendor selection process. If
the server is down, can some of the modules still continue to process and
store data (eg, laboratory values) and download the data into the system
once it is live again? What is the maximum number of hours that the module
can function this way while waiting for the server to become operational?

Downtime procedures must be written so that the hospital will continue
to function in the event of a disaster, or if a maintenance period is unexpect-
edly prolonged. There are those institutions, especially smaller ones, that
have relied on a mixed electronic/paper system for many years and have
had adequate downtime procedures to handle any contingencies. However,
when the paper chart is no longer in use, it is more difficult for a hospital to
convert from an EMR to a paper chart, and, thus, it is essential to determine
that each department is equipped to print results, has adequate paper, has
an adequate delivery system to get the paper results to the chart, and has
sufficient binders so that the patient care areas can convert immediately to
a paper chart system.

After installing a fully functional EMR, it soon will become apparent that
the physicians are dependent on the system and will not tolerate any signifi-
cant downtime. The vendor should know the available uptime for the system,
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ie, at least ‘‘4 9’s’’ (99.99% operational time [downtime average less than 5
minutes per month, excluding scheduled downtimes]). Furthermore, system
redundancy and failover systems will be essential so that operations will be
seamless if a server fails or if the total system fails. The vendor should be
able to access the system software remotely to apply fixes. The facility most
likely will have on-site storage such as a storage area network (SAN), but
also should have a completely redundant off-site system that can assume op-
erations within a very short period of time, hopefully seamlessly. Even with
redundant systems, a formalized backup system still is necessary. Although
a backup system can be on site, themedia should be stored off site. Redundant
and backup systems can be developed by the hospital or purchased as a service
through a vendor; the costs can run easily into the millions of dollars.

Remote access for physicians

Remote access for physicians is an important feature that must be imple-
mented very early in the process. Physicians will demand access from their
offices and often will need access from home or other locations. They should
be able to review data and radiographs, as well as review dictations and sign
them. There are numerous ways to accomplish this, and we will not list the
vendors here, but we will emphasize that it must be a fast system. As long as
a fast network connection exists, it is relatively easy to provide safe, fast, se-
cure remote access. Currently, it also is possible to provide the same access
through a broadband cellular connection. These links are so fast that even
radiographs can be viewed, almost as fast as on a land line.

eICUdremote critical care

In 2000, Rosenfeld and colleagues [38] described a system where 24/7
intensivist coverage was provided with a video-link and computer-based
communications to a 10-bed adult surgical ICU (SICU). Severity adjusted
mortality in this otherwise ‘‘open’’ SICU decreased by 68% and 46% during
the two study periods. Hospital mortality and costs also fell dramatically.
Subsequently, another study showed a reduction in mortality from 12.9%
to 9.4% (RR ¼ 0.73), also with cost reductions [39]. It is possible that at
least some of the benefit was related to the best-practice protocols that
were instituted. Nonetheless, there is a place for remotely assisted critical
care, sometimes referred to as telemedicine, largely because less than half
of the approximately 55,000 adult, noncardiac, critically ill patients cared
for every day in the United States have intensivist coverage, and only 4%
meet the Leapfrog definition for high-intensity coverage [40].

Further advances include remote-presence wireless-enabled robots that
allow remote ICU doctors to conduct rounds. Bidirectional images of the
patient, the bedside devices, and the doctor can be transmitted simulta-
neously. Auscultation can even be achieved through electronic stethoscopes.
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Paper record and legal record

When purchasing an integrated medical record, one often does not spend
significant time learning about the ‘‘printout’’ options of a complete admis-
sion. This record can be either on paper or in an electronic file. This becomes
important where the patient is transferred to another institution, or if the
physician would like to review a complete record of an admission. At this
point, he or she may be surprised to see that it is not structured in a way
that is familiar. Sometimes, an audit trail of errors and changes have been
included. Each vital sign may be listed separately with additional informa-
tion that often seems unnecessary. There may not be a graphic representa-
tion or any format that allows one to follow the vital signs or the fluid
input/output in a rational manner. Furthermore, an EMR paper printout
of a 2-week admission can reach hundreds of pages. Therefore, it is ex-
tremely important to have each vendor present a paper copy of a discharge
record, and to call other hospital medical record departments to gain their
perspectives on a particular vendor.

The vendor must have the capability to print a legal record. This is not
necessarily the same record that one would want to send to a receiving hos-
pital. Remember that you cannot see changes to notes or orders in the usual
view of the EMR, but the legal record must contain all of the information
entered. It must contain the audit trail of notes and orders that have been
changed, even if they were changed immediately. It can be a very long
and cumbersome document, but if it is not generated automatically, it will
create an enormous amount of work for the medical records department.

Online access to reference material

As physicians become comfortable with the EMR, it becomes important
to give them easy access to reference information. When a diagnosis is enter-
tained, it is essential to have the opportunity to review a differential, decide
on an evidence-based treatment, and look up medications. The system
should provide a portal to these references, which should include programs
to facilitate disease diagnosis and treatment, online textbooks and journals,
drug information, a Medline search, or anything else that might enhance
patient care. This is done most efficiently through links within the EMR
so that the doctor can view the information while in a patient’s record. Ac-
cess to the reference sites through the EMR must be available from off-site
locations as well.

Summary

We have tried to touch on the major issues involved in selecting an EMR.
‘‘Irrespective of the size of the organization, the implementation of an EMR
takes vision, planning, and institutional perseverance’’ [4]. A fully electronic
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medical record that is intuitive and acceptable to the medical staff is an
enormous achievement for a hospital and its staff. While this functionality
is desirable today, it will become a necessity in the near future. Early physi-
cian involvement, with at least one physician fully immersed in the process,
is absolutely essential to accomplish this task.
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Despite improvements in resuscitation and supportive care, progressive
organ dysfunction occurs in a large proportion of patients with acute, life-
threatening illnesses. It has been proposed that the multi-organ dysfunction
syndrome (MODS) of the critically ill is a consequence of tissue dysoxia
attributable to inadequate oxygen delivery, often exacerbated by a microcir-
culatory injury and increased tissue metabolic demands (distributive hyp-
oxia) [1,2]. This may be further compounded by cytopathic hypoxia
attributable to mitochondrial dysfunction [3,4]. Emerging data suggest
that early aggressive resuscitation of critically ill patients may limit and/or
reverse tissue dysoxia and progression to organ failure and improve out-
come [5]. In a landmark study, Rivers and colleagues [6] demonstrated
that a protocol of early goal-directed therapy reduces organ failure and im-
proves survival in patients with severe sepsis and septic shock. Traditional
goals of resuscitation have included blood pressure, pulse rate, central
venous pressure (CVP), and arterial oxygen saturation. These variables
change minimally in early shock and are poor indicators of the adequacy
of resuscitation [7]. Furthermore, clinical assessment of cardiac output
and intravascular volume status are notoriously inaccurate. Consequently,
both invasive and noninvasive monitoring tools have been used in critically
ill patients in an attempt to optimize resuscitation. Most of these technolo-
gies focus on ‘‘upstream’’ markers of resuscitation and provide information
on cardiac output and fluid responsiveness. In this respect the pulmonary
artery catheter (PAC) is regarded as the gold standard, as it provides an
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accurate estimate of the cardiac output and can be used to determine fluid
responsiveness [8]. However, the role of invasive hemodynamic monitoring
in critically ill patients is controversial as the PAC has yet to be proven to
improve patient outcome [9–14]. Furthermore, the PAC does not provide in-
formation as to the adequacy of tissue oxygenation, ie, ‘‘downstream’’
markers. Consequently, the current trend in critical care medicine is to
use noninvasive hemodynamic monitoring devices in combination with
‘‘downstream’’ markers of tissue oxygenation. This article provides an over-
view of those devices currently available for noninvasive hemodynamic
monitoring as well as those techniques for indirectly assessing the adequacy
of organ perfusion and tissue oxygenation.

Definitions

Shock

Shock is best defined as end-organ dysfunction as a result of hemody-
namic compromise [15]. While hypotension is an important marker of shock,
it is clear that blood pressure alone cannot be used as the sole determinant
of shock [16]. Shock models have demonstrated that the body can develop
an ‘‘oxygen debt’’ in the setting of normal blood pressure [16]. This concept
underscores the importance of evaluating organ function and microcircula-
tory perfusion in patients with hemodynamic compromise [17,18]. Rivers
and colleagues [6] has coined the term ‘‘cryptic shock’’ to represent those
patients who have normal vital signs despite inadequate organ perfusion.

Upstream and downstream markers

The concept of following tissue dysfunction as a guide to resuscitation
has led to the concept of ‘‘upstream’’ and ‘‘downstream’’ indicators of organ
perfusion (Fig. 1). Upstream markers assess flow and pressure in the heart,
vena cava, pulmonary artery, and aorta. Upstream markers include systemic
blood pressure, heart rate, central venous pressure (CVP), pulmonary cap-
illary wedge pressure (PCWP), and cardiac output. These are the traditional
variables that have been used to assess the hemodynamic status of critically
ill patients. However, shock with end–organ dysfunction occurs at the cap-
illary and tissue levels [19]. Tools have therefore been developed that follow
alterations in the microvasculature of critically ill patients [20]. These tech-
niques are known as the ‘‘downstream’’ markers of resuscitation. Since pa-
tients’ oxygen and metabolic needs vary with different stressors and at
different times, monitoring downstream variables can be helpful to deter-
mine the adequacy of cardiac output and perfusion pressure at a particular
point in time. Currently available downstream markers include urine out-
put, blood lactate, base excess, tissue carbon dioxide levels, and mixed
venous oxygen and carbon dioxide levels.
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At the current time we have very few therapeutic interventions that can
directly improve perfusion and oxygenation at the microcapillary level.
The current concept is to use these downstream markers to ensure that in-
terventions that alter upstream variables are improving tissue oxygenation.
Downstream markers therefore provide a guide to upstream therapy. Tradi-
tionally, shock has been treated with vasopressor and inotropic agents.
However, in the setting of normotensive shock, afterload reduction may
be necessary. Furthermore, by understanding the interaction and indepen-
dence of upstream and downstream markers, the use of vasodilator therapy
may be appropriate in select circumstances [21].

Fig. 1. The upstream end po ints of resuscitation do not reflect the severity of the microcircu-

latory injury nor the degree of tissue dysoxia. The downstream variables are markers of tissue

perfusion and the adequacy of the resuscitation. The downstream ‘‘global’’ markers are less sen-

sitive markers of tissue dysoxia and less responsive to change.
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Upstream hemodynamic monitoring: Measurement of cardiac output

The cardiac output is the most important upstream hemodynamic pa-
rameter. Adolph Fick [22] described the first method of cardiac output
estimation in 1870. This method was the reference standard by which
all other methods of determining cardiac output were evaluated until
the introduction of the PAC in the 1970s [8]. Despite its limitations, car-
diac output measurement with a PAC using the bolus thermodilution
method has become the de facto gold standard for measurement of car-
diac output and is the reference standard used to compare noninvasive
technologies.

Echocardiography

In principle, echocardiography is a simple method of assessing cardiac
function since it uses ultrasound waves to generate real-time images of the
heart. It can assess chamber size, ventricular contractility, valve function,
and with the aid of Doppler can assess flow [23,24]. However a high degree
of skill is required in interpreting the images and there can be a large degree
of interinterpreter variation. Additional consideration is the cost of the
equipment, which can be considerable.

Newer portable ultrasound devices are making cardiac screening and dy-
namic evaluation of cardiac function more achievable. Assessment of global
ventricular function is helpful in the management of critically ill patients
[23,24]. Patients with tissue dysoxia and a hyper-contractile left ventricle
may benefit from a vasopressor agent and/or fluid administration, whereas
those with poor left ventricular function may benefit from an inotropic
agent. Similarly, the presence of a dilated right ventricle will alert the inten-
sivist to the presence of right ventricular dysfunction. With basic training
this assessment can be learned by noncardiologists, but determining segmen-
tal wall motion abnormalities and valvular function remains a highly spe-
cialized skill requiring specialized training [25]. Ventricular chamber size
can be directly measured allowing calculation of ejection fraction [23].
Flow through the valves (ie, forward flow and regurgitant flow) can be mea-
sured using Doppler imaging. This allows calculation of pulmonary artery
pressures and cardiac output. However, the difficulty with these techniques
is in the acquisition of adequate images in the correct plane, which requires
significant experience.

Training tracks for noncardiologists exist; intraoperative transesophageal
echocardiography is now commonly performed by anesthesiologists to eval-
uate cardiac function during open heart surgery and the ‘‘FAST’’ Protocol
(Focused Abdominal Sonography in Trauma) is an integral part of the ex-
amination of trauma patients in the emergency room [26–29]. Bedside echo-
cardiography as performed by the intensivist holds great promise for the
future [23,24,30].
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Cardiac output as measured by carbon dioxide rebreathing

Cardiac output can be calculated by the CO2 partial rebreathing tech-
nique using the modified Fick equation [22]. NiCCO, a proprietary device
(Respironics, Murraysville, Pennsylvania) measures cardiac output based
on this principle. The CO2 partial rebreathing technique compares end-tidal
carbon dioxide partial pressure (etCO2) obtained during a non-rebreathing
period with that obtained during a subsequent rebreathing period. The ratio
of the change in etCO2 and CO2 elimination after a brief period of partial
rebreathing (usually 50 seconds) provides a noninvasive estimate of the car-
diac output [31]. A limitation of the rebreathing CO2 cardiac output method
is that it only measures pulmonary capillary blood flow (ie, the nonshunted
portion of the cardiac output). To calculate total cardiac output, intrapul-
monary shunt and anatomic shunt factions (Qs/Qt) must be added to the
pulmonary capillary blood flow. The NiCCO system estimates Qs/Qt using
a shunt correction algorithm, which uses oxygen saturation from pulse oxi-
metry and the fractional concentration of inspired oxygen.

The CO2 rebreathing technique has a number of significant limitations
when used in an ICU setting. Almost all of the validation studies have
been performed in patients undergoing anesthesia or in deeply sedated me-
chanically ventilated ICU patients, where the agreement with thermodilu-
tion cardiac output has varied from ‘‘poor’’ to ‘‘acceptable’’ [32–37]. In
spontaneously breathing patients, the rebreathing period is associated
with an increase in minute ventilation [38]. This reduces the accuracy of
the cardiac output determinations [36,39]. Furthermore, a low minute ven-
tilation, a high shunt fraction, and a high cardiac output result in inaccurate
measurements [36,37,39]. Considering the limited data in ICU patients and
the potential inaccuracies in this patient population, the routine use of the
CO2 rebreathing technique to estimate cardiac output cannot be recommen-
ded at this time.

Esophageal Doppler

The esophageal Doppler technique measures blood flow velocity in the
descending aorta by means of a Doppler transducer (4 MHz continuous-
wave, or 5 MHz pulsed wave, according to manufacturers) placed at the
tip of a flexible probe. The probe is introduced into the esophagus of the se-
dated, mechanically ventilated patients and then rotated so that the trans-
ducer faces the descending aorta and a characteristic aortic velocity signal
is obtained. The cardiac output is calculated based on the diameter of the
aorta (measured or estimated), the distribution of the cardiac output to
the descending aorta, and the measured flow velocity of blood in the aorta.
As esophageal Doppler probes are inserted blindly, the resulting waveform
is highly dependent on correct positioning. The clinician must adjust the
depth, rotate the probe, and adjust the gain to obtain an optimal signal
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[40]. Poor positioning of the esophageal probe tends to underestimate the
true cardiac output. There is a significant learning curve in obtaining ade-
quate Doppler signals and the correlations are better in studies where the
investigator was not blinded to the results of the cardiac output obtained
with a PAC [41].

A recent meta-analysis by Dark and Singer [42] demonstrated an 86%
correlation between cardiac output as determined by esophageal Doppler
and PAC. Although the correlation between the two methods was only
modest, there was an excellent correlation between the change in cardiac
output with therapeutic interventions. However, changes in cardiac output
in response to a therapeutic intervention are probably more useful than
the absolute cardiac output itself (see section on evaluating fluid responsive-
ness) [43].

While esophageal Doppler has some utility in aiding in the assessment of
the hemodynamic status of critically ill patients, this technology has been
slow to be adopted. This is likely the consequence of a number of factors
including the less than ideal accuracy of the cardiac output measurements,
the long learning curve, the inability to obtain continuous reliable measure-
ments, and the practical problems related to presence of the probe in the pa-
tients’ esophagus.

Pulse contour analysis

The origin of the pulse contour method of measuring cardiac output is
derived from variations in the pulse pressure waveform. In general, the
greater the stroke volume, the greater is the amount of blood that must
be accommodated in the arterial tree with each heartbeat and, therefore,
the greater the pressure rise and fall during systole and diastole, thus causing
a greater pulse pressure. The pulse pressure is proportional to stroke volume
and inversely related to vascular compliance. The pulse pressure waveform
therefore changes predictably with changes in the compliance of arterial wall
and stroke volume. As the compliance of the vasculature is difficult to mea-
sure directly, this is calculated based on age, sex, ethnicity and body mass
index (BMI) [44]. Using complex proprietary formula (PulseCO, LiDCO,
London, UK; PiCCO, Pulsion Medical Systems, Munich, Germany) the
cardiac output is then calculated from analysis of the pulse contour [45]. Ide-
ally the pulse contour analysis is calibrated to an injection dilution method.
Stroke volume is calculated and compared with the stroke volume as deter-
mined by the dilution technique, and the cardiac output is then calculated.
With beat-to-beat waveform analysis, cardiac output can be determined
continuously [46]. External calibration every 6 to 12 hours confirms contin-
ued accuracy [45,47]. While the cardiac output as determined by pulse con-
tour analysis shows good agreement with the cardiac output as measured by
other techniques, the use of vasoactive agents (pure vasodilators/vasocon-
strictors) may result in spurious changes in cardiac output [46,48]. Most
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importantly, these devices also calculate the pulse pressure and stroke vol-
ume variation with positive pressure ventilation (see section on evaluat-
ing fluid responsiveness). A large pulse pressure/stroke volume variation
(O 10% to 15%) is indicative of hypovolemia and predictive of volume
responsiveness.

Lithium dilution and pulse contour analysis
Lithium is the contrast agent most commonly used with the injection di-

lution method for external calibration of pulse contour analysis devices
(PulseCO, LiDCO). The lithium may be injected via a central or peripheral
vein [49]. A lithium analyzer is connected to an arterial line, which then mea-
sures the wash out curve over time and generates a curve similar to the ther-
modilution curve of a PAC [45,50]. In an animal model, Kurita and
colleagues [51] reported that the cardiac output as measured by the lithium
dilution method correlated better with Doppler aortic flow than the cardiac
output as determined by thermodilution. Reproducibility was also better
with the lithium method as compared with the thermodilution method. In
human studies a good correlation between thermodilution and lithium dilu-
tion has been reported [46,49,52].

Transpulmonary thermodilution and pulse contour analysis
PiCCO (Pulsion Medical Systems) uses the aortic transpulmonary ther-

modilution curve to calculate cardiac output (TP-TD). For this technique,
a thermistor-tipped catheter is typically placed in the descending aorta via
a femoral sheath. Iced saline (15 mL) is injected into a central vein and
from the temperature change in the aorta, the cardiac output can be calcu-
lated and the pulse contour system calibrated [53–55].

Pulse contour without dilution calibration
As the concept of pulse contour analysis has become better understood,

complex algorithms have been developed that can estimate cardiac output
without the need for external calibration [56]. External calibration is replaced
by correction factors that depend on the mean arterial pressure and the age,
gender, weight, and height of the patient. There are limited published data
on the accuracy of this methodology and while promising, additional studies
are required before this technology can be used clinically [56–58].

Plethysmography

The use of thoracic electrical bioimpedance (TEB) to estimate cardiac
output dates back to the early years of manned space exploration. Using
low voltage, electrical impedance (or resistance) across the chest is mea-
sured. The higher the fluid content, the lower the impedance since fluid con-
ducts electricity. As the heart cycles through systole and diastole the volume
of blood in the thorax changes and this can be measured electrically [59].
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Early studies demonstrated only a fair correlation between TEB and ther-
modilution cardiac output [60,61]. In addition, the accuracy of TEB wors-
ened as the degree of volume overload increased. This incongruity occurs
since heart failure results in increased pulmonary edema and pleural effu-
sion, which effects conduction. Many of the problems associated with
TEB have been overcome with newer generation devices using upgraded
computer technology and refined algorithms to calculate cardiac output
[62,63]. Van De Water and colleagues [63] demonstrated less variability
and more accurate determination of cardiac output using a refined equation
as compared with the predecessor equations of Kubicek, Sramek, and
Sramek-Bernstein. Recently, a number of investigators have reported
a good correlation between TEB and thermodilution in patients following
cardiac surgery using these improved devices [63–67]. Similarly, Albert
and colleagues [68] demonstrated that cardiac output as measured by
TEB and thermodilution were significantly correlated in patients with de-
compensated chronic heart failure. There are limited data on the use of
TEB in critically ill ICU patients; however, the improved TEB technology
does hold promise in this group of patients.

Comparative studies

A number of studies have been performed comparing the accuracy of the
various noninvasive devices reviewed in this paper [46,56,69]. Unfortu-
nately, most of these studies suffer methodological problems in terms of
the ‘‘gold’’ standard used and the sample size [70]. In general, no device
stands out as being better than another and although not perfectly accurate,
all the devices were able to detect changes in cardiac output and reflect
appropriate trends.

Evaluating fluid responsiveness

Fundamentally the only reason to give a patient a fluid challenge is to in-
crease stroke volume. This assumes that the patient is on the ascending por-
tion of the Frank-Starling curve and has ‘‘recruitable’’ cardiac output. Once
the left ventricle is functioning near the ‘‘flat’’ part of the Frank-Starling
curve, fluid loading has little effect on cardiac output and only serves to in-
crease tissue edema and to promote tissue dysoxia. In normal physiologic
conditions, both ventricles operate on the ascending portion of the Frank-
Starling curve [71]. This mechanism provides a functional reserve to the
heart in situations of acute stress [71]. In healthy individuals, an increase
in preload (with volume challenge) results in a significant increase in stroke
volume [72,73]. In contrast, only about 50% of patients with circulatory fail-
ure will respond to a fluid challenge [74]. It is therefore crucial during the
resuscitation phase of all critically ill patients to determine whether the pa-
tient is fluid responsive or not; this determines the optimal strategy of
increasing cardiac output and tissue oxygen delivery.
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Although cardiac filling pressures (central venous pressure and pulmo-
nary capillary wedge pressure) as measured using a central venous catheter
or PAC are widely used to predict fluid responsiveness, this approach is
completely devoid of supportive scientific data. Indeed, multiple studies
have confirmed that both the CVP and PCWP in healthy controls and in pa-
tients with various disease states are unable to predict the hemodynamic re-
sponse to a fluid challenge [73–79]. It is therefore somewhat alarming that
the CVP is still widely used as a guide to fluid resuscitation and is incorpo-
rated into protocols that are endorsed by professional societies [6,80,81].
Traditionally, the PAC has been used to determine fluid responsiveness;
a patient is given a fluid challenge and the change in stroke volume and car-
diac output is recorded. A number of noninvasive methods to determine
fluid responsiveness have been investigated and are further reviewed.

Using heart-lung interactions to assess fluid responsiveness
during mechanical ventilation

In mechanically ventilated patients, the magnitude of the respiratory
change in left ventricular stroke volume can be used to assess fluid respon-
siveness. Intermittent positive-pressure ventilation induces changes in the
loading conditions of the left and right ventricles. Mechanical insufflation
decreases preload and increases afterload of the right ventricle (RV). The de-
crease in RV preload is attributable to the decrease in the venous return
pressure gradient that is related to the increase in pleural pressure. The de-
crease in RV preload and increase in RV afterload both lead to a decrease in
RV stroke volume. The inspiratory reduction in RV ejection leads to a de-
crease in left ventricular (LV) filling after a phase lag of two or three heart-
beats. Consequently, stroke volume, cardiac output, and systemic blood
pressure all fall during each mechanical breath. Since venous return depends
on the venous pressure gradient, the decrease in venous return with positive
pressure ventilation is most marked in hypovolemic patients who have a low
mean circulating filling pressure [82,83]. Furthermore, patients who are
functioning on the ascending portion of the Frank-Starling curve have an
exaggerated fall in stroke volume with decreased venous return during
each positive pressure breath. Consequently cardiac output and blood pres-
sure falls significantly in these patients with each mechanical insufflation.
Multiple experimental and clinical studies have confirmed that large varia-
tions (greater than approximately 12%) in systolic pressure (SPV) and pulse
pressure (PPV) as measured using an arterial catheter, predict an increase in
cardiac output with fluid loading (ie, volume responsiveness) [77,78,84–86].
This dynamic test of ‘‘recruitable cardiac output’’ is highly reproducible and
simply performed at the bedside.

Pulse pressure variation and stroke volume variation (SVV) with me-
chanical ventilation has logically been combined with pulse contour analysis
to predict volume responsiveness [79,87–90]. In addition, ventilator-induced
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changes in aortic blood flow velocity and stroke output as measured
with esophageal Doppler [91–93] and changes in stroke volume by echocar-
diography have been demonstrated to predict fluid responsiveness [94]. Cur-
rent evidence suggests that the dynamic changes in cardiac performance
with positive pressure ventilation are more accurate in predicting volume re-
sponsiveness than the static filling pressures that have traditionally been
used for this purpose [74,95]. In addition, cyclic changes in inferior vena-
caval diameter as measured by echocardiography have been used to predict
fluid responsiveness [96,97].

Downstream hemodynamic markers

Lactate

The concept that hypoxic tissues can generate a lactic acidosis has been under-
stood since the 1970s [98]. Togenerate energy, the bodymust convert glucose into
CO2via theKrebs cycle. In anaerobic environments, theKrebs cycle cannot com-
pletely metabolize glucose, so instead a partial metabolic pathway is followed,
which generates lactate. The greater the oxygen deficit and with increased meta-
bolic demands, themore lactate is produced. Lactic acidosis is, however, not lim-
ited to shock. Localized lactic acidosis can occur in muscles from repetitive use
such as during exercise, or from a generalized tonic-clonic seizure.

Blood lactate concentration is commonly used as a global ‘‘downstream’’
marker of tissue perfusion and the adequacy of resuscitation [6]. Blood lac-
tate, however, is an insensitive marker of tissue dysoxia [99–102]. If glycol-
ysis occurs at a more rapid rate than is necessary for oxidative metabolism,
some pyruvate may not be oxidatively metabolized in the Krebs cycle and
will be converted to lactate. The result will be a concomitant increase in
both pyruvate and lactate with an unchanged lactate/pyruvate ratio (L/P)
[103,104]. James and colleagues [102] provide a compelling argument that
a high blood lactate in critically ill patients may be a metabolic manifesta-
tion of high blood epinephrine levels (and glycolysis) and a poor indicator
of tissue dysoxia. Similarly, Levy and colleagues [105] have elegantly dem-
onstrated that skeletal muscle may be a major source of lactate production
during sepsis as a consequence of increased aerobic glycolysis through
NaþKþ ATPase stimulation. Lactate levels may therefore be a marker of
illness severity rather than a measure of anaerobic metabolism. In addition,
the blood lactate level depends on the rate of production as well as the rate
of metabolism by the liver (Cori cycle). Because of decreased splanchnic
blood flow and hepatocellular dysfunction, lactate removal may be impaired
in critically ill patients.

A lactic acidosis must therefore be assessed in the proper clinical context
before it can be used as a tool to assess downstream mitochondrial function.
However, a blood lactate concentration in excess of 4 mEq/L is associated
with a high risk of death [98,106]. Furthermore the rate of lactate clearance
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has been demonstrated to be a good marker of outcome [107]. While an el-
evated lactate may be a marker of illness severity and a important prognos-
tic marker, this variable has not been studied as an end point of
resuscitation. Lactate clearance lags by many hours following therapeutic
interventions and is therefore not suited for goal-directed resuscitation. Fur-
thermore, lactate has never been proven to be a surrogate marker for cardiac
output [108]. As a marker of index severity it may be appropriate to use an
elevated lactate as a trigger to initiate aggressive care; however, that care
should not be titrated to the lactate level.

Gastric tonometry and sublingual capnography

Because of the flowdistribution away from the gastrointestinal tract the de-
velopment of tissue dysoxia in the gastrointestinal tract appears to be a com-
mon and early finding in patients with deranged hemodynamics. Dantzker
[109] has suggested that the gastrointestinal tract may be the ‘‘canary of the
body,’’ with gastrointestinal dysoxia an ‘‘early warning of impending trou-
ble.’’ It has been demonstrated that changes in gastrointestinal mucosal
pCO2 mirrors changes in gastrointestinal oxygen uptake during progressive
flow stagnation [110,111]. Since the sublingual mucosa is embryologically de-
rived from gut tissue, its perfusion and response to stress is similar to that of
the splanchnic bed. The PCO2 of the stomachwall (PgCO2) and sublingual tis-
sue (PsiCO2) has been demonstrated to increase predictably during both hem-
orrhagic and septic shock [112–114]. Gutierrez and colleagues [115]
randomized critically ill ICU patients to a standard treatment group or a pro-
tocol group in which treatment was titrated to maintain the gastric intramu-
cosal pH (pHi) greater than 7.35. Survival was significantly improved in the
protocol subgroup whose initial pHi was greater than 7.35. This study pro-
vides further support to the argument that the early detection and treatment
of tissue dysoxia may improve the outcome of critically ill patients.

Gastric tonometry is logistically and practically difficult and this may be
the main factor that has prevented the widespread use of this technology.
The recent introduction of sublingual capnometry has resolved many
of the difficulties associated with gastric tonometry. Sublingual capnometry
is a technically simple, noninvasive, inexpensive technology that provides
near instantaneous information as to the adequacy of tissue perfusion in
critically ill and injured patients [112]. Sublingual capnometry may prove
to be useful tool for both the risk stratification and as an end point for
goal-directed resuscitation. The clinical experience with sublingual capnom-
etry is, however, limited, and additional studies are needed that demonstrate
the clinical utility of PsiCO2 monitoring.

Mixed venous O2, mixed venous PCO2 and base excess

Mixed venous oxygen saturation (SmvO2) measured in either the pulmo-
nary artery (with a PAC) or the right atrium (with a central venous catheter)
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has been used to monitor critically ill patients and their response to thera-
peutic interventions [6,116–119]. A low SmvO2 (in the absence of arterial
hypoxemia) is usually an indicator of inadequate cardiac output. Mixed ve-
nous PCO2 (PmvCO2) represents the equilibration of systemic venous CO2

that has returned to the right side of the heart and as such is a ‘‘global’’ in-
dicator of tissue dysoxia. The major disadvantage of these global measure-
ments is that they lack sensitivity; high tissue PCO2 and/or low PO2 draining
vital organs will be diluted by blood draining organs with lower metabolic
requirements with a lower PCO2 and higher PO2. Silva and colleagues
[120] measured global and regional indicators of tissue dysoxia in septic
patients undergoing fluid challenge. While the gastric intramucosal PCO2

gradient decreased significantly with volume resuscitation, the SmvO2 and
PmvCO2 gradient remained unchanged. In addition, in patients with sepsis
(and macrocirculatory shunting) the SmvO2 may be a poor indicator of tis-
sue dysoxia [121].

The base excess (BE) has become the standard end point of resuscitation
in trauma patients. Remarkably, while the BE has been demonstrated to be
of prognostic value in this patient population, it has never been assessed
prospectively in trauma patients [122]. It is likely that tissue hypoperfusion
may occur in the absence of a significant change in the BE. Furthermore, as
it requires time for the liver and kidney to regenerate bicarbonate, it can be
expected that there will be a long lag phase between the correction of intra-
vascular volume deficit and normalization of the BE [123]. While the BE
may indicate tissue acidosis, it is a crude indicator of tissue dysoxia that
has not been well studied in critically ill patients and should therefore not
be used as an end point of goal-directed therapy.

Summary

The quest for the holy grail of noninvasive cardiac output assessment
methods continues. Although no tool is perfect, a number of noninvasive
methods to determine the cardiac output of critically ill patients are now avail-
able. It is, however, important to stress that the cardiac output should be in-
terpreted in conjunction with dynamic indices of volume responsiveness and
downstream markers of tissue oxygenation. Furthermore, patients cannot
be managed by simplistic algorithms or bundles but rather by thoughtful in-
tensivists, who at the bedside can integrate a body of complex and interrelated
information and chart a course based on the best available scientific evidence.
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Hemodynamics measurements are a fundamental part of the manage-
ment of critically ill patients. Many millions of dollars are spent on equip-
ment to make these measurements, and many hours are spent arguing
over the appropriate algorithms for their use at the bedside. Despite the
obvious fact that these measurements can only be useful if they are valid
and accurate, studies repeatedly show that there is a lack of knowledge of
the basic principles behind these measurements and the important artifacts
that can result in unreliable measurements [1,2]. This is especially a problem
for measurements of central venous pressure (CVP) and pulmonary artery
occlusion pressure (Ppao), because the range of normal clinical values is
small and errors can become a large percentage of the true value. In this
article, the author reviews the basic principles of making hemodynamic
measurements as well as common artifacts and pitfalls.

What is pressure?

Pressure is force per cross-sectional area. As described in Newton’s
second law, force is the product of mass and acceleration, and the force is
measured as a vector, that is, in a straight line in a given direction. In bio-
logic systems, forces usually need to be assessed over the surfaces of curved
structures, such as vessels and the heart. To deal with this problem, force is
analyzed as pressure, which is force per cross-sectional area. Pressures
are measured most often in units of millimeters of mercury (mm Hg) and
centimeters of water (cm H2O). When these units are used, the applied force
is gravity and the acceleration is the gravitational constant. The force is then
related to the mass of fluid used for the measurement, which, in turn, is
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determined by the volume and density of the substance used for calibrating the
measurement. In the case ofwater, the density is essentially 1, and in the case of
mercury, the density is 13.6 times that ofwater. The height of a column is equal
to the volume divided by cross-sectional area, such that the pressure at the
bottom of any structure is directly related to the vertical height of fluid in
the structure. To convert cm H2O to mm Hg, multiply by 1.36 (remember, it
is centimeters to millimeters), and to convert from mm Hg to cm H20, divide
by 1.36. These units are ‘‘relative,’’ because the force attributable to gravity
varies with the difference in distance from the center of the earth, although
ever so slightly. Physicists who determine the standards for force measure-
ments care about these slight differences however; thus, the standardmeasure-
ments are based on absolute forces that do not depend on gravity; these
units are calledPascal units, which are equal toNewton/m2,wherein aNewton
is the force required to accelerate 1 kg 1mper second per second; 1 kilo-Pascal
is 7.5 mm Hg.

Pressures were originally measured with columns of fluids. A column of
water was used when the pressure was low, and a column of mercury was
used when the pressure was high, such that an excessively large column
would not be necessary. Because a column of blood has a density close to
that of water, the height of a column of blood gives an indication of the
pressure in a vessel in cm H2O. If blood pressure were measured with a col-
umn of blood, the normal systolic pressure of 120 mm Hg would require
a tube that be larger than 160 cm and would obviously be cumbersome.

Today, pressure is usually measured with a transducer, which is a device
that has a current running through a conducting membrane that can be
distorted by forces on its surface. Distortion of the membrane alters the
resistance to electron flow through the membrane, which results in a change
in current for a given voltage difference across the membrane. Three factors
have to be considered when using a transducer: (1) calibration, (2) leveling,
and (3) zero setting.

The simplest of these three concepts is calibration. In this process,
a known pressure is applied to the membrane and change in current is
related to the applied pressure. For proper function, the response of the
transducer must be linear in the range of measured pressures. This means
that doubling the pressure doubles the voltage change in the range of the
measured pressures. The applied force can be from a column of mercury
or water; however, at the present time, it is usually supplied by the applica-
tion of a standard electrical force to the system.

The next issue is the establishment of the ‘‘zero’’ value. A fundamental
and often confused concept for making hydrostatic measurements with
fluid-filled systems is that the measurement is relative to a reference value.
The first reference value to consider is the surrounding pressure. Although
we normally do not think about it or feel it, the pressure of normal
atmosphere, which is approximately 760 mm Hg depending on the weather
conditions, constantly pushes down on us and also pushes down on the
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surface of the transducer, the column of fluid that is used to calibrate the
transducer, and the containers that hold the fluids being assessed. Consider
what this means for CVP. The usual clinical range of values for CVP is less
than 10 mm Hg [3], whereas the background pressure is around 760 mm Hg.
This means that when we say the CVP is 5 mm Hg, the actual pressure on
the inner side of the wall of the veins is really around 765 mm Hg. For
arterial pressure, the actual normal systolic pressure pushing on the wall
of the arteries is not 120/80 mm Hg but rather 880/840 mm Hg. Because
the measuring device and the systems we want to examine are all affected
by the same atmospheric pressure, it makes sense just to examine changes
from atmosphere for these as the changes that are attributable to changes
in the physiologic system and to describe the pressure across the walls of
the structures of interest. If this were not done, the measured value would
fluctuate with changes in atmospheric pressure and it would be necessary
to keep a barometer in the unit to interpret physiologic pressure changes.
The process of subtracting the atmospheric pressure is called ‘‘zeroing,’’
and what is essentially being done is opening the fluid column on the
measuring device to atmosphere and adjusting the electronics so that atmo-
spheric pressure is the starting value or zero. If one were using a fluid-filled
manometer, the equivalent would be letting out sufficient volume from the
measuring column until it reaches the zero value inscribed on the manome-
ter. Of importance, when stress is calculated on the wall of any vessel that
does not have an extremely thin wall, the actual pressure needs to be used
instead of the simplified Laplace relation to the pressure relative to atmo-
sphere. When the actual pressures are used, the stress in the wall is negative
(ie, the vessels are tending to explode), whereas if the pressure relative to
atmosphere is used as in the simplified Laplace relation, the vessel seems
to be collapsing [4–6].

The most confusing factor, and the one that leads to the greatest errors
in hemodynamic measurements with fluid-filled catheters, is the concept of
leveling. Before reading this section, try answering the questions in Fig. 1.
The figure shows four cylinders that are filled with water to a level of
40 cm. A transducer is leveled at 20 cm below the surface of the water in
Fig. 1A and B, at the level of the surface in Fig. 1C, and at the level of the
bottom of the cylinder in Fig. 1D. A fluid-filled catheter is inserted to a level
20 cm below the surface in Fig. 1A, C, andD and the bottom of the cylinder in
Fig. 1B. The question is what would be the value shown on the digital monitor
in each case.

As already discussed, pressure measurements in a fluid-filled system are
relative to a reference point that is arbitrarily picked, because the measure-
ment is simply that of the force created by a column of fluid above the trans-
ducer. Thus, the level of the transducer relative to pressure being measured
is the key determinant of the measured value, and the measured pressure is
determined by the height of the fluid column above the transducer. The mea-
sured pressure is not affected by the location of the opening of the fluid-filled
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catheter used to make the measurement if it is inside the fluid-filled system.
Thus, in Fig. 1A and B, the measured pressure is 20 cm H2O, even though
the catheter has been advanced to the bottom of the container in Fig. 1B.
This does not mean that the actual pressure is the same at 20 cm below
the surface and at the bottom. The pressure is greater at the bottom of
the tank. Think of the sensation you feel when you go to the bottom of
a swimming pool compared with what you feel just below the surface.
The measured value is not affected because it is based on the position of
the catheter relative to the top of the tank. When the transducer is moved
to the level of the surface of the water in Fig. 1C, the pressure is 0 cm
H2O because there is no fluid above the transducer. When the transducer
is leveled to the bottom of the cylinder, the measured pressure is 40 cm
H2O. Thus, one must distinguish between the measured pressure and the
actual pressure in the system.

Because leveling is so important, the choice of the reference level is crit-
ical. It is generally accepted that for physiologic measurements, an appropri-
ate reference point is the midpoint of the right atrium, because this is where
blood comes back to the heart and this is also the pressure that provides the
preload for the heart as a whole. This is not to say that this has to be the
reference level; rather, it is a consensus view, although others have been
suggested (even though they may end up at the same position) [7]. A fortu-
itous anatomic feature is that the midpoint of the right atrium is, on aver-
age, a vertical distance of 5 cm under the sternal angle or angle of Louis,
which is where the second rib meets the sternum and creates a bump on
the sternum. This position is taught to all medical students as the reference
value for measurement of jugular venous distension, a bedside measure of
CVP [8]. An important advantage of this leveling value is that it remains
at the level of the midpoint of the right atrium, even when a patient is sitting

Fig. 1. Cylinder is filled with water to a height of 40 cm. In each case, a fluid-filled catheter is

connected to a transducer and inserted in the fluid. (A, B) Transducer is placed 20 cm below the

surface of the water. (C) Transducer is placed at the level of the water. (D) Transducer is placed

at the bottom. What is the value on the monitor in each case? The answers are in the text.



405INVASIVE INTRAVASCULAR HEMODYNAMIC MONITORING
at an angle of 60�. This is because the right atrium is a relatively round
structure and is located just under the sternum. The radius of the atrium
also does not vary by large amounts among individuals. This means that
the transducer can be leveled to this position even when the patient is not
supine, as is often the case when patients are being fed, when they have
pulmonary edema, or when they are bleeding after cardiac surgery. Leveling
is achieved by placing a carpenter’s level on the sternal angle and setting the
transducer 5 cm under this level (Fig. 2). As already noted, it does not
matter whether the patient is supine or sitting at 60� as long as the trans-
ducer is 5 cm under this level. It is also important to consider the appropri-
ate position on the transducer for leveling. The level representing the
midpoint of the right atrium should be leveled to the top of the fluid column
that is necessary to zero the transducer. This is situated at the level of the
stopcock that is opened for zeroing the transducer. The difference between
this value and the bottom of the transducer can be as much as 3 to 4 mm Hg,
such that incorrect placement can have a considerable effect on the mea-
sured pressure.

A much more common leveling position in the intensive care unit (ICU)
is the midthoracic position at the level of the fourth rib. It is argued that the
advantage of this position is that it is easier to teach and does not require
a leveling device. Measurements should only be made with this level in
the supine position, however, because the middle right atrium does not
maintain a constant relation to this position when the upper body is
elevated. In the author’s experience, the greater amount of teaching and
care required for the sternal angle–based measurement is actually an advan-
tage because it sensitizes the team to the importance of the level and means
that the level is checked more often. As a useful conversion so that

Fig. 2. Illustration of what happens when the bed is lowered but the transducer is not. The left

side shows the change in pressures (top, arterial [Part]; middle, Ppao; lower, CVP), and on the

right side, water monometers demonstrate how lowering the bed relative to the transducer

lowers the measured pressure. In this case, the bed was lowered by 10 cm, which means that

the proper level (A) is 10 cm lower than the current level (B), and this translates to a decrease

in pressure of approximately 8 mm Hg.
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measurements with the two methods can be compared, we found that, on
average, the sternal angle–based measurement gives a value that is 3 mm Hg
less than the midthoracic measurement [3]. Consider the consequences of
changes in the level of the transducer relative to the midpoint of the
right atrium. Most often, the transducer is not attached to the bed, such
that changes in the bed relative to the mounting for the transducer change
the value. For example, lowering the bed by 10 cm changes the recorded
pressure by almost 8 mm Hg (see Fig. 2). This difference in the CVP mea-
surement could mean the difference between a fluid challenge and an
order for furosemide.

As discussed previously, the measured value is not the same as the actual
pressure throughout the system. Thus, when the measured pressure for CVP
is 10 mm Hg based on the sternal angle reference, it is actually around
17 mm Hg in veins along the patient’s back because of the vertical distance
between the level and the bottom of the patient [3]. This is the pressure in the
capillaries that regulate filtration in this region. Of importance, leveling is
not an issue when measuring gas pressures. This is because the mass of
the gas is small, such that the weight of the gas is trivial over the heights
we have to consider for the measurements. Thus, it is not necessary to level
transducers for air-based measurements, such as airway pressure on
a ventilator.

Transmural pressure

Another important concept is that of transmural pressure. The walls of
elastic structures are stretched by the difference in pressure between the pres-
sure inside the structure versus the pressure outside the structure, and the
difference in these two pressures is called the transmural pressure (Fig. 3).

Fig. 3. Illustration of the concept of transmural pressure. (A) System is surrounded by atmo-

spheric pressure, and the transmural pressure (TM) is 100 � 0 ¼ 100 mm Hg. (B) Pressure sur-

rounding the elastic chamber is �40 mm Hg, such that the TM is 100 � (�40) ¼ 140 mm Hg.

(C) Surrounding pressure is þ40, such that the TM is 100 � 40 ¼ 60 mm Hg.
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This concept is not a concern for vascular structures that are outside the
chest, because the outside pressure is atmospheric pressure, which is used
to zero the transducer. Thus, transmural arterial blood pressure is simply
the arterial pressure as normally measured minus zero. The problem arises
with elastic structures that are inside the chest or abdomen because they
are not surrounded by atmospheric pressure but rather by pleural and
intra-abdominal pressure, respectively, and these pressures vary throughout
the ventilatory cycle. Unfortunately, pleural pressure is not easily measured
in critically ill patients. Thus, the approach is to measure pressures of
vascular structures in the chest at the phase of ventilation when pleural pres-
sure is closest to zero. At end-expiration (functional residual capacity
[FRC]), the lungs recoil inward and the chest wall outward, which gives
a pressure around the heart of approximately �2 to �3 cm H2O and not
extremely different from atmosphere. Accordingly, vascular pressures
should be measured at end-expiration (or preinspiration, which is the
same) whether the person is ventilated with negative- (Fig. 4) or positive-
pressure ventilation (Fig. 5). In a person breathing spontaneously, inspira-
tion can be identified by the fall in pressure in vascular structures in the
chest [9], and especially by an increase in the ‘‘y’’ descent (see Fig. 4) [10].

Fig. 4. Effect of forced or active expiration on CVP measurement in two subjects with sponta-

neous ventilatory efforts. Inspiration (Insp) is marked with the horizontal lines. (A) Progressive

decrease in the pressure during expiration indicates abdominal recruitment and forced expira-

tion. Note how the pressure is lower at a than at b. This is because expiration is longer in a than

in b, and is therefore a better estimate of the CVP but still may be an overestimate. (B) Progres-

sive increase in pressure during expiration. The measurement at end-expiration does not give

a good estimate of the transmural pressure, and a better estimate is likely at the arrow, which

indicates a period before the subject begins to push.



408 MAGDER
Furthermore, inspiration is usually approximately one third of the cycle. In
a patient breathing with positive-pressure ventilation, inspiration produces
a rise in pressure in vascular structures in the chest and a decrease in the
y descent. Again, inspiration is usually shorter than expiration but can be
longer when the ventilator is set to reverse the normal inspiratory/expiratory
ratio.

Positive end-expiratory pressure

Positive end-expiratory pressure (PEEP) is an important problem for the
measurement of vascular pressures in the chest because it creates a pressure
around the heart that is always greater than atmospheric pressure; thus, the
observed value always overestimates the transmural pressure. At low levels
of PEEP, such as the standard 5 cm H20, there is only a minor error. In nor-
mal lungs, a little less than half the PEEP is transmitted to the pleural space,
because energy is lost in overcoming the elastance of the alveoli. Thus,
converting centimeters to mm Hg and reducing the standard PEEP value
of 5 cm H2O by half means that central measurements are only increased
by 1 to 2 mm Hg, which is within the range of normal measurement error.
When high values of PEEP are applied, or the patient has substantial auto-
PEEP, the error can become large. High values of PEEP are usually used
when lung compliance is decreased, however, and this substantially reduces
the transmission of the PEEP to the pleural space. There is no simple
solution to predicting the true transmural pressure of intrathoracic struc-
tures in patients with PEEP. Pinsky and coworkers [11] showed that rapidly
withdrawing PEEP and observing the nadir of the Ppao could be used to
assess the impact of the change in pleural pressure, Ppao. It is often not
safe to lower high levels of PEEP transiently, however, because derecruit-
ment and consequent hypoxemia can be rapid and rerecruitment can be
slow. Furthermore, the technique cannot be used for assessing the effect

Fig. 5. Assessment of the atrial waveforms in a subject being ventilated with positive-pressure

ventilation. The proper site for measuring the CVP (and Ppao) is at the base of the c wave, which

can also be identified by a perpendicular line dawn from the QRS wave. ART, arterial pressure.
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of PEEP on the pressure in the right heart, because CVP relative to atmo-
sphere does not always change with PEEP (although the transmural
pressure is changed) [12]. The author’s own approach is to report in the
medical record the measured hemodynamic values as obtained relative to
atmosphere and have the clinician estimate the range of impact of the
PEEP on the transmural pressure by considering the patient’s lung
compliance.

An important clinical point to consider with high levels of PEEP is that
although the transmural pressures of vascular structures in the chest may be
low when the measured value is high relative to atmosphere, the high value
is not inconsequential because it directly affects fluid filtration and the back-
pressure for venous flow in regions outside the chest. Furthermore, although
values are recorded and charted at end-expiration, the systemic venous pres-
sures are much higher during inspiration with positive-pressure ventilation.
This is especially the case when the thoracic compliance is decreased, which
includes patients with abdominal compartment syndrome.

Active expiration

Another important cause of errors in measurement of central pressures is
active expiration. Normally, expiration is passive, such that pleural pressure
does not increase during expiration. In a recent study, the author and his
colleagues found that 30% to 40% of patients had active expiration [13].
This resulted in two major patterns (see Fig. 4). In the first type, the patient
contracts expiratory muscles forcefully from the start of expiration so that
there is a progressive fall in pressure throughout expiration. This results
in lower pressures at end-expiration in breaths with longer periods of expi-
ration. In the second type, the patient progressively increases the expiratory
force, which results in a progressive rise in intrathoracic pressures. In these
cases, the recommended end-expiratory value gives a completely erroneous
measure of the true transmural pressure and values at the start of expiration
are likely more valid. Because these patterns are so frequent, the author rec-
ommends that the actual tracings on the monitor always be examined before
recording the values. When active expiration is present, many respiratory
cycles need to be examined and the ones with minimal evidence of active
expiration should be used for the measurement. These can be identified in
spontaneously breathing patients by periods of relatively no change in the
pressure during the end of expiration (immediately before inspiration).
Forced expiration is harder to assess when a patient is receiving ventilatory
assistance, because the positive pressure during inspiration produces a rise in
vascular pressures and a gradual decline during expiration. When the inspi-
ratory/expiratory ratio is small, there may never be a flat phase during
expiration. One can also try to distract the patient for at least some breaths
to obtain breaths with passive expiration. It needs to be appreciated that in
some of these cases, it may not be possible to obtain a valid estimate of the
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real values. In those situations, the author recommends putting a tracing in
the medical record so that all users can at least see the basis of the estimate.

Where on the tracings of central venous pressure and pulmonary artery

occlusion pressures do you make the measurements?

CVP and Ppao have important waves during the cardiac cycle that can be
large, and the reported value varies significantly depending on the rule used
to make the measurement. In the example shown in Fig. 5, the pressure
difference from bottom of the tracings to the top is 10 mm Hg. The recom-
mended position is the base of the ‘‘c’’ wave, because this is the final value in
the atrium before the onset systole, and is thus the best estimate of the
preload. The c wave is not always evident, however; in that case, the base
of the ‘‘a’’ wave gives a good approximation. Alternatively, if there is
a simultaneous electrocardiographic (ECG) tracing, one can draw a vertical
line from the QRS to identify the expected position of the c wave. Although
the base of the c wave is the recommended pressure to trend, this does not
mean that the peaks of the a and ‘‘v’’ waves are without clinical significance.
For example, in Fig. 6, the Ppao should be recorded at 18 mm Hg, but the
large v wave has a direct effect on the pulmonary capillaries and results in
pulmonary edema. In cases like this, the author would recommend charting
the value as a Ppao of 18 mm Hg with a v wave of 23 mm Hg (which means
that the pressure is 23 þ 18 ¼ 41 mm Hg).

There are several technical factors that are specific for the Ppao [14]. It is
important to identify the a and v waves to know that the pulmonary artery
catheter is actually in the wedge position for the proper measurement of left
atrial pressure. It is also important to make sure that the measured Ppao is
less than the pulmonary artery pressure, because, otherwise, it is likely that
the tracing represents a dampened pulmonary artery tracing rather than
Ppao. An assumption in the use of the wedged pulmonary artery catheter
for the measurement of Ppao is that there is a continuous column from
the tip of the catheter to the left atrium. This is valid if the catheter is in

Fig. 6. Example of a tracing with giant v wave on the Ppao tracing. This could easily be

confused with the pulmonary artery tracing, which occurs on the right of the figure. Note

the notching of the pulmonary artery pressure (PAP) (dotted arrow), which is caused by the

backward flow with the large v wave.
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West zone III but not if it is in zone I or II, where there is a critical closing
pressure [15]. The proportion of the lung in zone II increases with PEEP,
which thus increases the risk of this problem. Keeping the catheter more
central greatly reduces the likelihood of this happening, however, and also
greatly reduces the risk of pulmonary hemorrhage. Because of this risk,
and for proper placement, the chest radiograph should always be examined
to make sure that the catheter is not beyond the lateral mediastinal border,
and this is usually less than 55 cm from the entry site on the introducer. In
cases in which a ‘‘wedge’’ measurement can only be made with the catheter
more distal, the author recommends making the measurement and then
withdrawing the catheter to a safer position.

Right ventricular dysfunction

The presence of right ventricular (RV) dysfunction and tricuspid regurgi-
tation can make the identification of the pressures difficult; if not appreci-
ated, this can result in failure to insert a flotation catheter in the
pulmonary artery. Two examples are shown in Fig. 7. When placing a cath-
eter in such a patient, it is important first to identify the pattern of tricuspid
regurgitation on the CVP tracing, which is characterized by a broad v wave

Fig. 7. Two examples of CVP tracings that could make placement of a right heart floatation

catheter difficult. The top tracing shows a patient with an RV infarct. There is little change

between the right atrium (Pra) and the pulmonary artery pressure (PAP) because of the high

RV diastolic pressure and low systolic pressure generation. The shapes of the wave must be

followed closely to identify the position of the catheter in such a patient. In the bottom tracing,

the patient has marked tricuspid regurgitation and the shape of the Pra is similar to that of the

RV tracing. This could make it difficult to recognizing the crossing of the tricuspid valve.
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that looks like a ‘‘ventriculization’’ of the atrial tracing. This can be identi-
fied by examining the CVP waveform in the initial 20 cm of the insertion and
by then carefully noting the distance markers on the catheter while it is
advanced. The tricuspid valve is almost always within 25 to 35 cm from
insertion sites in the upper extremity, and when the tricuspid is not reached
by these values, the catheter is likely curling or in the wrong place.

Factors related to kinetic energy

Although we generally deal with pressure differences as the determinants
of flow, it is the actual energy differences that determine the movements of
fluids. There are three types of energy in vascular systems: elastic, kinetic,
and gravitational energy. The primary energy that is of importance for
determining vascular pressures is the elastic energy. This is the force that
distends the vascular walls. The gravitational component was already dis-
cussed in the section on the issue of leveling. The third component, kinetic
energy, is the energy that is attributable to the flow of blood and only
contributes a small component to the arterial pressure, although its contri-
bution to the pressure in the vena cava and pulmonary circuit is larger. This
is because the velocity of blood in the vena cava and main pulmonary artery
is similar to that of the aorta but the elastic pressure is much smaller. The
importance of kinetic energy for the measurement of pressures is that it
results in differences in pressure when an end-hole catheter faces the flow
or faces away from the flow. This occurs because when the flowing blood
hits the hole at the end of the catheter, the blood stops, the kinetic energy
is converted into elastic energy, and the recorded pressure is higher than
what would be measured with a side-holed catheter. When the catheter
hole faces away from the flow, the Bernoulli effect slightly lowers the
pressure relative to a side-hole.

Dampening

Details on the physics of measuring devices are nicely reviewed elsewhere,
and only a few key points are discussed here [16]. Pressure swings can be
considered as waves and can be broken down into a series of sine waves
with different frequencies. The measuring device must be able to respond
to the frequencies of interest in the signal being measured; if it does not,
the peaks and troughs of the signal are underestimated. When the pressure
wave hits the transducer, it also induces reflected waves that amplify the sig-
nal. These gradually decrease because of friction in the tubing in a process
called dampening. If the system is underdamped, the device exaggerates
the pressure swings, and if the system is overdamped, the peaks and troughs
are underestimated. The issue of dampening is especially a problem for
recordings of arterial pressure. Systems have an optimal range for the
relation of dampening, as measured by the relation of the amplitude of
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the input-to-output signal, and the ratio of frequency of the system is
stimulated relative to its natural frequency. Most monitoring devices permit
the frequency response to be adjusted, which allows for changes in the
dampening, but this may not be sufficient. Underdamping is sometimes
attributable to microbubbles in the system, and flushing the system resolves
problem. The attachment of a small needle open to air can be used to
dampen signals that are underdampened because this increases the frictional
energy loss and dampens the system; however, this leaves the system un-
sealed, and thus at risk of infection. It may also result in underdampening
of the system. The adequacy of dampening can be assessed by flushing the
system and observing the number of cycles needed for the signal to stabilize.
This should occur in less than three waves.

Trouble-shooting

It is not possible to provide answers for all the technical problems that
can occur. Many issues related to trouble-shooting have already been dealt
with, but the author gives some others that he has found helpful. Perhaps
the most important technical point is that one must gain experience with
the measurements and always be on the alert for technical problems. As
a first approach, one must consider that measured values should make sense
with the overall clinical picture. It is true that invasive monitoring is used to
obtain new insights, but the results should still conform to a believable
hypothesis, and when the measurements are extremely different from the ex-
pected, potential technical errors must be looked for carefully. One should
start by redoing the zeroing, leveling, and calibration. Sudden changes in
values can be real but should raise the suspicion of a leveling problem or
drift in the electronic signal. The key clue to a leveling problem is that all
pressures change in the same direction and by a similar amount, because
in most critical care units, pressure transducers are mounted on a common
manifold. Conversely, changes in only one of the measures being followed
suggest that there has been a ‘‘drift’’ in the zero value of the transducer. Sud-
den changes in the recorded CVP or Ppao should also raise the possibility of
there being a respiratory effect, such as active expiration, that was not rec-
ognized by the person making the measurement. It could also indicate
a pneumothorax or cardiac tamponade caused by bleeding into the pericar-
dium, however. Examination of the tracing helps to give the answer. As
a final point, it is not appropriate to dismiss a measurement because it is un-
reliable without some explanation for why the measurement is unreliable,
such as a faulty amplifier, faulty cable, or blocked catheter. To do so runs
the risk of ignoring important clinical information.

Summary

A careful and systematic approach to hemodynamic measurements
can minimize error and result in more rational clinical choices. Proper
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hemodynamic algorithms can only be effective when they are based on mea-
surements that are valid and obtained in a consistent manner by clinicians
who understand the basis of the measurements.

References

[1] Iberti TJ, Fisher EP, LeibowitzAB, et al. Amulticenter study of physicians’ knowledge of the

pulmonary artery catheter. Pulmonary Artery Catheter Study Group. JAMA 1990;264(22):

2928–32.

[2] Iberti TJ,Daily EK, LeibowitzAB, et al. Assessment of critical care nurses’ knowledge of the

pulmonary artery catheter. The Pulmonary Artery Catheter Study Group. Crit Care Med

1994;10:1674–8.

[3] Magder S, BafaqeehF. The clinical role of central venous pressuremeasurements. J Intensive

Care Med 2007;22(1):44–51.

[4] Azuma T, Oka S. Mechanical equilibrium of blood vessel walls. Am J Physiol 1971;221:

1310–8.

[5] Oka S, Azuma T. Physical theory of tension in thick-walled blood vessels in equilibrium.

Biorheology 1970;7:109–17.

[6] Shrier I. Critical closing pressures, vascular waterfalls, and the control of blood flow to the

hindlimb. Thesis; 1993.

[7] Courtois M, Fattal PG, Kovacs SJ, et al. Anatomically and physiologically based reference

level for measurement of intracardiac pressures. Circulation 1995;92:1994–2000.

[8] Bickley LS, Hoekelman RA. Bates’ guide to physical examination and history taking. 7th

edition. Philadelphia: Lippincott; 1999.

[9] Bellemare P, Goldberg P, Magder S. Do inspiratory changes in pulmonary artery occlusion

pressure reflect changes in pleural pressure? Am J Respir Crit Care Med 2004;169(7):A343.

[10] Magder S, Erice F, Lagonidis D. Determinants of the ‘y’ descent and its usefulness as a pre-

dictor of ventricular filling. J Intensive Care Med 2000;15:262–9.

[11] Carter RS, Snyder JV, Pinsky MR. LV filling pressure during PEEP measured by nadir

wedge pressure after airway disconnection. Am J Physiol 1985;249(4 Pt 2):H770–6.

[12] Magder S, Lagonidis D, Erice F. The use of respiratory variations in right atrial pressure to

predict the cardiac output response to PEEP. J Crit Care 2002;16(3):108–14.

[13] Serri K, Chauvin R, Goldberg P, et al. The prevalence of forced expiration in critically

ill patients. Crit Care Med 2007;34(12):A59 [Abstract].

[14] Lodato RF. Use of the pulmonary artery catheter. Semin Respir Crit Care Med 1999;20(1):

29–42.

[15] Permutt S, Riley S. Hemodynamics of collapsible vessels with tone: the vascular waterfall.

J Appl Physiol 1963;18(5):924–32.

[16] Fessler HE, Shade D. Measurement of vascular pressure. In: Tobin MJ, editor. Principles

and practice of intensive care monitoring. New York: McGraw-Hill; 1997. p. 91–106.



Crit Care Clin 23 (2007) 415–433
Abdominal Compartment Syndrome:
Clinical Aspects and Monitoring

Felix Lui, MD, Ayodele Sangosanya, MD,
Lewis J. Kaplan, MD, FACS, FCCM, FCCP*

Yale University School of Medicine, Department of Surgery,

Section of Trauma, Surgical Critical Care and Surgical Emergencies,

330 Cedar Street, BB-310, New Haven, CT 06520, USA

Critical care has undergone a quiet revolution in the past decade with
regard to resuscitation and management of patient suffering from sepsis
and its related syndromes. Previously, antibiotics and supportive care strate-
gies dominated care paradigms for sepsis and focused on pulmonary manage-
ment or antibiotic management strategies. To wit, a host of antibiotic
guidelines with patients’ severity stratification were published by the Ameri-
can Thoracic Society, the Infectious Disease Society of America, and others
[1]. New scoring systems, including APACHE II and then III surfaced, as well
as a host of organ dysfunction scoring systems, were proposed to aid in risk
stratification and perhaps therapeutic intervention [2,3]. Perhaps most visi-
bly, the supremacy of the ARDSNet guidelines for mechanical ventilation
best exemplifies the public nature of change in critical care paradigms [4].
While all of these sweeping changes occurred in a highly visible fashion,
changes in resuscitation occurred more quietly, which is all the more remark-
able because the changes brought the medical and surgical worlds into
proverbial alignment.

The study by Rivers and colleagues of Early Goal Directed Therapy
(EGDT) represents the driving force for the resuscitation paradigm shift for
patients presenting to an emergency department (ED) with sepsis [5]. Given
its success, EGDT tenets have been broadly applied outside of the ED as
well. It is this quiet revolution that provides the genesis for the rest of this
article. The downstream effects of vigorous resuscitation include enhanced
survival at the expense of increased early crystalloid fluid, red cell mass
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expansion, and pressor use. However, the sentinel study by Rivers and
colleagues [5] did not examine any deleterious effects of that resuscitation.
One untoward consequence of rapid resuscitation using crystalloid solutions
is the abdominal compartment syndrome (ACS) [6]. The remainder of this
article will address the physiology of the ACS, diagnostic criteria, monitoring
techniques, and acute therapeutic interventions to relieve the syndrome. The
corollary is that early identification and therapy for the ACS translates into
a survival benefit for patients.

Definitions and classification

Since the ACS has surfaced in the past 2 decades in the trauma patient
population in the context of damage control surgery for exsanguinating
hemorrhage, a genre of medical literature and a dedicated society have
sprung up around the syndrome [7]. In the consensus definitions and recom-
mendations of the World Society of the Abdominal Compartment Syn-
drome (WSACS; www.wsacs.org), the range of normal intra-abdominal
pressure (IAP) is less than 7 mm Hg. Increases above 12 mm Hg constitute
intra-abdominal hypertension (IAH). Further increases in IAP may lead to
the abdominal compartment syndrome as a consequence of organ compro-
mise as a result of the increased intra-abdominal pressure. Accordingly, the
ACS is defined by a sustained IAP of 20 mm Hg or higher associated with
new, attributable organ dysfunction or failure [8]. Other objective measures
may supplement these diagnostic criteria and will be later explored.

Before developing the ACS, IAP increases above normal to peaks of
differing magnitudes and at differing rates depending on the driving force
that generates the increased pressure. IAH can be by graded by the magni-
tude of IAP elevation, and may be further classified by the time course over
which the IAH develops (Tables 1 and 2; www.wsacs.org) [9]. To determine
which patient one must monitor, one must first define those patients who are
at risk for IAH.

Intra-abdominal hypertension in at-risk populations

Patients at risk for IAH may be conveniently grouped into several cate-
gories, all of whom share a common element: appropriate, but vigorous

Table 1

Intra-abdominal hypertension grading

Grade Intra-abdominal pressure

I 12–15 mm Hg

II 16–20 mm Hg

III 21–25 mm Hg

IV O25 mm Hg

http://www.wsacs.org
http://www.wsacs.org
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resuscitation for diminished effective circulating volume. The reader should
understand that the vast majority of data derives from patients resuscitated
with crystalloid fluids rather than colloids, reflecting the present US stan-
dard of care. The following list outlines the major risk factors present in
most patients who are at risk for IAH and the subsequent ACS (from Betro
and Kaplan [10]; with permission).

1. Massive volume resuscitation (O10 L crystalloid or 5 L colloid over
24 hours)

2. Massive transfusion protocol use (O 10 U PRBC over 24 hours)
3. Management with an open body cavity (chest or abdomen)
4. Core hypothermia (temp ! 33�C)
5. Coagulopathy requiring component therapy (aPTT O 2 times normal;

INR O 1.5)
6. Sepsis, severe sepsis, or septic shock regardless of cause
7. Critical illness in the setting of cirrhosis or other liver failure accompa-

nied by extant ascites
8. Mechanical ventilation
9. PEEP O 10 cm H2O pressure (intrinsic or extrinsic)

As such, these risk factors will define a patient population for whom
monitoring is appropriate to detect IAH and embark on corrective therapy
to prevent the ACS, as syndrome development engenders significant
morbidity and mortality.

Table 2

Timing designations of abdominal compartment syndrome

Type Description Example

Chronic Associated with abdominal disease

process of a progressive nature

Cirrhosis with massive ascites

Acute Associated with injury or disease

in the abdomen requiring

intervention

Intestinal ischemia, abdominal

trauma

Subacute Usually associated with extra-

abdominal disease processes,

but may also involve intra-

abdominal catastrophe

resuscitation

Aggressive fluid resuscitation

for sepsis regardless of locus

Hyperacute [9] Development of abdominal

compartment syndrome

intraoperatively during repair

of extra-abdominal injuries with

massive concurrent resuscitation

or during temporary abdominal

wall closure with intra-

abdominal injury

Massive resuscitation for shock

during operative intervention

for chest trauma (gunshot

wounds) or major vascular

injury; packing of abdominal

injury while addressing acidosis,

coagulopathy, and hypothermia
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Abdominal compartment syndrome

That IAH could derange physiology has been recognized since the
beginning of this century [11]. It was proffered that IAH could lead to respi-
ratory, cardiovascular, and renal compromise. Effective monitoring systems,
however, were not available, and practitioners were limited to what are
currently considered archaic and even barbaric methods when IAH was sus-
pected (although this quite frankly did not occur very often). In a fashion
much akin to venting of ‘‘evil humors,’’ venotomy for bleeding, leech ther-
apy, purgatives, and fluid restriction were used to some effect in patients
with IAH, likely stemming principally from ascites. As medical science de-
veloped, and the underlying physiology of increased abdominal pressure
was better characterized in the crucible of exsanguinating hemorrhage
from severe hepatic injury, attention turned to precisely defining the conse-
quences of IAH [12]. This effort culminated in a published series by Kron
and colleagues [13] in 1984 that used elevated IAP as a criterion for abdom-
inal decompression. Their seminal work demonstrated that decompression
improved organ function in patients with elevated IAP. The association of
increased IAP with the constellation of clinical manifestations defined by
Kron and others was dubbed the ‘‘abdominal compartment syndrome’’
(ACS) [14]. The ACS was further refined as a consequence of recurrent
hemorrhage and organ edema in trauma patients who required damage con-
trol laparotomy for exsanguinating hemorrhage by Rotondo and colleagues
[15] in 1993.

While best characterized in the injured patient population, ACS is clearly
not limited to surgical patients; ACS is increasingly identified in the critically
ill medical patient population [16]. The rise of the ACS in the nonsurgical
patient relates to vigorous resuscitation leading to rapid and progressive
ascites formation as well as visceral edema. As with many ‘‘newly appreci-
ated’’ syndromes, ACS incidence has been documented at rates much higher
than originally anticipated. In several multicenter studies of severely ill
mixed medical and surgical patients, the incidence of increased IAP ranged
from 32.0% to 41.0%, with an accompanying alarming mortality of 27.5%
to 50.0% [17,18]. It is important to note that the ACS represents a final
common pathway for IAH that stems from a diverse number of etiologies.

Accordingly, the ACS may be defined as primary, secondary, or recurrent
depending on the etiology of the increased pressure that creates the syn-
drome. These different forms of the ACS are outlined below:

� Primary ACS
Associated with injury or disease (commonly infection or ischemia) in

the peritoneal space, frequently requiring surgical or radiological
intervention. Clinical entities include but are not limited to abdom-
inal aortic aneurysms, solid organ hemorrhage, pancreatitis, and
intestinal ischemia, as well as hepatic transplantation.
Previously known as ‘‘surgical’’ or ‘‘acute’’ ACS.
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� Secondary ACS
Commonly associated with extra-abdominal pathology, such as those
patients who receive large-volume crystalloid or colloid resuscita-
tion for severe sepsis or septic shock from pneumonia, or fulminant
hepatic failure.
Previously known as ‘‘medical’’ or ‘‘subacute’’ ACS.

� Recurrent ACS
ACS that recurs after previous surgical or medical treatment of primary
or secondary ACS. This is most commonly associated with recurrent
hemorrhage or visceral edema, but may reflect reaccumulation of as-
cites that has been externally drained without operative intervention.
Formerly known as ‘‘tertiary’’ ACS (www.wsacs.org).

Understanding the pathophysiology of the ACS allows one to intelligently
design interventions to either relieve the syndrome or temporize the patient
until definitive therapy may be undertaken.

Pathophysiology of intra-abdominal hypertension

This section will artificially separate different organ systems to explore the
effects that increased abdominal pressure exerts within that system. In reality,
each of these systems acts in concert such that a perturbation or intervention
in one will have objectively quantifiable consequences in another. Moreover,
in practice, one establishes interventions in multiple systems simultaneously
in an effort to improve the patient’s clinical circumstance as rapidly as possi-
ble and reduce morbidity and mortality as a result. Certain organ system
effects such as hypotension (cardiovascular), oliguria (renal), and increased
peak airway pressures (pulmonary) rapidly come under clinical scrutiny
and drive rapid intervention.

Cardiovascular system

Extensive animal data identify that all instances of IAH compromise car-
diovascular performance and do so in proportion to the increase in pressure
above normal [19]. Intra-abdominal hypertension increases the external
pressure placed on the inferior vena cava (IVC) leading to diminished ve-
nous return and thus, cardiac output [20]. Even in the absence of a prior ef-
fective circulating volume deficit, once IAH is established the patient will
appear to be preload responsive. In the setting of hypovolemia, decreases
in preload associated with increased abdominal compartment pressures
can result in severe and rapidly fatal decreases in cardiac output that may
not be responsive to circulating volume expansion alone; pressor therapy
is usually indicated at this point as a temporizing measure in conjunction
with plasma volume expansion. Pressor selection should avoid those that
could induce vasodilatation (such as dobutamine) as this will only worsen

http://www.wsacs.org
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the preload responsive state; norepinephrine or epinephrine are much more
ideal adjunctive agents while moving to definitive therapy. In this fashion,
the therapy is similar to that for cardiac tamponade.

Pulmonary system

The landmark article that clearly defined the pulmonary pathophysiology
of intra-abdominal hypertension was authored by Richardson and Trinkle
[21] in 1976. Their data demonstrated that IAP exceeding 25 mm Hg signif-
icantly increased end-inspiratory pressure when delivering a fixed tidal
volume of gas. As a result, early determinations of the need for therapy
for the ACS hinged on an intra-abdominal pressure that exceeded 25 mm
Hg. We now recognize that the syndrome may occur at lesser pressures.
Nonetheless, this phenomenon was further investigated by Ridings and col-
leagues [22], illustrating decreased respiratory system compliance and CO2

clearance, as well as distorted pulmonary flow characteristics, with a mea-
sured increased intra-thoracic pressure that was directly proportional to
and paralleled the IAP. The pathophysiologic result was an anomalous eleva-
tion of the right atrial (Pra) and pulmonary artery occlusion pressure (Ppao)
with a corresponding decrease in the cardiac output, resembling the patho-
physiology of an extra-parenchymal restrictive lung disease process. It is im-
portant to note that the increase in Pra and Ppao do not represent increases
in transmural pressure and may coexist with decreased ventricular preload.

In the United States, the most common mode of mechanical ventilation is
volume cycled ventilation. Accordingly, increases in IAP augment the size of
the peritoneal envelope by dislocating the hemi-diaphragms upward. While
therapeutic pneumoperitoneum has been used as a preoperative adjunct for
reconstruction of large herniae that have lost the right-of-domain [23], in-
creased IAP in the critically ill is commonly deleterious. IAH is reflected
in the mechanically ventilated as increased peak airway and plateau pres-
sures for a given delivered tidal volume at a given peak flow rate on a given
waveform for gas delivery.

One additional danger is that acute increases in IAP may so severely limit
diaphragmatic excursion that the patient’s mechanical breath may be
pressure limited, terminate early, and deliver less than the prescribed tidal
volume on volume-cycled ventilation or less than desired resultant tidal
volumes on pressure-cycled ventilation. This unfortunate circumstance could
result in compromised CO2 clearance, and respiratory acidosis in a patient
who already suffers from hypoperfusion-related metabolic acidosis. The
unaware may interpret the increased peak airway pressure as an indication
of acute lung injury or incipient acute respiratory distress syndrome
(ARDS), and engage the ARDSNet pathway instead of addressing IAH
and the ACS instead. Low tidal volumes are not indicated for the ACS if
there is no evidence of lung injury, and in the setting of ACS, high pressures
do not indicate overdistension. Eventually, even severely decreased tidal
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volumes will fail to correct increased peak airway and plateau pressures, and
usually force an alternate diagnosis to be entertained.

Renal system

Acute renal failure (ARF) in the setting of increased intra-abdominal
pressure was initially documented both clinically and experimentally by
Richards and colleagues [24]. Currently, we would classify Richards and
colleagues’ ARF as acute kidney injury (AKI) using the risk injury failure
loss end-stage (RIFLE) classification scheme [25]. Regardless of term, renal
impairment is typically detected as a combination of abnormal plasma creat-
inine coupled with oliguria. The pathophysiology underlyingAKI ismultifac-
torial with impairment of glomerular filtration rate by extrinsic renal vein
compression, increased renal venous impedance from IVC compression, wa-
ter conservation via an activated renin-angiotensin system coupled with up-
regulation of antidiuretic hormone (ADH), decreased renal perfusion from
low cardiac output, and potentially acute tubular necrosis [26]. Clearly
some of these mechanisms are adaptive and compensatory (hormone regula-
tion), and others are consequences of deranged physiology extrinsic to the kid-
ney (venous compression). Moreover, renal oxygen delivery is compromised
by reduced net flow on the basis of renal vein hypertension.

Although the ACS shares some pathophysiology with cardiac tamponade,
the response to plasma volume expansion is quite different. The heart will ini-
tially respond to increased chamber volume with an increase in performance
and reduced cardiac injury. The kidney, unfortunately, is not protected from
AKI or subsequent ARF by plasma volume expansion [19]; therefore, inter-
vention before developing the ACS serves as the key for renal preservation in
patients with IAH. Current research into renal biomarkers will hopefully
shed some light on incipient renal injury and allow one to intervene earlier
in the progression from IAH to ACS to maximize renal salvage [27].

Central neuraxis

The effects of a developingACSon the central neuraxis is predictable based
on decreased cardiac output. As venous return is progressively compromised,
aortic and atrial stretch receptors are activated, initiating vasoconstriction
with an increase in cathecholamine output, as well as activation of the
renin-angiotensin-aldosterone system. These adaptive compensatory mecha-
nisms serve to maintain cerebral blood flow, oxygen delivery, and consump-
tion. As these mechanisms are overwhelmed by progressively decreased
stroke volume and cardiac output, disordered mentation with agitation, rest-
lessness, and disorientation may be observed in unsedated critically ill
patients. As the ACS develops, frank obtundation may occur with severe
functional hypovolemia and hypotension. These signs are commonly masked
by concomitant sedation that forms part of the standard care for mechani-
cally ventilated patients.
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The difficulty in monitoring the level of sedation in the critically ill, espe-
cially those receiving sedation, analgesia, and neuromuscular blockade has
prompted a number of corporations to develop objective sedation monitors,
like the Bispectral monitor (Aspect Inc., Waltham, Massachusetts). Al-
though there is significant experience with monitors such as this one in
the anesthesia environment [28,29], no validated data exist in using the mon-
itor for ‘‘sedation monitoring’’ as a result of cerebral hypoperfusion as
would occur with the ACS. Quite commonly, this aspect of the physical ex-
amination is lost in the critically ill because of concomitant injury or med-
ication therapy.

Hepatic system

In a fashion similar to other organs, the liver suffers from hypoperfusion
with progressive decreases in venous return and cardiac performance.
Although there are few clinically relevant acute hepatic derangements that
may be ascribed to the ACS (likely due to lack of study), it is during the
period of ACS relief that the liver suffers the majority of damage, likely
as a result of reperfusion injury [30]. Restoration of oxygenated flow leads
to release of oxygen free radicals such as singlet oxygen, hypochlorous
acid, superoxide, and peroxide [31]. The hepatic response to reperfusion
manifests as deranged coagulation cascade, serine protease production,
acute phase reactant elaboration, increased hepatocellular enzyme elabora-
tion, and organ swelling. These abnormalities (except for swelling) respond
to infusion of clotting factors as fresh frozen plasma, and plasma volume
restoration. It is important to note that the hepatic swelling will persist
and may limit subsequent abdominal wall closure efforts.

Gastrointestinal system

In a fashion similar to that of the liver, the gastrointestinal viscera suffer
hypoperfusion and reperfusion injury. It has been noted that the ACS also
impairs mesenteric lymph flow and explains one mechanism of bowel wall
edema formation [32]. Like the liver, small and large bowel swelling may
also significantly limit the ability to subsequently close the anterior abdom-
inal wall. Reperfusion may also derange the glycocalyx such that feeding
attempts with nonelemental formulae may be met with feed intolerance
[33,34]. Thus, the authors recommend initiating luminal nutrition with an
elemental diet in patients who have had an ACS relieved.

The physical examination correlates of the ACS are listed in Box 1. The
ability of the bedside clinician to diagnose the ACS without objective data is
supported by physical examination characteristics but their sensitivity and
specificity remains undefined. Furthermore, the plethora of objective data
points available to the clinician warrant incorporating those data points
into a synthesized diagnosis. Careful physical examination has been
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demonstrated to be a good indicator of hypoperfusion regardless of etiology
and has compared favorably with data from invasive monitoring devices
[35]. Once deranged physiology is understood, one must then determine
how best to monitor the at-risk patients for IAH and progression to the ab-
dominal compartment syndrome.

Measurement of intra-abdominal pressure

The reliable diagnosis of IAH or ACS is dependent upon the fidelity of
the intra-abdominal pressure measurement technique. The intravesicular
technique originally described by Kron and colleagues [13] has evolved as
the gold standard for monitoring IAP because of its noninvasiveness, repro-
ducibility, cost-effectiveness, and portability. There are a variety of tech-
niques for IAP measurement that may be compared with the current gold
standard. We will examine the potential advantages and disadvantages of
each technique.

Intravesicular

This technique as originally described by Kron and colleagues [13] dis-
rupts a normally sterile system for each measurement of IAP. Newer tech-
niques allow monitoring to proceed without compromising the sterility of
the bladder drainage system and have been described by Iberti and col-
leagues [36,37] and Cheatham and Safcsak [38]. This technique demon-
strates the best fidelity relative to IAP measured by any other method.
The technique relies on an indwelling bladder catheter coupled to a partially

Box 1. Physical findings in the abdominal compartment
syndrome

Physical examination findings
Abdominal distension
Firm abdominal wall
Tachypnea or hyperpnea
Diminished diaphragmatic excursion
Hypotension with narrowed pulse pressure
Tachycardia
Oliguria (concentrated urine with high specific gravity) or anuria
Cool extremities
Flat neck veins
Weak or thready pulses
Delayed capillary refill
Disordered mentation
Tube-feeding intolerance (high residuals); succusion splash
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fluid-filled bladder with pressure measured by a transducer proximal to the
bladder catheter (Fig. 1). The symphysis pubis is used as the phlebostatic
axis, and the IAP measurement is recorded at end-expiration with the pa-
tient in the supine position. It is important to note that the patient’s anterior
abdominal wall must be free of voluntary tension or the measured pressure
will be artificially elevated.

A significant amount of controversy remains regarding the volume with
which to distend the bladder to best garner the most accurate measurement
of IAP. The World Congress on the Abdominal Compartment Syndrome
recommends infusing 25 cc to 50 cc of 0.9% saline to eliminate bladder
wall coaptation [8]. Volumes greater than 50 cc may overly distend a non-
compliant bladder and provide falsely elevated values. Recent data suggest
an increased false measurement rate with distending volumes that exceed 25
cc [39]. Regardless of the fluid-coupled measurement system used, each will
minimally, but measurably increase the risks of urinary tract infection and
urosepsis as a result of catheter manipulation and health care worker expo-
sure to body fluids.

Gastric

IAP may also be measured by means of a naso- or oro-gastric or gastro-
stomy tube connected to a pressure transducer as originally described by
Collee and colleagues [40]. The advantages of this technique included its

Fig. 1. A standard fluid-coupled bladder pressure transduction system.
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cost-effectiveness, decreased risk of sepsis, and noninterference with urine
output measurements. The disadvantages of this technique are the issues
of gastric wall coaptation (unlike the bladder, there is an easy means of fluid
egress via the pylorus), the intermittent nature of abdominal pressure mea-
surements, interference of the gastric pressures with the gastric migrating
motor complex, and interference with administration of intragastric nutri-
tion. Also, this technique has not been validated in patients who are being
cared for with a transgastric jejunal feeding catheter as this catheter stents
open the pylorus; increasing numbers of patients are managed with nasoje-
junal catheters, or surgically or interventional radiology–placed transgastric
jejunal catheters. While gastric pressure transduction compares favorably
with bladder pressure measurements in the noncritically ill, certain clinical
conditions render this technique less useful. These conditions include but
are not limited to gastric laceration repair, ileus or bowel obstruction with
large volume gastric aspirate, as well as surgical conditions requiring partial
or total gastric resection.

Recognizing that a pressure measurement describes only one aspect of
IAH, gastric tonometry, and its ability to measure intramucosal CO2, has
been proposed as an adjunctive technique that complements recording only
intragastric pressure. While its proponents believe that the tonometer data
provide a sensitive marker for early intestinal ischemia as a result of IAH
[41], studies are contradictory and confusing. In fact, one study demonstrated
tonometer insensitivity to reduction of mesenteric blood flow of 50% before
an increase in mucosal CO2 readings and documented a poor correlation of
pH to the level of intestinal ischemia, raising considerable doubt of the use of
this modality in clinically assessing the impact of IAP on perfusion [42].

Inferior vena cava

IVC pressure has been explored as a reasonable surrogate for IAP mea-
surement [43]. A standard 30-cm central venous catheter is inserted into the
inferior vena cava via the left or right common femoral vein. The intra-ab-
dominal position of the catheter is confirmed by portable lower abdominal
radiography, and by noting a rise in IAP following application of external
abdominal pressure. A three-way stopcock is connected to the distal lumen,
one end of which is connected to a pressure transducer via arterial tubing
while the other end is connected to a pressurized bag of 0.9% saline. The
transducer is zeroed at the midaxillary line with the patient in the supine po-
sition and the IAP is measured at end-expiration. The use of IVC pressures
to approximate IAP provides a high degree of correlation between the two
values when the catheter is in a subhepatic position.

Major advantages of this technique include a continuous trend of IAP
measurements much like that for usual central venous pressure (CVP) mea-
surement. However, the main pitfall of this technique is the invasive nature
of the method that engender risks of IVC thrombus, bacteremia, catheter
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related infection, and sepsis. Given the recent recommendations for central
venous pressure monitoring catheter position to favor the internal jugular
and subclavian positions over femoral placement as a means of reducing
catheter-related infection, this technique (femoral) is infrequently used
[44]. Indeed, following injury, common femoral vein catheters are usually
large-bore diameter sheath introducers that are not suitable to measure
IAP because of their limited length that supports rapid flow.

Airway pressure

Increased IAP is transmitted to the thoracic space and leads to increased
intrathoracic, intrapleural, and airway pressures. Respiratory system com-
pliance decrements in the setting of IAH closely correlate with IAP increases
[45]. By direct extrapolation, airway pressures may be used to indirectly
assess IAPs. While initially attractive, the technique relies on a number of
assumptions that must be true for the extrapolation to be valid. A major
disadvantage of this technique of measurement is the requirement that the
patient must be intubated and free from any progressing parenchymal pro-
cess such as pneumonia or acute lung injuryda limiting condition indeed.
By virtue of remaining intubated (if IAP measurement is the sole indication
for intubation), patients incur an increased risk of hospital-acquired pneu-
monia [1], and there is no cost-effectiveness advantage to this technique.

Direct IAP transduction

In the interest of obtaining an accurate bladder pressure measurement
that is not confounded by anatomic abnormalities, a number of investiga-
tors have created direct measurement systems [45–49]. Confounding vari-
ables that may impact the fidelity of all pressure measurement systems
include pelvic fracture with bladder architecture distortion, large-volume
pelvic clot, and abdominal wall asymmetry as a result of abdominal wall de-
fects such that there is unequal pressure distribution within the abdomen. At
present, the utility of these systems is unclear and they are limited to patients
with an open abdominal wall. Thus, these systems are not applicable to the
vast majority of patients who would be cared for in a medical, cardiac, car-
diothoracic, or neurosurgical ICU. Moreover, the cost-effectiveness of such
a system is similarly unclear, but is likely to compare unfavorably with
a simple bladder pressure measurement system.

Related indices and monitoring frequency

While the IAP is important in assessing risk, it may be insensitive to
changes in intra- or retroperitoneal volume since not all patients demonstrate
the same degree of abdominal wall compliance. Moreover, the definitions fail
to account for atherosclerotic disease and diminished organ blood flow on
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that basis. A model for this manner of evaluation exists in patients with ca-
rotid arterial occlusive disease who require a higher perfusion pressure to sup-
port their cerebral parenchyma. In this fashion, the perfusion of the brain
may parallel that of the intra-abdominal organs. This concept leads to the
abdominal correlate of the cerebral perfusion pressure: the abdominal perfu-
sion pressure [50]. The abdominal perfusion pressure (APP) is the difference
between mean arterial pressure (MAP) and IAP such that APP ¼ MAP �
IAP; normal APP is 60 mm Hg or higher and uses IAP rather than Pra (right
critical pressure) even when the IAP is lower than Pra. Thus, an attractive and
physiologically based definition of the ACS, and one that would perhaps lead
to earlier intervention is an IAP higher than 20 mm Hg and an APP less than
60 mm Hg. These two variables need to be coupled to accurately represent
a patient’s physiology as one would not credit that a patient with an IAP
of 12 and an MAP of 65 (APP ¼ 65 � 12 ¼ 53 mm Hg) has an ACS.

Having identified (1) the physiologic parameters that define IAH and the
ACS, (2) who to monitor, and (3) how best to accomplish that monitoring,
one must now understand the available options for therapeutic intervention.
The commonality among all of the treatment options is relief of IAH. Con-
comitant therapy is also required to treat the sequelae of the hypoperfusion
that accompanied the compartment syndrome before its relief. Clinically,
these sequelae are identified as organ failure and may be measured by any
number of organ dysfunction scores (http://www.sfar.org).

It is presently unclear how frequently and for how long to monitor the at--
risk patient population. However, it is clear that the major period of risk is
during resuscitation both before and after the ACS is diagnosed. Thus, it
makes physiologic sense to monitor all at-risk patients on arrival and through
to completion of resuscitation. The frequency with which one monitors pa-
tients during that resuscitation period may be institution-specific, and many
strategies have been suggested. A reasonable progression is every 2 hours
for 8 hours, every 4 hours for 16 hours, and every 8 hours thereafter provided
the pressure is stable. If the pressure has increased by more than 2 mm Hg
between measurements, then monitoring should continue every 2 hours until
stable. This sequence is used at the author’s institution with success.

Treatment of abdominal compartment syndrome

The evolution of treatment of the ACS has mirrored compartment
syndrome management in other body domains. Similar to the standard
management of extremity or thoracic [51] compartment syndrome, definitive
management depends on surgical decompression of the affected compart-
ment, in this case the peritoneal cavity. Decompressive laparotomy is the
current gold standard for management of the ACS and is coupled with an
open abdomen management technique. Leaving the fascia and skin widely
separated augments the size of the peritoneal envelope and diminishes the

http://www.sfar.org
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pressure exerted by the peritoneal contents. The method of temporary
abdominal wall closure varies (either commercial dressings or custom,
‘‘improvised’’ versions), but the essential features include a sterile barrier
to prevent bowel wall adhesion to the posterior aspect of the anterior ab-
dominal wall, packing to fill the soft-tissue defect, with or without a closed
suction drainage system to aspirate peritoneal fluid and create a vacuum
effect, covered with an adhesive and fluid-impermeable barrier to serve as
a seal for the wound [52]. It is important to recognize that decompressive
laparotomy arose as the gold standard out of the crucible of damage-control
laparotomy where the primary etiology of the ACS was hemorrhage. Thus,
the gold standard for primary ACS may not be directly applicable to
secondary ACS as their etiologies may be quite distinct.

Nonsurgical management of abdominal compartment syndrome has been
extensively studied and for selected patients, may be the therapy of choice.
While the concept of avoiding the physiological stress of surgery, as well as
the subsequent management inherent in the open abdomen approach are
enticing, nonoperative management must be tailored to the etiology of the
IAH. Patients with large-volume ascites may benefit from large-volume
paracentesis [53], although the benefits are only transient if the underlying
cause of ascites development is not addressed. In fact, these attempts may
be unsuccessful if there is a significant component of organ swelling that
has established the ACS. Thus, nonoperative approaches may drain or re-
duce ascites, but will likely not impact visceral swelling. Intestinal luminal
decompression may be ideal for patients with IAH as a result of gastrointes-
tinal luminal distension from gas, fluid, or enteric contents such as in distal
small bowel obstruction. Gastric suctioning, rectal lavage, and suction de-
compression, as well as gastro- and colono-prokinetics may have some
utility for patients with functional obstruction such as Ogilvie’s syndrome.

Other nonsurgical options also include diuresis (with or without concom-
itant colloid administration) [54], aggressive ultrafiltration [55], and contin-
uous negative abdominal pressure [56], as well as heavy sedation or
neuromuscular blockade to eliminate the contribution of muscular tension
across the abdominal wall. In the authors’ experience, management of
IAH with neuromuscular blockade (even when appropriately coupled with
sedation and analgesia) serves only to delay an appropriate management
strategy that targets the underlying physiology. In general, reduction in
IAPs with these modalities are limited and temporary but may serve as
a bridge to transport a patient to a facility capable of delivering definitive
care, or providing time for a definitive care team to assemble.

Future investigations

The Vietnam War provided ample data regarding fluid resuscitation from
hemorrhagic shock. Interestingly, with aggressive crystalloid resuscitation,
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‘‘Da Nang lung’’ surfaced as a consequence [57,58]. No similar entity was
readily identified during the Korean conflict. The difference was attributed
to early resuscitation as well as the primacy of crystalloid resuscitation
compared with plasma that was used in Korea. Similar concerns are being
raised within the surgical community regarding the exuberance of fluid
resuscitation for trauma and emergency general surgery patients. Several
recent studies document improved resource use and shorter ICU lengths of
stay with appropriate fluid prescription practices that identify preload
responsive patients as the target population for plasma volume expansion
[59]. Indeed, the 2007 Society of Critical Care Medicine’s annual meeting
showcased a parallel session addressing the untoward consequences of
‘‘over-resuscitation.’’

Moreover, a European Union trial addressing bedside assessment of
preload responsiveness using an algorithmic approach to functional
hemodynamic monitoring is about to begin [60]. One must wonder if the
incidence of IAH and the ACS will decrease as well. There is some sug-
gestive data that the resuscitation with colloids solutions will decrease
organ edema and diminish the incidence of IAH and the ACS as well
[61]. While colloid resuscitation is common outside of the United States,
the current US standard for plasma volume expansion remains crystalloid
solutions, many of which are hyperchloremic with regard to plasma and
will induce a hyperchloremic metabolic acidosis [62]. Active management
of iatrogenic acidosis is an important management priority for patients
who have been hypoperfused (like those with the ACS), especially
those with preexisting conditions affecting organs intimately involved
in acid-base homeostasis (ie, renal, hepatic, pulmonary). To date, an out-
come advantage has yet to be demonstrated with commercially available
colloids.

An unexplored aspect of compartment syndrome is pressure management
at the organ level. Current thoughts evaluate pressure-volume dynamics
within defined body compartments. To date, there are no studies addressing
intraorgan dynamics. By way of example, consider the case of a patient with
a contained intraparenchymal renal injury after a motor vehicle crash; there
are no other intra-abdominal injuries. Currrent management principles
support a nonoperative approach, leaving the intraparenchymal hematoma
in place with an intact renal capsule [63]. The clinician has no current means
by which to measure intraorgan pressure, nor any trigger by which to pursue
a decompressive management strategy. It is unclear what the natural history
of such injuries may be as one cannot select those with increased intraorgan
pressures above a threshold value from those without. Nonetheless, it would
seem logical that intraorgan hypertension would result in similar patho-
physiological derangements and consequences to the larger entity of ACS.
The ability to answer this question must await invasive or noninvasive
techniques to be developed that allow one to reliably assess intraorgan
dynamics.
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Summary

Markedly elevated IAPs will result in predictable hemodynamic conse-
quences related to compromised venous return. When the hemodynamic
abnormalities are associated with organ dysfunction or failure, patients
suffer from the ACS. At-risk patients should be routinely monitored for
IAH, and a multidisciplinary care paradigm should be established. Vigorous
resuscitation of both surgical and medical patients highly correlates with
IAH and ACS risk. Vigilance, prompt diagnosis, and intervention for ACS
will reduce the morbidity and mortality in critically ill individuals. Future
challenges include altering resuscitation strategies to reduce ascites forma-
tion, earlier diagnosis of organ dysfunction, and intraorgan monitoring
techniques.
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Scope and cost of laboratory testing

Laboratory testing is ubiquitous among hospitalized patients. Patients in
intensive care units (ICUs) are subject to a higher number of blood draws,
resulting in greater blood loss per day and greater phlebotomy during the
entire hospitalization. Patients with arterial lines; those in teaching rather
than nonteaching ICUs; and patients with higher severity of illness and spe-
cific diagnoses, such as sepsis, have more frequent laboratory testing and
phlebotomy [1,2]. There is also considerable variation in practice between
physicians [3] and institutions [2]. Laboratory testing is more common early
after admission with more than one third of laboratory tests performed
within 24 hours of ICU admission [2]. A relatively small number of tests
comprise most testing performed. In one study, fewer than 25 tests and pro-
files accounted for 80% of the laboratory testing in each of three ICUs [4].
Depending on the ICU, between 104 and 202 tests accounted for 99% of the
total laboratory testing performed. Table 1 shows the tests and profiles from
the top 80% of tests that were common to the three studied ICUs. The Ohio
State University Medical Center charges for each of these tests are also
shown. The authors’ experience is that many practitioners are unaware of
the costs of individual laboratory tests. Although charges are overestima-
tions of cost and reimbursement, these values also do not include the ex-
pense incurred through phlebotomy. Providing such cost data to clinicians
reduces laboratory requests [5].
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It is estimated that 10% to 25% of ICU costs are attributable to labora-
tory testing [6,7]. In a multicenter study of hospitalized patients, many of the
diagnosis-related groups (DRGs) with the highest per-patient laboratory
costs likely included an ICU stay (Table 2) [8]. Of the 33 conditions with
identifiable median ICU costs, 7 had laboratory costs that exceeded other
costs of ICU care. Regarding national estimates of expenditures, one study

Table 1

Common laboratory tests among patients in the ICU and their charges

Laboratory test Charge

Alkaline phosphatase $32

Alanine aminotransferase $58

Arterial blood gas (pH, PCO2, PO2, HCO3, O2

saturation, base excess)

$224

Aspartate aminotransferase $41

Basic metabolic panel (sodium, potassium, chloride,

carbon dioxide, anion gap, glucose, blood urea

nitrogen, creatinine)

$194

Sodium $28

Potassium $28

Chloride $28

CO2 $32

Blood urea nitrogen $25

Creatinine $28

Glucose $25

Ionized calcium $132

Inorganic phosphorus $28

Magnesium $37

Bilirubin, total $28

Bilirubin, direct $32

Lactate dehydrogenase $39

Partial thromboplastin time $67

Prothrombin time/international normalized ratio $58

Complete blood cell count (white blood cell count,

red blood cell count, hemoglobin concentration,

hematocrit, mean corpuscular volume, mean cell

hemoglobin, mean cell hemoglobin concentration,

red blood cell distribution width, platelet count,

mean platelet volume)

$209

White blood cell count $47

Hemoglobin $40

Hematocrit $37

Platelet count $44

White blood cell differential $41

These are the top 80% of laboratory tests ordered from medical, surgical and pediatric ICUs

in a single center. Charge data are available at: http://medicalcenter.osu.edu/patientcare/

hospitalsandservices/billing/charges_and_fees/.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase.

Adapted from Frassica JJ. Frequency of laboratory test use in the intensive care unit and its

implications for large-scale data collection efforts. J Am Med Inform Assoc 2005;12:232.

http://medicalcenter.osu.edu/patientcare/hospitalsandservices/billing/charges_and_fees/
http://medicalcenter.osu.edu/patientcare/hospitalsandservices/billing/charges_and_fees/
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suggested that $172 million is spent annually on initial testing at level I
trauma centers for major trauma victims [9]. Considering that more than
$55 billion is spent on critical care in the United States [10], annual expen-
ditures for laboratory testing in ICUs are in the range of $5 to $14 billion.

Table 2

DRGs with the highest per-patient laboratory costs for patients in the University HealthSys-

tems Consortium database

DRG

Median costs,

$1995

Median percentage

of total costs

Liver transplant 8329 10.7

Heart transplant 6859 8.0

Bone marrow transplant 5928 9.4

Lung transplant 5260 7.6

Extensive burns with

operating room

procedure

4294 5.7

Craniotomy for multiple

significant trauma

3750 8.1

Acute leukemia without

major operating room

procedure, age O17 years

3693 12.1

Malignant breast disorders

with complications or

comorbidities

2221 8.9

Kidney transplantation 2086 4.9

Acute leukemia without

major operating room

procedures, age 0–17

years

1822 18.3

HIV with extensive

operating room

procedures

1780 13.6

Extreme immaturity or

respiratory distress,

neonate

1749 5.1

Respiratory system

diagnosis with ventilatory

support

1705 9.7

Cardiac valve procedure

with cardiac

catheterization

1644 5.3

Pancreas, liver, and shunt

procedures with

complications or

comorbidities

1620 9.8

Coronary bypass with

cardiac catheterization

1563 6.8

Adapted from Young DS, Sachais BS, Jefferies LC. Laboratory costs in the context of dis-

ease. Clin Chem 2000;46:970; with permission.
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Recent data demonstrate that patients cared for by physicians who spend
more money on laboratory tests do not have better outcomes [3]. Among
patients cared for by intensivists with the highest discretionary spending,
laboratory costs were $273 higher per ICU stay than among the lowest
spenders. The highest spenders also spent more on other discretionary costs,
which could be driven by increased laboratory use, including pharmacy
costs (eg, potassium supplementation for potassium levels outside of the
reference interval) and blood banking costs (eg, red blood cell transfusion
in a patient with anemia attributable to laboratory testing). Patients cared
for by physicians who spent more did not have significantly different
ICU lengths of stay (adjusted P ¼ .32) or hospital mortality (adjusted
P ¼ .83). As with physicians, institutions with more frequent blood testing
practices do not have lower associated hospital mortality (r ¼ �0.003,
P ¼ .98) [2].

Reference intervals and what is ‘‘normal’’

In most instances, a reference interval is developed from a cohort of in-
dividuals without apparent disease. All members of the cohort undergo test-
ing, and the central 95% of the results are determined. Therefore, by
definition, 5% of a ‘‘normal’’ population has test results outside of the ref-
erence interval. There is an obvious limitation in equating values outside of
this range to the presence of disease. In addition, considerations of inherent
biologic variation, interindividual differences, and the validity of using ref-
erence intervals generated on a different population to patients undergoing
clinical evaluations are often ignored. These may be of particular relevance
when considering laboratory testing in ICU populations.

In some instances, clinical laboratories provide comparison values that
have diagnostic, therapeutic, or prognostic implications instead of being de-
rived from reference intervals. For example, 21% of adults have a blood
cholesterol level of at least 240 mg/dL [11]. Such a level carries an increased
risk of cardiovascular events, and reduction of cholesterol levels is associ-
ated with a reduced risk [12]. Instead of providing the central 95% of cho-
lesterol values in the population, it is more instructive to provide values
driven by evidence of higher risk. Clinicians are not interested if a patient’s
cholesterol is abnormal relative to a ‘‘healthy’’ population but, instead, if
that patient’s cholesterol is dangerous or if treating cholesterol might im-
prove outcome.

Unfortunately, little is known of the values of laboratory tests associated
with harm in critically ill patients. An initial approach is to examine the
values of tests included in validated severity-of-illness systems [13]. For ex-
ample, in the Acute Physiology and Chronic Health Evaluation (APACHE)
II system, patients with a sodium level of 130 have the same risk of hospital
mortality as patients with a sodium level of 140, assuming all else is similar.
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This is despite the fact that the first group of patients would be considered
abnormal because of being outside of the laboratory reference interval.

Although examining severity-of-illness systems provides some instruction
as to laboratory values associated with poorer outcome, there are significant
limitations that may preclude these levels for clinical decision making. The
cut points in these systems are based on the most abnormal value observed
during the first 24 hours after ICU admission. It is incorrect to assume that
correcting these ‘‘dangerous’’ values to a value within the ‘‘safe’’ range re-
duces the predicted risk. Furthermore, these systems were not designed or
validated to perform such a function, and when applied to individual pa-
tients, they can be misleading [14]. A final consideration is that even though
laboratory values are independently associated with hospital mortality, the
individual contribution of any one test is overshadowed by the influence of
other factors, such as age, chronic health conditions, and vital sign abnor-
malities. For example, in the APACHE III scoring system, more than
50% of the possible points are available in seven measures of age, vital signs,
and chronic health conditions [15]. Age, vital signs, and chronic health con-
ditions are consistently associated with outcome across the severity of illness
systems, whereas individual laboratory tests are variably included in each
system.

Context of laboratory testing in the intensive care unit

The authors are unaware of an existing exploration of indications for lab-
oratory testing in the ICU. They suggest the framework outlined in Table 3.
Indications for testing are classified, based on the pretest probabilities of
true abnormalities requiring intervention (for ease of discussion, the authors
refer to these abnormalities requiring intervention as ‘‘disease’’). Screening
tests are those performed because a condition occurs within a patient pop-
ulation without any suggestion that the condition is more likely to be found
in a particular patient undergoing testing. Homeostatic laboratory tests are
those performed on an ongoing basis in a patient for whom prior measure-
ment of that test showed no abnormality and nothing has changed to sug-
gest that it should now be outside of the reference interval. Case-finding
occurs when a patient does not have signs or symptoms of a disease but
has another condition that raises the probability of the asymptomatic dis-
ease. Finally, diagnostic and therapeutic testing occurs in the context of a pa-
tient with clinical signs of a disease or undergoing therapies that produce
measurable responses, respectively.

Although there are few data about the relative indications for various lab-
oratory investigations in the ICU, there is circumstantial evidence that an ex-
cess of testing is performed. This is suggested by findings of efforts to reduce
laboratory testing, in which a decreased volume of testing does not apprecia-
bly affect outcome [16–20]. It is likely that the tests omitted are those for which
subsequent action is least likely to have a benefit for the patient, such as those
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with normal or falsely abnormal results. Another alternative is that the results
of these tests are not associated with outcome or are so infrequently abnormal
as to be of little clinical consequence. These situations are most likely to be en-
counteredwhen a disease under consideration is least likely to be present or, in
other words, when the pretest probability of disease is lowest. This is the case
with screening and homeostatic laboratory tests. The authors’ experience
agrees with the circumstantial evidence that most laboratory tests are per-
formed to ensure that there are no asymptomatic abnormal laboratory results
rather than to detect the cause of apparent clinical problems (Fig. 1).

Potential benefits of laboratory testing

Screening and homeostatic testing

On the basis of the authors’ framework, screening and homeostatic lab-
oratory tests are those performed when the pretest probability of disease for

Table 3

A framework of indications for laboratory testing

Indication for

laboratory testing Description Example(s)

Screening Testing to detect

asymptomatic

abnormalities

Hemoglobin concentration

in patient with sepsis;

liver function tests in

patient with status

asthmaticus

Homeostatic Testing performed on

recurring basis to ensure

prior ‘‘normal’’ test

results remain within

reference interval

Daily hemoglobin

concentration in patients

who are not bleeding;

daily coagulation panel in

patient not receiving

anticoagulants

Case-finding Testing to detect

abnormalities associated

with a documented

disease or syndrome

Creatinine in patient with

septic shock; phosphate

in a patient failing

spontaneous breathing

trials

Diagnostic Testing to confirm or refute

a suspected clinical

syndrome or disease

Toxicology analyses in

patient with suicidal

overdose; sodium in

patient with delirium

Therapeutic Testing to determine

response to specific

therapy, including

adverse events and

monitoring of therapeutic

drug levels

Platelet counts in patient

being treated for heparin-

induced

thrombocytopenia;

creatinine in patient

receiving

aminoglycosides, aPTT in

patient on intravenous

heparin
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an individual patient is not appreciably different than that for the general
population. Because laboratory results in the critically ill are more likely
to be outside of a reference interval [21], this raises the pretest probability
of abnormal test results in patients in the ICU. Unlike ambulatory patients,
many patients in the ICU cannot communicate signs and symptoms that
would raise clinical suspicion and prompt further laboratory testing. Also,
the physiology of the critically ill is probably more fragile and less able to
tolerate severe derangements compared with other patients. Therefore, ab-
normal laboratory results might be of more clinical importance in critically
ill patients, and frequent and comprehensive laboratory tests may provide
early warning signs that might generate action to avert further deterioration.

Case-finding, diagnostic, and therapeutic testing

Case-finding testing, diagnostic testing, and therapeutic testing are situa-
tions in which a condition or disease is suspected or a test might affect the
current therapeutic efforts. Among patients with specific suspected condi-
tions or known prior abnormalities, confirming a diagnosis (or excluding
one) allows for more focused therapies and clinical decision making. For ex-
ample, using bronchoalveolar lavage for the diagnosis of acute eosinophilic
pneumonia in a patient with acute respiratory failure confirms the diagnosis
and informs specific therapy (eg, corticosteroids). It also excludes other di-
agnoses and avoids their associated therapies (eg, pneumonia and antibi-
otics). When patients are receiving a certain therapeutic regimen,
laboratory results can also be used to guide drug dosing or to prompt inves-
tigation of therapeutic complications. Examples include assessment of drug
levels and monitoring the platelet count of patients on heparin. Compared
with screening and homeostatic testing, in case-finding, diagnostic, and

Fig. 1. Authors’ perception of frequency of indications for laboratory testing in the medical

ICU at Ohio State University Medical Center and relative probabilities of clinical relevance

of any observed abnormalities.
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therapeutic testing, there is a higher likelihood of finding an abnormal value
that truly requires attention (a true-positive result) rather than one that has
no effect on the patient’s course (a false-positive result).

The patient presenting with a severe infection allows for examples of
case-finding, diagnostic, and therapeutic testing. Those with systemic signs
of infection meet diagnostic criteria for sepsis and are at risk for organ dys-
function or severe sepsis [22]. Those developing severe sepsis are at higher
risk of dying, and thus should have an evaluation for signs of organ dys-
function, including appropriate laboratory testing and cultures of sites of
possible infection [23]. These are examples of case-finding and diagnostic
testing, respectively. For the patient with severe sepsis, there is also evidence
that early resuscitation (eg, first 6 hours after presentation) driven by a spe-
cific protocol improves outcome relative to usual care [24]. Candidates for
this therapy are those with low blood pressure unresponsive to volume re-
suscitation or with an elevated lactate level (O4 mmol/L). Therefore, pa-
tients with sepsis should have early measurement of lactate to identify
those for whom such therapy is appropriate. Resuscitation is then targeted
to several end points, including continuous measurement of venous oxygen
saturation. It has been suggested that when this catheter is not available, fre-
quent monitoring of central venous blood gases may be a reasonable substi-
tute [23]. Lactate and central venous oxygen saturation testing in the early
resuscitation of patients with sepsis is thus considered therapeutic testing.

Drug monitoring is an additional form of therapeutic testing. Patients in
the ICU commonly receive multiple drug therapies. Concurrent disease
states or therapies may cause dose modification; thus, drug concentrations
may be sampled for this information. For example, drugs excreted by the
kidneys with a narrow therapeutic range are probably important to monitor
because small changes in levels may alter treatment response. There are also
situations when a practitioner needs to gauge the response to a drug therapy
(eg, activated partial thromboplastin time [aPTT] testing during heparin
therapy). Anticipatory monitoring for side effects and drug toxicity may pre-
vent harm in critically ill patients treated by drugs with important side ef-
fects. In addition, drug monitoring may be necessary for select drugs to
monitor therapeutic levels. The measurement of serum concentrations of
drugs has limitations, including the effects of protein binding; the presence
of interfering substances; assay limitations that may detect parent metabo-
lites, precursors, and active metabolites; and pharmacokinetic variability
[25]. Newer assays, such as those measuring the therapeutic free fraction
of phenytoin, may overcome some of these limitations, but their effective-
ness is largely unproven.

Risks of laboratory testing

Considering laboratory testing as part of therapy frames the decision to
proceed with testing in the context of the balance between potential benefits
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and risks. A useful laboratory test should have the potential to alter the
management plan for a patient. If a laboratory test can only detect disease
for which there are no therapeutic options, the test should not be performed.
Therapeutic options need not be curative or disease directed. Confirmation
of a fatal disease that may be appropriately treated with maintenance of
comfort and referral to hospice care is a worthy goal of testing.

The probable benefits of testing are greatest when the pretest probability
of a condition requiring action is highest and when the potential harms of
testing are lowest. Therefore, an assessment of the risks of laboratory testing
is necessary to determine the net benefit of testing. For such procedures as
diagnostic cardiac catheterization, risks of the procedure, such as bleeding,
dysrhythmias, myocardial infarction, and acute renal failure, are apparent.
The risks of laboratory testing are more ambiguous. Because laboratory
tests are so frequently performed, the cumulative effects of the small individ-
ual risks of laboratory testing cannot be ignored. Such risks include mis-
guided therapy based on spurious results, misdiagnosis attributable to
inadequate understanding of the limitations of test performance, risks of
sample collection and repeated phlebotomy, and risks of misguided efforts
in responding to laboratory ‘‘abnormalities’’ of uncertain significance.

False results and faulty decision making

A factor frequently neglected in clinical decision making is the accuracy
of individual laboratory results. There are at least four potential sources of
measurable error (or variance) in a laboratory measurement. First, factors
associated with the acquisition and handling of specimens can alter results.
Application of a tourniquet, length of time it was applied, temperature at
which the specimen is collected and transported, anticoagulant used, time
elapsed between collection and examination, appropriate labeling of the
specimen, and time and speed of centrifugation are just a few of the factors
that might affect measurement. This is particularly important if these factors
are different than those observed when generating the reference interval.
One study found that approximately 1 in 250 statim laboratory specimens
from an ICU produced mistakes in the reported results [26]. Furthermore,
surrogate measures are often used in laboratory testing because they are
technically easier to perform than the true level of interest. For example, po-
tassium is largely an intracellular ion, and blood levels can be affected by
many stimuli that can produce shifts without changing whole-body levels.
Other ions, such as magnesium and calcium, are highly protein bound,
and total levels may provide an inaccurate measure of the biologically active
fraction [27].

Other factors may affect the accuracy of laboratory results. There may be
errors in laboratory testing because of problems with the equipment itself.
This is the variance observed if a laboratory test is performed multiple times
on the same sample under the same conditions. Considerable resources are
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spent in reducing this error. There is also uncertainty attributable to intra-
individual variability. This variability is rarely reported because it would re-
quire repeated testing of the same individual under the same conditions.
This error is also attributed to the inability to measure all the biologic ma-
terial of interest (eg, the sodium level in every milliliter of blood). Instead,
the clinical laboratory reports an estimate of the true underlying value for
sodium. This is akin to an average for a population derived from a sample
of that population. Because we cannot measure all people, we use a sample
to provide an estimate of the underlying true average. We also provide
a measure of how confident we are of this estimate, which is the principle
behind confidence intervals. In laboratory reporting, estimates of confidence
in the reported value are rarely provided to the treating clinician. This may
produce the belief that the reported value is the true value rather than an
estimate. An additional source of error is found in the determination of ref-
erence intervals, as described previously.

For the clinician, laboratory tests are most useful when there is a level of
a test result at which ‘‘disease’’ is discriminated from ‘‘health.’’ Unfortu-
nately, for many tests used in patients in the ICU (eg, electrolytes), such
thresholds for action are not established. This makes it difficult to interpret
their value in the context of a therapeutic plan. In instances for which test
results can be classified as normal and abnormal (or ‘‘negative’’ and ‘‘posi-
tive’’), the performance of a test may best be expressed as a likelihood ratio
(LR) [28]. This is the likelihood that a given test result would be expected in
a patient with the target disorder compared with the likelihood that the
same result would be expected in a patient without the disorder (in other
words, LR ¼ Sensitivity/[1 � Specificity]). The LR can then be used with
the pretest probability of disease to determine the posterior probability of
disease using a simple nomogram (Fig. 2). When the LR is 1, the test is
not informative and does not alter the probability of disease. When disease
is extremely likely or extremely unlikely, any single test is unlikely to alter
the posttest probability to such a degree that the suspected diagnosis is rea-
sonably excluded or confirmed. When the pretest probability of disease is
equivocal (eg, 30%–70%), tests with an extremely high LR (eg, greater
than 10) confirm disease and tests with an extremely low LR (eg, less than
0.1) reasonably exclude the diagnosis. Before ordering laboratory testing,
a clinician should consider his or her pretest suspicion of disease and the
LR of the test to determine the usefulness of the testing.

False test results are more common when the pretest probability of a con-
dition is extremely low or high and the test result contradicts the pretest
probability (eg, negative test result with a high pretest probability) or
when the test has a LR close to 1. One can never truly know if the result
obtained from testing is a true or false result, however. It is important to re-
member that we are always dealing with probabilities of disease rather than
certainties. Assuming that a laboratory test never produces false results can
lead to errors in clinical decision making. When a laboratory test produces
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a falsely abnormal result, clinicians may assume that the laboratory test re-
sult overrides any prior clinical suspicion and that the diagnosis is confirmed
while overlooking the true culprit (eg, a high-probability ventilation-perfu-
sion scan in a patient with low pretest clinical probability). This is more
likely to occur when pretest probabilities are low (eg, screening or homeo-
static laboratory testing) or the LR is believed to be much higher than it
truly is. Alternatively, a falsely normal test result could reassure the clinician
and cause him to exclude the condition under evaluation as a cause of the
patient’s problem (eg, normal cardiac stress test result in a patient at high
risk of cardiovascular disease and classic angina). This may occur when pre-
test probabilities are high or the LR is believed to be lower than it truly is.

A further consideration in the interpretation of results from the clinical
laboratory relates to multiple tests performed on a single sample [29]. Panels

Fig. 2. Pretest probability, LR, and posttest probability of disease. Posttest probability can be

determined by drawing a line from the pretest probability through the LR of the test. The end of

the line is the posttest probability. The LR is calculated as the Sensitivity/(1 � Specificity).
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of laboratory tests, such as basic metabolic panels, liver function panels, and
complete blood cell counts (CBCs) with white blood cell differential counts,
are common in clinical ICU practice. With increasing numbers of laboratory
tests measured concurrently, the probability of at least one false-positive test
result increases (Fig. 3) and the probability of true-negative results decreases
(Fig. 4). So, with increasing numbers of laboratory tests performed, the
probability of excluding abnormalities is reduced because of a decrease in
the number of true-negative results. In addition, the probability of incor-
rectly concluding that there is an abnormality increases because of a rise
in the number of false-positive results.

Risks of sample collection

Depending on the source of a specimen for laboratory study, there may
be risks involved in collection. Such risks are more obvious with more inva-
sive methods of obtaining the specimen, such as with biopsies, thoracentesis,
paracentesis, and bronchoalveolar lavage. Phlebotomy carries minimal risk
when performed in a sterile fashion but does involve minor discomfort.
When using needles, there is also the risk of transmission of blood-borne in-
fections (eg, hepatitis C virus, HIV) to health care workers. In the ICU,
phlebotomy often occurs by accessing indwelling vascular devices, such as
central venous and arterial catheters. If done with poor technique, this
may increase the risk of catheter-related bloodstream infections.

Fig. 3. Probability of false-positive results as a function of the number of tests performed con-

currently with a standard reference interval. The 97.5% centile limit corresponds to the usual

95% reference interval. With 2 independent samples, there is a 4% probability of one false-pos-

itive result. With 10 samples, the probability is 20%, and with 39 samples, the probability is

37%. (From Jørgensen, et al. Should we maintain the 95 percent reference intervals in the era

of wellness testing? A concept paper. Clin Chem Lab Med 2004;42(7):749; with permission.)
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Anecdotally, the authors have observed catheters kept in place to obtain
daily laboratory tests in patients in whom it is difficult to obtain blood by
other means.

Intensive care unit–acquired anemia and blood transfusion

In a multicenter study of almost 5000 patients in 284 ICUs in the United
States, anemia was an almost universal finding [30]. Although the cause of
anemia in the critically ill is multifactorial [31], true acquired iron deficiency
is found in more than 50% of patients in the ICU within 2 weeks of admis-
sion [32]. Phlebotomy contributes considerably to iron deficiency [33] and
accounts for greater blood loss than pathologic bleeding [32]. Patients in
the ICU lose between 25 and 40 mL of blood daily through phlebotomy,
which is more than three times the daily loss of patients on the ward [34].
Frequently, the blood collected for laboratory analysis exceeds the volume
required, and a sizeable amount of blood is wasted [35]. The use of smaller
collection tubes can reduce the volume of blood collected [36], but many au-
tomated laboratory instruments are not compatible with these tubes. Closed
blood-conserving systems also reduce blood loss [37]; however, like small
volume tubes, they are underused [38].

Observational studies suggest that anemia is associated with higher mor-
tality in critically ill adults, particularly those with cardiovascular disease
[39]. Because of concerns about decreased oxygen delivery in anemic pa-
tients [40], transfusion has become a common therapy. Eighty-five percent

Fig. 4. Probability of true-negative test results as a function of the number of tests performed

concurrently. Probabilities are provided for reference interval centile limits for 95%, 97.5% and

99.9%. These correspond to the traditional reference intervals of 90%, 95%, and 99.8%, respec-

tively. (From Jørgensen, et al. Should we maintain the 95 percent reference intervals in the era of

wellness testing? A concept paper. Clin Chem Lab Med 2004;42(7):748; with permission.)
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of patients with an ICU stay longer than 1 week receive at least 1 U of
blood, with an average of 9.5 U transfused [41]. There are risks associated
with transfusion, however, including the transmission of infectious agents,
an increased risk of nosocomial infections, transfusion-related acute lung
injury, transfusion-associated circulatory overload, and transfusion-related
graft-versus-host disease. Transfusions are also associated with greater or-
gan dysfunction, length of stay, and mortality in patients in the ICU
[42,43]. A multicenter randomized study of normovolemic, nonbleeding,
anemic patients in the ICU found that a restrictive transfusion strategy
(transfusion trigger of 7 g/dL to maintain levels from 7–9 g/dL) resulted
in 3 U less of transfused blood than those randomized to the liberal trans-
fusion strategy (transfusion trigger of 10 g/dL to maintain levels from 10–12
g/dL) [44]. Those in the restrictive arm showed a nonsignificant decrease in
mortality and lower multiple organ dysfunction scores. These subjects also
had fewer cardiac complications, including acute myocardial infarctions
and pulmonary edema. Data are limited and conflicted regarding the value
of transfusions in patients with coronary artery disease [45–47].

Therapeutic actions of uncertain benefit

In the authors’ experience, ICU clinicians have an inclination toward
‘‘correcting’’ laboratory values, such as electrolytes, that fall outside of
the reference interval. The authors are unable to find data supporting these
routine efforts at ‘‘normalization’’ for unselected patients in the ICU. When
attempts to mimic the normal physiologic state in ill patients have been sub-
jected to clinical trials, the results have often been disappointing, including
elimination of premature ventricular complexes in acute myocardial infarc-
tion [48] and normalization of acid-base and maximization of PaO2/fraction
of inspired oxygen (FIO2) ratios in patients with acute lung injury [49]. It is
possible that the association between laboratory values outside of the refer-
ence interval and outcome in patients in the ICU is attributable to the
response to the observed results (eg, ‘‘replacing’’ electrolytes) rather than
to the deranged value itself. Further studies are necessary to determine if
normalization of abnormal routine laboratory values in patients in the
ICU confers net benefit.

In addition to correcting abnormal laboratory values, there is a tendency
to recheck laboratory tests after the intervention. This may produce a clini-
cian-perpetuating cycle of laboratory monitoring and intervention of no
proven benefit. Meanwhile, the repeated testing increases the risk of
ICU-acquired anemia. Time and attention of the nursing and medical staff
are also required, which may distract them from providing other care.
Finally, sampling rate can affect predicted probabilities of mortality pro-
duced by severity-of-illness measures [50]. These effects may be relevant as
the comparison of risk-adjusted outcomes across providers and institutions
gains momentum.
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Recommendations for ‘‘routine’’ laboratory testing: screening

and homeostatic laboratory tests

It has traditionally been assumed that because they have higher severity
of illness, critically ill patients require more frequent determination of labo-
ratory values [17]. Several observations suggest that the current intensity of
laboratory testing is excessive, however. When ‘‘routine’’ laboratory tests
are canceled by a protocol, clinicians rarely override the cancellation, and
when unexpected abnormal values are encountered, they are often ignored
[51,52]. Use of laboratory testing varies considerably among institutions
[2] and providers within institutions [3] without differences in outcomes. Al-
though there is a lack of evidence of benefit of the current practice of fre-
quent laboratory testing in the ICU, this does not necessarily mean there
is a true lack of benefit to such a strategy. Excessive costs, potential risks,
and no proof of benefit do mandate a re-evaluation of the current approach
to routine laboratory testing in the ICU, however.

Presumably, there is a threshold under which foregoing laboratory eval-
uation would worsen outcomes for patients in the ICU, but there are insuf-
ficient data to delineate this minimum volume of laboratory testing. Some
have suggested that this discussion is difficult to frame, because there are
not adequate definitions of ‘‘necessary’’ and ‘‘unnecessary’’ laboratory tests
[53]. One study focused on redundant testingdtests that were high volume
or high cost and for which an interval could be clearly defined in which a re-
peat test was likely to be uninformative and in which the preceding test re-
sult was within the reference interval [54]. Using charitable limits before
defining a test as redundant (eg, routine urinalysis within 36 hours of
a test result within the reference range), 28% of tests were performed earlier
than the test-specific predefined interval. Excluding chest radiographs and
manual white blood cell differentials, there was no clinical indication for
early repeated tests in 92% of cases.

Although reduction of unnecessary and wasteful laboratory testing is
a worthy goal, it is not clear which laboratory tests should be the first targets
for elimination. The authors would not advocate admission laboratory testing
as an initial target for reduction for several reasons. Admission laboratory
tests are valuable to establish baseline values for comparisonwith later values.
Moreover, before a diagnosis is established, casting a wide net with admission
laboratory tests may facilitate recognition of rare diseases that might other-
wise not be considered. It may also help to detect conditions contributing to
the primary complaint (eg, myocardial infarction in a patient with diabetic
ketoacidosis). The authors believe that such an approach encourages the
clinician to maintain a broad differential and avoid premature closure of
diagnostic and therapeutic possibilities. They would not advocate screening
type testing as a matter of course for all patients (eg, thyroid-stimulating
hormone [TSH] testing on all admissions), however, unless it has a direct
impact on therapy (eg, pregnancy testing for women of child-bearing age).
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Instead, admission testing should pursue diagnostic and therapeutic alterna-
tives raised by the clinical presentation.

Routine, undirected, daily laboratory evaluation (eg, homeostatic labora-
tory testing) is a practice of questionable utility, and efforts to reduce it are
warranted. For homeostatic testing to be justified, the value of the informa-
tion obtained must exceed the risks. In the authors’ opinion, this is seldom
the case, and they have observed several instances in which laboratory tests
are ordered as a matter of routine rather than necessity (Table 4). Substan-
tial cost savings could be effected by simply increasing the intervals at which

Table 4

Situations in which repeated laboratory tests on a given day are not warranted

Clinical situation Example(s)

Laboratory test repeated at

too frequent intervals

(before a meaningful

change can reasonably be

expected)

Daily albumin ordered to

monitor nutritional

status; every 4-hour

hemoglobin ordered in

a patient with

gastrointestinal

hemorrhage; free T4

ordered daily during

treatment of

hyperthyroidism

Redundant laboratory tests

ordered concurrently

CK–MB and troponin

ordered concurrently

every 6 hours after

myocardial infarction;

creatinine and BUN

ordered concurrently;

AST and ALT ordered

concurrently

Laboratory test ordered

when clinical assessment

is superior

Short-interval hematocrit

testing in gastrointestinal

hemorrhage; ABG to

assess response to

NIPPV; serial BNP

measurement during

treatment of CHF

Laboratory test ordered to

confirm an expected

response to a routine

intervention

Repeat testing of

electrolytes after

replacement; repeat

testing of hemoglobin

after transfusion

Laboratory test ordered

that does not affect

management or

prognostication

Frequent coagulation

parameter testing in

a patient with cirrhosis

who is not bleeding

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN,

blood urea nitrogen; CHF, congestive heart failure; CK, creatine kinase; NIPPV, non-invasive

positive pressure ventilation; T4, thyroxine.
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homeostatic laboratory tests are obtained. If these laboratory tests were de-
creased in frequency from daily to every 3 days, a two-thirds reduction in
associated direct costs could be expected. As a patient improves, the support
for such routine testing becomes even less tenable.

Arterial blood gas (ABG) measurement merits specific discussion. Ob-
taining blood for ABG testing is invasive and painful in patients without in-
travascular catheters. Arterial lines confer risks of mechanical and infectious
complications. To justify testing, the benefits of the information from an
ABG measurement should exceed these risks and the information must
not be otherwise available with lower risk and cost. ABG measurements
provide data related to oxygenation, ventilation, and acid-base status. In
most settings, oxygen saturation is a reliable surrogate for PaO2, and it par-
allels oxygen delivery along a wider range of values [55]. Pulse oximetry al-
lows for continuous monitoring of oxygen saturation and is noninvasive,
practically free of risk, and in routine use in most ICUs. Most situations re-
sulting in spurious values of pulse oximetry result in falsely low values (eg,
hypotension). These prompt further evaluation and are unlikely to cause
harm. In a few situations, however, such as hypoxic patients with darkly
pigmented skin [56], carbon monoxide poisoning [57], hypothermia [58],
and rapid changes in arterial oxygen content [59], pulse oximetry can report
higher values than obtained by direct measurement of an arterial sample.
Excluding these situations, pulse oximetry should be used in lieu of ABG
measurement for the routine assessment of oxygenation. Because most intu-
bated patients homeostatically regulate ventilation to maintain pH in a safe
physiologic range [60] and respiratory acidosis is generally benign [61], close
monitoring of arterial pH and PaCO2 is not necessary in most clinically sta-
ble mechanically ventilated patients. Therefore, ABG sampling can be
avoided in most instances in which the measure of interest is continuing as-
sessment of oxygenation, ventilation, and acid-base status. Nonintubated
patients and those receiving noninvasive positive-pressure ventilation can
usually be safely managed without routine blood gas monitoring. Clinical
assessment, with careful attention to mental status, vital signs, and work
of breathing, is superior to ABG analysis in these patients, because rising
PCO2 is a late finding in respiratory failure and a normal ABG result may
provide false reassurance that a patient with impending respiratory embar-
rassment is stable [62]. In mechanically ventilated patients in whom pulse
oximetry is potentially inaccurate (particularly falsely high), in those unable
to regulate their ventilation, and in those with acute clinical deterioration,
judicious monitoring with ABG measurements may be necessary.

Strategies to reduce unneeded laboratory tests

Multiple strategies have been used in an effort to reduce laboratory
testing and to ensure that ordered tests are appropriate for the clinical syn-
drome under investigation. These have included suggestions by pharmacists
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on rounds to reduce phlebotomy [63], a laboratory interpretation and con-
sultative service [64], changes in processes of test ordering [17,19,65,66], the
use of guidelines for laboratory testing [16–20,66], and providing physicians
with prices of various laboratory tests [5]. Most published studies show
some degree of reductions in laboratory testing, costs, and transfusions. Im-
portantly, no significant adverse events attributable to decreased laboratory
testing were reported.

Although many interventions reduced the volume of laboratory testing,
this does not mean that all unnecessary testing was eliminated. For example,
an intervention to reduce the number of ABG measurements in a surgical
intensive care unit (SICU) resulted in an almost 50% reduction in the num-
ber of blood gas measurements performed [67]. There were still 4.8 ABG
measurements performed per patient-day, however. Another study reduced
laboratory testing with guideline-driven orders but continued to recommend
measuring basic metabolic panels daily [68]. Such observations and the lack
of poorer outcomes with fewer laboratory tests suggest that further reduc-
tion is possible.

Specific laboratory tests in the critically ill

Cardiac biomarkers in critical illness: troponin and natriuretic peptides

Assays for troponin isoforms and brain natriuretic peptide (BNP) and
variants (eg, N-terminal [NT]–pro-BNP) have received attention as poten-
tially useful diagnostic and prognostic tests in critically ill patients. The in-
creasing popularity of these tests stems from the ease with which they can be
obtained as well as their proven utility as diagnostic tests outside of the
ICU. In patients presenting with symptoms of myocardial infarction, tropo-
nin assays are sensitive and highly specific tests for the diagnosis of acute
coronary syndromes [69]. Likewise, in patients presenting to the emergency
department with dyspnea, assays for BNP are useful aids in the differentia-
tion of cardiac and noncardiac dyspnea [70]. Because critically ill patients
were not among the populations in which these tests were originally vali-
dated, use of these assays in the ICU may be problematic. Many conditions
common in critically ill patients (eg, sepsis, pulmonary embolism, shock, cor
pulmonale) can cause elevations of these biomarkers, resulting in unaccept-
ably high rates of false-positive test results [71,72].

The diagnosis of acute coronary syndromes and detection of impaired left
ventricular (LV) function have been suggested as potential diagnostic uses of
troponin in critically ill patients. In critically ill patients, the positive predictive
value of an abnormal troponin assay is disappointingly lowdonly 28% to
55% of patients with a positive test result are confirmed to have an acute cor-
onary syndrome [73–76]. The low positive predictive value of troponin in the
critically ill results from the frequent occurrence of other diseases that can
cause its elevation. As a result, an isolated troponin elevation in a critically
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ill patient is not diagnostic of acute coronary syndrome, and additional testing
is needed for confirmation. Therefore, the authors do not recommend its rou-
tine use in critical care settings, except in patients with electrocardiographic
abnormalities or symptoms suggestive ofmyocardial infarction. Elevated tro-
ponin levels are associatedwithLVdysfunction in critical illness, but the docu-
mented correlations, although statistically significant, have generally been
weak [73]. Therefore, in patients in whom LV dysfunction is suspected, an el-
evated troponin level does not preclude confirmatory testing that allows quan-
tification of LV impairment. There are no data demonstrating that detection
of subclinical LV impairment with determination of troponin levels leads to
changes in therapy with beneficial impacts on clinically important outcomes.
In addition, it is not clear if there is a level of troponin under which LV dys-
function is unlikely, obviating further testing.

BNP and variants (NT–pro-BNP) have been studied as biomarkers of LV
dysfunction in critical illness [77]. Like troponin, elevated BNP levels are
nonspecific findings and are observed in such conditions as pulmonary
hypertension, pulmonary embolism, LV hypertrophy, renal failure, acute
coronary syndromes, atrial fibrillation, lung cancer, and sepsis [78]. There
are inconsistent reports of an association between BNP levels and cardiac
filling pressures and patient volume status [79–82]. Most of these studies
were exploratory and did not use a validation cohort to confirm reproduc-
ibility of results. Results of BNP testing rarely obviate further testing, and
thus add little to the evaluation of volume status and LV dysfunction in
most critically ill patients [83]. One possible exception is that low levels of
BNP (!350) may be useful to rule out cardiogenic shock (95% negative
predictive value) [84].

One promising recent study demonstrated the potential ofNT–pro-BNP to
facilitate the diagnosis of LV dysfunction in patients with acute exacerbation
of chronic obstructive pulmonary disease (COPD). A level of NT–pro-BNP
less than 1000 had a negative predictive value of 94%, largely excluding LV
dysfunction. The utility of a level greater than 2500 for confirming LV
dysfunction was more modest, with an LR of 5.16 [85]. Another small study
(n ¼ 19) demonstrated the ability of NT–pro-BNP to detect cardiac dysfunc-
tion as a cause of weaning failure in patients with acute exacerbations of
COPD [86]. If these results can be validated in a larger cohort of patients,
NT–pro-BNPmay find a use in differentiating cardiac fromnoncardiac causes
of weaning failure.

In most studies, troponin and BNP correlate with prognosis. It has been
suggested that prognostication may be a valid indication for measuring their
levels [87,88]. It is not clear how information from these biomarkers can be
used for the benefit of patients, however. Neither assay consistently provides
prognostic information beyond that available by using traditional scoring
systems, making their prognostic role of questionable clinical utility.

Although troponin and BNP have proven their utility in non-critical care
settings, current use of these cardiac biomarkers in the ICU is largely of
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research interest. It is most important for clinicians to remember that many
disease processes can cause troponin and BNP to be nonspecifically elevated
in the ICU. Future studies of the use of these markers to guide clinicians in
the care of critically ill patients should carefully identify the study popula-
tion, use a ‘‘gold standard’’ for the outcome of interest in all patients, val-
idate any cutoff level prospectively, and ensure that the outcome of
interest is clinically relevant.

D-dimer and thromboembolic disease

D-dimer is a protein produced when cross-linked fibrin is degraded by
plasmin. When coagulation and fibrinolysis are coactivated, elevated levels
of D-dimer are found. This occurs in clinical settings of venous thromboem-
bolism (VTE), trauma, or recent surgery. D-dimer may also be detected in
sepsis, malignancy, pregnancy, and myocardial infarction [89]. There are nu-
merous available D-dimer assays, and the performance of one assay should
not be generalized to all [90]. Outpatients with VTE tend to have elevated
levels of D-dimer [91,92], and negative D-dimer assays have negative predic-
tive values similar to Doppler ultrasound examination in select inpatients
not in the ICU [93]. In critically ill patients, however, the diagnosis of
VTE is extremely challenging and patients are at high risk for the disease.
Among medical-surgical critically ill patients, only 3.6% to 15.9% have neg-
ative D-dimer test results, regardless of the presence or absence of thrombo-
embolic disease [94]. The negative predictive value of testing in one study is
84.7% to 92.1% depending on the type of assay used [95]. Among critically
ill patients with a low pretest probability of VTE, D-dimer may be useful if
the result is negative. A positive result, however, does not confirm the
presence of VTE.

D-dimer testing has been evaluated as a predictor of mortality in the
ICU. Among 321 critically ill patients, D-dimer levels measured within 24
hours of admission were associated with mortality, sepsis, and multiorgan
system failure [96]. D-dimer did not add prognostic information beyond
that available by using traditional severity-of-illness scoring systems, how-
ever. Shorr and colleagues [97] showed that D-dimer levels correlated with
activation of the proinflammatory cytokine pathway and identified patients
at increased risk for multiorgan system failure and death. These results high-
light the importance of the coagulation system in sepsis, but D-dimer testing
alone should not be used to treat coagulation abnormalities in patients with
critical illness.

Blood cultures

Bacteremia is found in up to 10% of patients in the ICU and is an impor-
tant cause of morbidity and mortality [98]. In the evaluation of fevers, there
are specific guidelines for blood cultures that include indications, number of
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cultures, appropriate interval, and interpretation [99]. Use of this approach
has been shown to optimize treatment and outcome [100]. Among patients
already receiving antibiotics, blood cultures routinely ordered for fever are
relatively insensitive [101,102]. In one study, repeat blood cultures identified
a new pathogen in only 2.5% of cases, with no growth in 83.4%, the same
pathogen in 9.1%, and contamination in 5.0% [103]. Despite this low sen-
sitivity, repeat blood cultures accounted for one third of all such samples
in this laboratory. False-positive results attributable to contamination are
increased with each additional culture [104]. The suspected site of infection
may also affect the yield of blood cultures. For example, there are fewer
true-positive blood cultures in the setting of nosocomial urinary tract infec-
tions than in the setting of endocarditis or central venous catheter–associ-
ated infections.

An expert task force concluded that a new fever in a patient in the ICU
should generate a careful clinical assessment rather than trigger an auto-
matic battery of laboratory tests and cultures [105]. Clinicians should be sen-
sitive to the cost and limited value of repeated cultures. Unfortunately, the
ability to identify bacteremia based on clinical evaluation alone is limited
[106]. Therefore, repeat blood cultures may be necessary in patients in
whom clinical evaluation does not reveal an alternative source of fever. Sur-
veillance blood cultures (eg, those performed without clinical suspicion of
bacteremia) add little to the management of patients in the ICU, are expen-
sive, and should be avoided [107].

Emerging trends in laboratory testing

Point-of-care testing

Caring for critically ill patients involves medical decision making that can
be time-sensitive, and information crucial to these decisions may be needed
within minutes. As patient acuity increases, the need for rapid collection,
processing, and interpretation of laboratory tests becomes more urgent.
For these reasons and others, point-of-care (POC) technologies have be-
come a considered alternative for critical care medicine. POC refers to the
performance of diagnostic tests at or near the patient. The excellent accu-
racy, validity, and reliability of POC testing results have been reviewed
[108]. These tests can be performed at the bedside by portable instruments
in minutes and can measure many blood analytes using small amounts of
whole blood.

The scientific advances that make POC testing possible include whole-
blood biosensors, ion-selective electrodes, substrate-specific electrodes, po-
larography, and potentiometry [109]. As a result, laboratory measurements
can be made for pO2, pCO2, pH, sodium, potassium, chloride, magnesium,
calcium, urea nitrogen, lactate, creatinine, glucose, hematocrit, cardiac en-
zymes, co-oximetry, and coagulation studies [110]. The primary advantage
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of POC testing over traditional methods is decreased turnaround time and
fewer steps [108]. POC testing can also decrease blood loss to laboratory
testing. The main disadvantage of POC testing is the need for quality con-
trol outside of the central laboratory to ensure accurate and reliable mea-
surements. Additional issues are cost, competency, and education. POC
testing has become the standard of care in diabetes management, with pa-
tients instructed to respond to the result in a specific manner, but requires
careful consideration among the critically ill. Compared with laboratory-
based venous plasma measurements (eg, the gold standard), POC testing
tends to report higher glucose levels when using arterial or capillary sources
and in anemic, hypoxic, hypothermia, or hypotensive patients [111]. These
conditions may result in a falsely reassuring low-normal glucose level
when the patient is, in fact, hypoglycemic. Because symptoms of hypoglyce-
mia are difficult to recognize in patients in the ICU, protocols endorsing
‘‘tight’’ control of glucose should be mindful of this confounder.

Noninvasive testing

Noninvasive testing by pulse oximetry offers a continuous determination
of oxygen saturation and has become a standard in many ICUs. Several
other noninvasive technologies are currently available. End-tidal CO2 deter-
mination can confirm endotracheal tube placement after intubation and
may also be beneficial in resuscitative efforts [112]. The GlucoWatch
(http://www.glucowatch.com/) measures blood glucose levels through re-
verse iontophoresis and has been approved by the US Food and Drug Ad-
ministration (FDA) [113]. The Bilichek by Spectrix (Murraysville,
Pennsylvania) measures the concentration of bilirubin directly on the fore-
head of newborns by light reflectance and requires no reagents or calibration
[114]. The Hemoscan CBC device is an optical device that focuses on the mi-
crovasculature of the eye to capture images of circulating blood cells, allow-
ing computation of a CBC [115]. Further developments of accurate and
reliable noninvasive testing would be beneficial by sparing the need for bi-
ologic sampling and reduction in risks of ICU-acquired anemia.

Continuous sampling

Continuous ABG monitoring has been performed on pediatric and adult
patients [116,117]. Intra-arterial fiberoptic sensors can continuously measure
PO2, PCO2, and pH [118]. Ex vivo techniques have been used in neonates with
in-line analyzers that allow for return of the specimen to the patient and
blood conservation [119]. Technologies for continuous monitoring of mixed
venous oxygen samples with fiberoptic pulmonary catheters have been avail-
able since 1994 [120]. Because critically ill patients often have arterial or cen-
tral venous lines, taking advantage of this access with continuous sampling
techniques may be of benefit. The current intra-arterial technology has

http://www.glucowatch.com/
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a high cost, however, with catheters that are fragile and not reliable at mea-
suring PaO2 [121]. In the future, this technology may save on blood loss and
give real-time results.

Suggestions for future research and current practice

As outlined throughout, there are few data to guide clinicians in regard to
laboratory testing in critically ill patients. Patients in the ICU have signifi-
cantly more testing performed than any other single group of patients.
This testing is not without risk, ranging from ICU-acquired anemia to mis-
guided decision making. Multiple studies found that the volume of testing
can be dramatically reduced without appreciably affecting outcomes. This
suggests that at least a portion of the current laboratory practice provides
no marginal benefit for patients. The authors believe there is adequate
evidence to suggest the following:

1. Each institution should examine its own practices in regard to labora-
tory testing and determine areas of excess or inappropriate testing
that might be targets for action.

2. The practice of bundling multiple laboratory tests together (eg, the basic
metabolic panel) for the convenience of the provider should be
abandoned.

3. Routine testing of multiple laboratories on an ongoing basis (homeo-
static laboratories) should be stopped.

4. Laboratory testing should be pursued as a part of a therapeutic response
to a clinical problem rather than as a search for abnormal values to be
corrected. Testing in the context of higher pretest probabilities of dis-
ease should be emphasized.

5. Efforts at blood conservation, such as the use of low-volume sample
tubes and closed-line sampling devices and the removal of arterial and
venous catheters, should be encouraged.

6. Attempts to change the practice of laboratory testing are more likely to
be successful if pursued in an interdisciplinary fashion, addressing pre-
disposing, enabling, and reinforcing factors.

7. Research is desperately needed to examine the role of the clinical labora-
tory in critical care. Suchwork should include efforts to define the levels of
common laboratory test results that are associated with greater risk so as
to determine if attempting to correct these abnormal test results is associ-
ated with improved (or worse) outcomes, to delineate the appropriate
level of laboratory testing for various groups of critically ill patients, to
validate selected diagnostic tests for ICU populations, and to develop
alternative technologies to replace sampling of biologic materials.

For the clinician practicing with current data and technology, one is left
without answers as to a rational approach to laboratory testing. The authors
suggest revisiting the indication for laboratory testing for guidance. For the
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undifferentiated patient in the ICU, the authors suggest there are few labo-
ratory tests that should be routinely ordered for all (Table 5). Instead, they
believe that testing should be guided by the clinical presentation and thera-
peutic efforts (Table 6). This is by no means a complete list, and each clini-
cian should review the evidence to produce his or her own ‘‘batteries’’ of
tests prompted by specific clinical scenarios. The authors also emphasize
that these recommendations are not based on high-level evidence. The sense
of a ‘‘need to know’’ is so ingrained in training that the authors found them-
selves hesitant to exclude testing, despite the limitations and dangers out-
lined previously. As more ICUs move to computerized order entry and
electronic documentation, such technology can be leveraged to supply

Table 5

Suggestions for initial laboratory tests for patients in the ICU

Situation Suggested laboratory tests

All patients in the ICU on admission White blood cell count and differential

Hemoglobin or hematocrit

Platelets

Sodium

Chloride

Potassium

Bicarbonate

Creatinine

Glucose

Inorganic phosphate

Bilirubin

ALT or AST

PTT

PT/INR

Urine pregnancy test (women

of child-bearing age only)

All ventilated patients after intubation ABG (to show correlation with pulse

oximetry and minute ventilation

requirements)

All patients with sepsis on recognition

of sepsis

Admission laboratory tests, plus

Lactate

ABG

Blood cultures before antibiotics

Urinalysis

Urine culture, if pyuria on urinalysis

Other appropriate cultures

Central venous saturation (within 6 hours

of presentation if hypotensive or

elevated lactate)

Patients with shock on presentation Admission laboratory tests, plus

ABG

BNP

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR,

international normalized ratio; PT, prothrombin time; PTT, partial thromboplastin time.
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Table 6

An incomplete list of laboratory tests indicated by clinical situations or therapeutic efforts

Clinical situation/therapeutic

effort

Suggested laboratory

tests

Suggested interval

for testing

Pulse oximetry does not

correlate reasonably

(eg, within �4%) with

measured PaO2

ABG Daily while on O50% FIO2

Patients with abnormal

ventilatory control (eg,

pharmacologic paralysis)

ABG or venous blood gas Daily while on O50% FIO2

Acute drop in SpO2 or change

in respiratory rate

ABG With event

Acute drop in blood pressure

(eg, O20%)

or rise in heart rate

ABG

Hemoglobin or hematocrit

With event

Dysrhythmia ABG or venous blood gas

Potassium

Magnesium

With event

New bleeding Hemoglobin or hematocrit

Platelet count

PTT

PT/INR

Type and screen

With event

Patient receiving potentially

nephrotoxic drugs

Creatinine Daily

Patient receiving drugs with

narrow therapeutic window

or need for minimal blood

level for effectiveness

and measurable drug levels

Therapeutic drug levels Consult with pharmacy to

ensure appropriate timing

Delirium Sodium

Creatinine

Ionized

Calcium

Glucose

Bilirubin

B12 level

Thiamine level

With diagnosis of delirium

Failure of patient to perform

well on spontaneous

breathing trials

Delirium laboratory tests, if

delirious

Inorganic phosphate

With failure of spontaneous

breathing trial

Patient receiving volume

resuscitation

Sodium Daily while receiving volume

replacement

Patient with significant

volume loss, therapeutic

(eg, furosemide) or

pathologic (eg, diarrhea)

Sodium

Potassium

Magnesium

Ionized calcium

Creatinine

Daily while volume loss

ongoing

Abbreviations: PT, prothrombin time; PTT, partial thromboplastin time; SpO2, transcutane-

ous oxygen saturation.
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laboratory testing as indicated by suspected diagnoses and ongoing and fu-
ture therapies. This should also reduce the anxiety that some clinicians feel
in letting go of the daily homeostatic laboratory tests. One can feel reassured
that the correct test, as guided by evidence and collaboration with clinical
laboratory experts, is going to be ordered at appropriate intervals to ensure
maximum benefit for the patient.

Summary

Laboratory testing in critically ill patients represents a large proportion
of the cost of caring for these patients. Much of this testing seems to be un-
supported by evidence of efficacy and often does not lead to meaningful
changes in therapy. The unnecessary risks and costs of excessive laboratory
testing in the ICU could be minimized by a carefully developed framework
of accepted or suggested laboratory tests for critically ill patients, supple-
mented by investigations to determine the ‘‘appropriate’’ intensity of testing.
Until such evidence is available, the authors recommend a judicious ap-
proach to laboratory testing in the ICU, guided by pretest probabilities,
test performance characteristics, and a priori determinations of how each
test can meaningfully influence the care of the individual patient. This ap-
proach should be tempered by knowledge of the risks of testing, including
blood loss, iatrogenic anemia, and misguided therapy.

References

[1] Smoller BR, Kruskall MS. Phlebotomy for diagnostic laboratory tests in adults. Pattern of

use and effect on transfusion requirements. N Engl J Med 1986;314(19):1233–5.

[2] Zimmerman JE, SeneffMG, Sun X, et al. Evaluating laboratory usage in the intensive care

unit: patient and institutional characteristics that influence frequency of blood sampling.

Crit Care Med 1997;25(5):737–48.

[3] Garland A, Shaman Z, Baron J, et al. Physician-attributable differences in intensive care

unit costs: a single-center study. Am J Respir Crit Care Med 2006;174(11):1206–10.

[4] Frassica JJ. Frequency of laboratory test utilization in the intensive care unit and its

implications for large-scale data collection efforts. J Am Med Inform Assoc 2005;12(2):

229–33.

[5] Seguin P, Bleichner JP, Grolier J, et al. Effects of price information on test ordering in an

intensive care unit. Intensive Care Med 2002;28(3):332–5.

[6] Chalfin DB. Analysis of cost-effectiveness in intensive care: an overview of methods and

review of applications to problems in critical care. Curr Opin Anaesthesiol 1996;9:129–33.

[7] Klepzig H, Winten G, Thierolf C, et al. [Treatment costs in a medical intensive care unit:

a comparison of 1992 and 1997]. Dtsch Med Wochenschr 1998;123(23):719–25.

[8] Young DS, Sachais BS, Jefferies LC. Laboratory costs in the context of disease. Clin Chem

2000;46(7):967–75.

[9] Asimos A. The trauma panel: laboratory test utilization in the initial evaluation of trauma

patients. Emerg Med Rep 1997;18:22–31.

[10] Halpern NA, Pastores SM, Greenstein RJ. Critical care medicine in the United States

1985-2000: an analysis of bed numbers, use, and costs. Crit Care Med 2004;32(6):1254–9.



461LABORATORY TESTING IN THE INTENSIVE CARE UNIT
[11] National Center for Health Statistics. National Health and Nutrition Examination Survey

(NHANES). Centers for Disease Control 2007 3-20-0007. Ref Type Electronic Citation.

[12] ThirdReport of theNational Cholesterol Education Program (NCEP)Expert Panel onDe-

tection, Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult Treatment

Panel III) final report. Circulation 2002;106(25):3143–421.

[13] Knaus WA, Draper EA, Wagner DP, et al. APACHE II: a severity of disease classification

system. Crit Care Med 1985;13(10):818–29.

[14] Lemeshow S, Klar J, Teres D. Outcome prediction for individual intensive care patients:

useful, misused, or abused? Intensive Care Med 1995;21(9):770–6.

[15] Knaus WA, Wagner DP, Draper EA, et al. The APACHE III prognostic system. Risk

prediction of hospital mortality for critically ill hospitalized adults. Chest 1991;100(6):

1619–36.

[16] Barie PS, Hydo LJ. Learning to not know: results of a program for ancillary cost reduction

in surgical critical care. J Trauma 1996;41(4):714–20.

[17] Wang TJ, Mort EA, Nordberg P, et al. A utilization management intervention to reduce

unnecessary testing in the coronary care unit. Arch Intern Med 2002;162(16):1885–90.

[18] Roberts DE, Bell DD, Ostryzniuk T, et al. Eliminating needless testing in intensive cared

an information-based team management approach. Crit Care Med 1993;21(10):1452–8.

[19] Neilson EG, Johnson KB, Rosenbloom ST, et al. The impact of peer management on test-

ordering behavior. Ann Intern Med 2004;141(3):196–204.

[20] Pilon CS, Leathley M, London R, et al. Practice guideline for arterial blood gas measure-

ment in the intensive care unit decreases numbers and increases appropriateness of tests.

Crit Care Med 1997;25(8):1308–13.

[21] Dighe AS, Rao A, Coakley AB, et al. Analysis of laboratory critical value reporting at

a large academic medical center. Am J Clin Pathol 2006;125(5):758–64.

[22] American College of Chest Physicians/Society of Critical Care Medicine Consensus Con-

ference: definitions for sepsis and organ failure and guidelines for the use of innovative ther-

apies in sepsis. Crit Care Med 1992;20(6):864–74.

[23] Dellinger RP, Carlet JM, Masur H, et al. Surviving Sepsis Campaign guidelines for man-

agement of severe sepsis and septic shock. Crit Care Med 2004;32(3):858–73.

[24] Rivers E, Nguyen B, Havstad S, et al. Early goal-directed therapy in the treatment of severe

sepsis and septic shock. N Engl J Med 2001;345(19):1368–77.

[25] Gross AS. Best practice in therapeutic drug monitoring. Br J Clin Pharmacol 1998;46(2):

95–9.

[26] PlebaniM, Carraro P.Mistakes in a stat laboratory: types and frequency. Clin Chem 1997;

43(8 Pt 1):1348–51.

[27] Koch SM,Warters RD, Mehlhorn U. The simultaneous measurement of ionized and total

calcium and ionized and total magnesium in intensive care unit patients. J Crit Care 2002;

17(3):203–5.

[28] Irwig L, Tosteson AN, Gatsonis C, et al. Guidelines for meta-analyses evaluating diagnos-

tic tests. Ann Intern Med 1994;120(8):667–76.

[29] Cebul RD, Beck JR. Biochemical profiles. Applications in ambulatory screening and pre-

admission testing of adults. Ann Intern Med 1987;106(3):403–13.

[30] Corwin HL, Gettinger A, Pearl RG, et al. The CRIT Study: anemia and blood transfusion

in the critically illdcurrent clinical practice in the United States. Crit CareMed 2004;32(1):

39–52.

[31] RaghavanM, Marik PE. Anemia, allogenic blood transfusion, and immunomodulation in

the critically ill. Chest 2005;127(1):295–307.

[32] von Ahsen N, Muller C, Serke S, et al. Important role of nondiagnostic blood loss and

blunted erythropoietic response in the anemia of medical intensive care patients. Crit

Care Med 1999;27(12):2630–9.

[33] Woodhouse S. Complications of critical care: lab testing and iatrogenic anemia.MLOMed

Lab Obs 2001;33:28–31.



462 EZZIE et al
[34] Vincent JL, Baron JF, Reinhart K, et al. Anemia and blood transfusion in critically ill

patients. JAMA 2002;288(12):1499–507.

[35] Dale JC,Ruby SG. Specimen collection volumes for laboratory tests. Arch Pathol LabMed

2003;127(2):162–8.

[36] Smoller BR, Kruskall MS, Horowitz GL. Reducing adult phlebotomy blood loss with the

use of pediatric-sized blood collection tubes. Am J Clin Pathol 1989;91(6):701–3.

[37] Silver MJ, Li YH, Gragg LA, et al. Reduction of blood loss from diagnostic sampling in

critically ill patients using a blood-conserving arterial line system. Chest 1993;104(6):

1711–5.

[38] O’HareD, Chilvers RJ. Arterial blood sampling practices in intensive care units in England

and Wales. Anaesthesia 2001;56(6):568–71.

[39] Carson JL, Duff A, Poses RM, et al. Effect of anaemia and cardiovascular disease on sur-

gical mortality and morbidity. Lancet 1996;348(9034):1055–60.

[40] Russell JA, Phang PT. The oxygen delivery/consumption controversy.Approaches toman-

agement of the critically ill. Am J Respir Crit Care Med 1994;149(2 Pt 1):533–7.

[41] Corwin HL. Blood transfusion in the critically ill patient. Dis Mon 1999;45(10):409–26.

[42] Moore FA, Moore EE, Sauaia A. Blood transfusion. An independent risk factor for post-

injury multiple organ failure. Arch Surg 1997;132(6):620–4.

[43] Vamvakas EC, Carven JH. Allogeneic blood transfusion, hospital charges, and length of

hospitalization: a study of 487 consecutive patients undergoing colorectal cancer resection.

Arch Pathol Lab Med 1998;122(2):145–51.

[44] Hebert PC, Wells G, Blajchman MA, et al. A multicenter, randomized, controlled

clinical trial of transfusion requirements in critical care. Transfusion Requirements

in Critical Care Investigators, Canadian Critical Care Trials Group. N Engl J Med

1999;340(6):409–17.

[45] Hebert PC, Yetisir E, Martin C, et al. Is a low transfusion threshold safe in critically ill

patients with cardiovascular diseases? Crit Care Med 2001;29(2):227–34.

[46] Wu WC, Rathore SS, Wang Y, et al. Blood transfusion in elderly patients with acute

myocardial infarction. N Engl J Med 2001;345(17):1230–6.

[47] Rao SV, Jollis JG, Harrington RA, et al. Relationship of blood transfusion and clinical

outcomes in patients with acute coronary syndromes. JAMA 2004;292(13):1555–62.

[48] Preliminary report: effect of encainide and flecainide on mortality in a randomized trial of

arrhythmia suppression after myocardial infarction. The Cardiac Arrhythmia Suppression

Trial (CAST) Investigators. N Engl J Med 1989;321(6):406–12.

[49] Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute

lung injury and the acute respiratory distress syndrome. The Acute Respiratory Distress

Syndrome Network. N Engl J Med 2000;342(18):1301–8.

[50] Suistomaa M, Kari A, Ruokonen E, et al. Sampling rate causes bias in APACHE II and

SAPS II scores. Intensive Care Med 2000;26(12):1773–8.

[51] Hindmarsh JT, Lyon AW. Strategies to promote rational clinical chemistry test utilization.

Clin Biochem 1996;29(4):291–9.

[52] Williamson JW, AlexanderM,Miller GE. Continuing education and patient care research.

Physician response to screening test results. JAMA 1967;201(12):938–42.

[53] van Walraven C, Naylor CD. Do we know what inappropriate laboratory utilization is?

A systematic review of laboratory clinical audits. JAMA 1998;280(6):550–8.

[54] Bates DW, Boyle DL, Rittenberg E, et al. What proportion of common diagnostic tests

appear redundant? Am J Med 1998;104(4):361–8.

[55] Hall JB, SchmidtGA,WoodLDH.Principles of critical care.NewYork: TheMcGraw-Hill

Company, Inc.; 1998.

[56] Bickler PE, Feiner JR, Severinghaus JW. Effects of skin pigmentation on pulse oximeter

accuracy at low saturation. Anesthesiology 2005;102(4):715–9.

[57] Hampson NB. Pulse oximetry in severe carbon monoxide poisoning. Chest 1998;114(4):

1036–41.



463LABORATORY TESTING IN THE INTENSIVE CARE UNIT
[58] MacLeod DB, Cortinez LI, Keifer JC, et al. The desaturation response time of finger pulse

oximeters during mild hypothermia. Anaesthesia 2005;60(1):65–71.

[59] StonehamMD. Uses and limitations of pulse oximetry. Br J Hosp Med 1995;54(1):35–41.

[60] Mason RJ, Broaddus VC, Murray JF, et al. Murray and Nadel’s textbook of respiratory

medicine. 4th edition. Philadelphia: WB Saunders; 2005.

[61] Frumin MJ, Epstein RM, Cohen G. Apneic oxygenation in man. Anesthesiology 1959;20:

789–98.

[62] Tulaimat A, Mokhlesi B. Noninvasive ventilation for persistent weaning failure. Am J Re-

spir Crit Care Med 2004;169(9):1073–4.

[63] Pell LJ, Martin BS, Shirk MB. Epoetin alfa protocol and multidisciplinary blood-conser-

vation program for critically ill patients. Am J Health Syst Pharm 2005;62(4):400–5.

[64] LaposataME, LaposataM, Van Cott EM, et al. Physician survey of a laboratory medicine

interpretive service and evaluation of the influence of interpretations on laboratory test or-

dering. Arch Pathol Lab Med 2004;128(12):1424–7.

[65] Clemmer TP, Spuhler VJ, Oniki TA, et al. Results of a collaborative quality improvement

program on outcomes and costs in a tertiary critical care unit. Crit Care Med 1999;27(9):

1768–74.

[66] van Walraven C, Goel V, Chan B. Effect of population-based interventions on laboratory

utilization: a time-series analysis. JAMA 1998;280(23):2028–33.

[67] Merlani P, Garnerin P, Diby M, et al. Quality improvement report: linking guideline to

regular feedback to increase appropriate requests for clinical tests: blood gas analysis in

intensive care. BMJ 2001;323(7313):620–4.

[68] Mehari SM, Havill JH,Montgomery C. A written guideline implementation can lead to re-

ductions in laboratory testing in an intensive care unit. Anaesth Intensive Care 1997;25(1):

33–7.

[69] Zimmerman J, Fromm R, Meyer D, et al. Diagnostic marker cooperative study for the

diagnosis of myocardial infarction. Circulation 1999;99(13):1671–7.

[70] Maisel AS, Krishnaswamy P, Nowak RM, et al. Rapid measurement of B-type natriuretic

peptide in the emergency diagnosis of heart failure. N Engl J Med 2002;347(3):161–7.

[71] Roongsritong C, Warraich I, Bradley C. Common causes of troponin elevations in the

absence of acute myocardial infarction: incidence and clinical significance. Chest 2004;

125(5):1877–84.

[72] Phua J, Lim TK, Lee KH. B-type natriuretic peptide: issues for the intensivist and pulmo-

nologist. Crit Care Med 2005;33(9):2094–103.

[73] Ammann P, Maggiorini M, Bertel O, et al. Troponin as a risk factor for mortality in crit-

ically ill patients without acute coronary syndromes. J Am Coll Cardiol 2003;41(11):

2004–9.

[74] Lim W, Qushmaq I, Cook DJ, et al. Elevated troponin and myocardial infarction in the

intensive care unit: a prospective study. Crit Care 2005;9(6):R636–44.

[75] LimW,CookDJ,GriffithLE, et al. Elevated cardiac troponin levels in critically ill patients:

prevalence, incidence, and outcomes. Am J Crit Care 2006;15(3):280–8.

[76] Lim W, Qushmaq I, Devereaux PJ, et al. Elevated cardiac troponin measurements in crit-

ically ill patients. Arch Intern Med 2006;166(22):2446–54.

[77] Charpentier J, Luyt CE, Fulla Y, et al. Brain natriuretic peptide: a marker of myocardial

dysfunction and prognosis during severe sepsis. Crit Care Med 2004;32(3):660–5.

[78] Schwam E. B-type natriuretic peptide for diagnosis of heart failure in emergency depart-

ment patients: a critical appraisal. Acad Emerg Med 2004;11(6):686–91.

[79] Forfia PR, Watkins SP, Rame JE, et al. Relationship between B-type natriuretic peptides

and pulmonary capillary wedge pressure in the intensive care unit. J Am Coll Cardiol

2005;45(10):1667–71.

[80] Jefic D, Lee JW, Jefic D, et al. Utility of B-type natriuretic peptide and N-terminal pro

B-type natriuretic peptide in evaluation of respiratory failure in critically ill patients. Chest

2005;128(1):288–95.



464 EZZIE et al
[81] Dokainish H, Zoghbi WA, Lakkis NM, et al. Optimal noninvasive assessment of left

ventricular filling pressures: a comparison of tissue Doppler echocardiography and B-type

natriuretic peptide in patients with pulmonary artery catheters. Circulation 2004;109(20):

2432–9.

[82] Witthaut R, Busch C, Fraunberger P, et al. Plasma atrial natriuretic peptide and brain

natriuretic peptide are increased in septic shock: impact of interleukin-6 and sepsis-

associated left ventricular dysfunction. Intensive Care Med 2003;29(10):1696–702.

[83] Dokainish H, Zoghbi WA, Lakkis NM, et al. Comparative accuracy of B-type natriuretic

peptide and tissue Doppler echocardiography in the diagnosis of congestive heart failure.

Am J Cardiol 2004;93(9):1130–5.

[84] Tung RH, Garcia C, Morss AM, et al. Utility of B-type natriuretic peptide for the evalua-

tion of intensive care unit shock. Crit Care Med 2004;32(8):1643–7.

[85] Abroug F, Ouanes-Besbes L, Nciri N, et al. Association of left-heart dysfunction with

severe exacerbation of chronic obstructive pulmonary disease: diagnostic performance of

cardiac biomarkers. Am J Respir Crit Care Med 2006;174(9):990–6.

[86] Grasso S, Leone A,DeMicheleM, et al. Use of N-terminal pro-brain natriuretic peptide to

detect acute cardiac dysfunction during weaning failure in difficult-to-wean patients with

chronic obstructive pulmonary disease. Crit Care Med 2007;35(1):96–105.

[87] Brueckmann M, Huhle G, Lang S, et al. Prognostic value of plasma N-terminal pro-brain

natriuretic peptide in patients with severe sepsis. Circulation 2005;112(4):527–34.

[88] LandesbergG,VesselovY, Einav S, et al.Myocardial ischemia, cardiac troponin, and long-

term survival of high-cardiac risk critically ill intensive care unit patients. Crit Care Med

2005;33(6):1281–7.

[89] Raimondi P, Bongard O, de Moerloose P, et al. D-dimer plasma concentration in various

clinical conditions: implication for the use of this test in the diagnostic approach of venous

thromboembolism. Thromb Res 1993;69(1):125–30.

[90] Dempfle CE, Zips S, Ergul H, et al. The Fibrin Assay Comparison Trial (FACT): evalua-

tion of 23 quantitative D-dimer assays as basis for the development of D-dimer calibrators.

FACT Study Group. Thromb Haemost 2001;85(4):671–8.

[91] Ginsberg JS, Brill-Edwards PA, Demers C, et al. D-dimer in patients with clinically

suspected pulmonary embolism. Chest 1993;104(6):1679–84.

[92] Bounameaux H, Cirafici P, de Moerloose P, et al. Measurement of D-dimer in plasma as

diagnostic aid in suspected pulmonary embolism. Lancet 1991;337(8735):196–200.

[93] Wells PS, Anderson DR, Bormanis J, et al. Application of a diagnostic clinical model for

the management of hospitalized patients with suspected deep-vein thrombosis. Thromb

Haemost 1999;81(4):493–7.

[94] Crowther MA, Cook DJ, Griffith LE, et al. Neither baseline tests of molecular hypercoag-

ulability nor D-dimer levels predict deep venous thrombosis in critically ill medical-surgical

patients. Intensive Care Med 2005;31(1):48–55.

[95] Kollef MH, Zahid M, Eisenberg PR. Predictive value of a rapid semiquantitative D-dimer

assay in critically ill patientswith suspected venous thromboembolic disease. Crit CareMed

2000;28(2):414–20.

[96] Kollef MH, Eisenberg PR, Shannon W. A rapid assay for the detection of circulating

D-dimer is associated with clinical outcomes among critically ill patients. Crit Care Med

1998;26(6):1054–60.

[97] Shorr AF, Thomas SJ, Alkins SA, et al. D-dimer correlates with proinflammatory cytokine

levels and outcomes in critically ill patients. Chest 2002;121(4):1262–8.

[98] Marik PE. Fever in the ICU. Chest 2000;117(3):855–69.

[99] Aronson MD, Bor DH. Blood cultures. Ann Intern Med 1987;106(2):246–53.

[100] Ibrahim EH, Sherman G, Ward S, et al. The influence of inadequate antimicrobial treat-

ment of bloodstream infections on patient outcomes in the ICU setting. Chest 2000;

118(1):146–55.



465LABORATORY TESTING IN THE INTENSIVE CARE UNIT
[101] Grace CJ, Lieberman J, PierceK, et al. Usefulness of blood culture for hospitalized patients

who are receiving antibiotic therapy. Clin Infect Dis 2001;32(11):1651–5.

[102] Pazin GJ, Saul S, Thompson ME. Blood culture positivity: suppression by outpatient

antibiotic therapy in patients with bacterial endocarditis. Arch Intern Med 1982;142(2):

263–8.

[103] Tabriz MS, Riederer K, Baran J Jr, et al. Repeating blood cultures during hospital stay:

practice pattern at a teaching hospital and a proposal for guidelines. Clin Microbiol Infect

2004;10(7):624–7.

[104] Bates DW,Goldman L, Lee TH. Contaminant blood cultures and resource utilization. The

true consequences of false-positive results. JAMA 1991;265(3):365–9.

[105] O’GradyNP, Barie PS, Bartlett J, et al. Practice parameters for evaluating new fever in crit-

ically ill adult patients. Task Force of theAmericanCollege of Critical CareMedicine of the

Society of Critical Care Medicine in collaboration with the Infectious Disease Society of

America. Crit Care Med 1998;26(2):392–408.

[106] Smith-Elekes S, Weinstein MP. Blood cultures. Infect Dis Clin North Am 1993;7(2):

221–34.

[107] Levin PD, HerschM, Rudensky B, et al. Routine surveillance blood cultures: their place in

the management of critically ill patients. J Infect 1997;35(2):125–8.

[108] SalemM, Chernow B, Burke R, et al. Bedside diagnostic blood testing. Its accuracy, rapid-

ity, and utility in blood conservation. JAMA 1991;266(3):382–9.

[109] Woo J, Henry JB. The advance of technology as a prelude to the laboratory of the twenty-

first century. Clin Lab Med 1994;14(3):459–71.

[110] Harvey MA. Point of care laboratory testing in critical care. Am J Crit Care 1999;8(2):

72–83.

[111] DunganK, Chapman J, Braithwaite SS, et al. Glucosemeasurement: confounding issues in

setting targets for inpatient management. Diabetes Care 2007;30(2):403–9.

[112] Callaham M, Barton C. Prediction of outcome of cardiopulmonary resuscitation from

end-tidal carbon dioxide concentration. Crit Care Med 1990;18(4):358–62.

[113] Uehling M. Under the skin: sorting through the hype and hope for noninvasive POC

devices. CAP Today 2000;14(7):52–68.

[114] Rubaltelli FF, Gourley GR, Loskamp N, et al. Transcutaneous bilirubin measurement:

a multicenter evaluation of a new device. Pediatrics 2001;107(6):1264–71.

[115] Bissell M. Point of care testing at the millennium. Crit Care Nurs Q 2001;24(1):39–43.

[116] Weiss IK, Fink S, Harrison R, et al. Clinical use of continuous arterial blood gas monitor-

ing in the pediatric intensive care unit. Pediatrics 1999;103(2):440–5.

[117] Zollinger A, SpahnDR, Singer T, et al. Accuracy and clinical performance of a continuous

intra-arterial blood-gas monitoring system during thoracoscopic surgery. Br J Anaesth

1997;79(1):47–52.

[118] HallerM, Kilger E, Briegel J, et al. Continuous intra-arterial blood gas and pHmonitoring

in critically ill patients with severe respiratory failure: a prospective, criterion standard

study. Crit Care Med 1994;22(4):580–7.

[119] Widness JA, Kulhavy JC, Johnson KJ, et al. Clinical performance of an in-line point-of-

care monitor in neonates. Pediatrics 2000;106(3):497–504.

[120] Inomata S, Nishikawa T, TaguchiM. Continuous monitoring of mixed venous oxygen sat-

uration for detecting alterations in cardiac output after discontinuation of cardiopulmo-

nary bypass. Br J Anaesth 1994;72(1):11–6.

[121] Roupie EE. Continuous assessment of arterial blood gases. Crit Care 1997;1(1):11–4.



Crit Care Clin 23 (2007) 467–490
Endocrine Assessments During
Critical Illness

Olga V. Sakharova, MDa,b, Silvio E. Inzucchi, MDa,c,*
aYale University School of Medicine, Department of Internal Medicine,

Section of Endocrinology, 333 Cedar Street, New Haven, CT 06520-8020, USA
bHospital of Saint Raphael, 1450 Chapel Street, New Haven, CT 06511-4440, USA

cYale-New Haven Hospital, 20 York Street, New Haven, CT 06510-3202, USA

Hormonal aberrations in the critically ill present unique challenges to
the care of patients in the ICU. This article reviews proper assessment of
the effects of severe illness on glucose homeostasis and adrenal and thyroid
function.

Assessment of glycemic status

Stress-induced hyperglycemia, defined as a transient increase in blood
glucose concentrations during acute physiological illness, is common among
critical care patients, frequently even those without a prior history of diabetes
[1]. Critical illness is associatedwith the number of alterations in carbohydrate
metabolism, including: dramatic increases in glucose counter-regulatory hor-
mones and various cytokines; an accelerated catabolic state (increased lipoly-
sis, increased proteolysis, increased glycolysis); enhanced hepatic glucose
production; and impaired insulin-mediated glucose uptake by skeletalmuscles
[2].

The ongoing increase in glucose production by the liver, together with
decreased peripheral glucose use, is considered the major mechanism of
stress hyperglycemia. Additional factors contributing to hyperglycemia in
the ICU includes treatment with corticosteroids, vasopressors, provision
of enteral or parenteral nutrition, or large amounts of dextrose-containing
infusions, and bed rest itself [3]. As a result, critical illness significantly in-
creases insulin requirements, leading to greater demands upon the pancre-
atic b cell. The glucose level is in some way the reflection of the battle
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between the counter-regulatory hormones and underlying b-cell reserve.
Critical illness therefore can be considered a significant stress for the b cells,
the function of which needs to be augmented substantially to maintain eu-
glycemia. Although a correlation exists between the severity of critical illness
and the levels of counter-regulatory hormones, not all patients in the ICU
develop hyperglycemia [4–6]. Relative insulin deficiency is required for stress
hyperglycemia to develop. Hypoinsulinemia might result from several inde-
pendent mechanisms, such as the blunting of insulin secretion by means of
glucose toxicity, various drugs, the unmasking of pre-existing pancreatic
b-cell dysfunction during stress, or the direct effects of an inflammatory
milieu on islet function [1,2].

For years, stress hyperglycemia was viewed as an adaptive response to
ensure adequate fuel delivery to noninsulin-dependent tissues or was consid-
ered merely a marker of severity of the disease. As a result, until recently, gly-
cemic control in hospitalized patients had not been a major therapeutic focus.
A growing body of evidence, however, demonstrates that tight glycemic con-
trol actually may improve clinical outcomes among certain patient popula-
tions, with the strongest evidence for those in the ICU [7–12], particularly in
those remaining in the surgical or medical ICU for at least 3 days [9,12]. Im-
portantly, the benefits of aggressive glucose management in these studies
were not confined to patients with diabetes. Aggressive control of blood glu-
cose in the critical care setting has, as a result, become widely accepted and is
now emerging as a standard used to measure the quality of ICU care. In 2004,
the American College of Endocrinology recommended in its Position State-
ment on Inpatient Diabetic and Metabolic Control a target blood glucose
of less than 110 mg/dL in the ICU [13]. Currently, the American Diabetes As-
sociation recommends a similar target, ‘‘as close to 110 mg/dL as possible,’’
and ‘‘generally less than 180 mg/dL’’ for critically ill patients [13]. This area
is not without controversy, especially, regarding the specific threshold and
which patient types benefit most [14].

The major concern in regard to aggressive glucose management in the
ICU remains the risk of hypoglycemia. In the only randomized controlled
trials of tight glycemic control in this setting, hypoglycemia, defined as
a blood glucose less than 40 mg/dL, was substantially more common in
the intensively treated group than in the group receiving conventional treat-
ment. This was substantially more common in medical (18.7% versus 3.1%)
than in surgical (5.2 % versus 0.7%) patients [9,12]. Obviously, if a higher
threshold to define hypoglycemia was employed, its frequency would be
significantly higher. Although in these studies, hypoglycemia was not
associated with hemodynamic compromise or seizures, its consequences
for neurocognitive functioning and clinical outcomes in critically ill patients
remain unknown. Additionally, in the medical ICU trial, hypoglycemia was
an independent predictor of the risk of death [12].

The diagnosis of hypoglycemia in the ICU setting is based necessarily on
glucose measurements because of patients’ often altered mental status. In
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the obtunded or sedated patient in the ICU, the usual adrenergic or neuro-
glycopenic symptoms of hypoglycemia may be missing. Safe implementation
of aggressive glucose management depends on both the safety of the insulin
infusion algorithm being employed and the frequency and accuracy of
glucose monitoring.

Continuous intravenous infusion is the preferred way of administering in-
sulin in the critical care setting. Because of its short-half life (several min-
utes) when administered intravenously, the insulin infusion rate can be
adjusted frequently, usually hourly. This indeed is required given the fluctu-
ating severity of illness, alterations in medications that affect glucose levels,
changes in nutritional delivery, and the requirement for off-unit tests and
procedures. Optimally, a nurse-driven standardized algorithm for insulin in-
fusion should be implemented [15]. Various insulin infusion protocols have
been suggested in the literature [16,17]. The most efficient protocols take
into consideration not only the current blood glucose level, but also the in-
sulin infusion rate and the velocity of the glycemic change [18]. Insulin infu-
sion therapy necessitates frequent monitoring to achieve and maintain blood
glucose within the target range and prevent hypoglycemia. Thus, together
with implementation of continuous insulin infusion protocols, fastidious
glucose monitoring is becoming a cornerstone of ICU management. Of
note, exact thresholds for the initiation of insulin infusion and exact glyce-
mic targets remain hotly debated [19].

Glycemic monitoring in hospitals generally involves point-of-care glucose
testing of capillary blood glucose concentrations with portable meters
[20–22]. With the widespread availability of these devices, routine labora-
tory glucose testing, which has its requisite delays, is not used for insulin
infusion adjustments. The frequency of glucose measurement is dictated
by the particular insulin infusion protocol used and the blood glucose level,
and usually varies from every 1 hour to every 4 hours. Meters provide data
quickly, often in less than 20 seconds. The result should be documented on
the critical care flow sheet or within the electronic medical records, so that
trends can be analyzed and acted upon. Many portable meters have
download capabilities that facilitate the display of glucose values and trends,
limit operator errors while transcribing the data, and minimize nursing
workload. Creation of the interface between the particular portable glucose
meter and a hospital’s information system is extremely helpful. Ideally,
wireless downloading of data should be the ultimate goal of glucose
documentation in the hospital, especially the ICU.

Technical aspects

Point-of-care meter accuracy
Important technological advances have resulted in improved clinical ac-

curacy and superior performance of the latest portable meters [22]. Recent
studies report 91% to 100% accuracy of various point-of-care glucose
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testing devices in hospitalized patients [23]. It is important to realize, how-
ever, that some error is allowed when accuracy of these devices is tested
[20]. For example, the National Committee for Clinical Laboratory Stan-
dards recommends the difference between a glucose meter and a conven-
tional laboratory not to exceed plus or minus 15% for glucose
concentration less than 100 mg/dL and plus or minus 20% for glucose con-
centrations greater than 100 mg/dL [20]. Although not typically considered,
such errors may be significant when trying to establish tight glycemic control
in the ICU. Because of the limitation in accuracy of all current point-of-care
glucose devices, it is imperative, that in any circumstance when there is a dis-
crepancy between the measured glucose level and a patient’s clinical condi-
tion, that the glucose concentration be confirmed by central laboratory
measurement. Because of these inherent inaccuracies in currently employed
glucose monitoring techniques, the authors feel that the lower target for
blood glucose control should be 90 mg/dL or higher. In this case, even
a 20% error will result in a glucose concentration that is maintained above
70 mg/dL, at which point the counter-regulatory adrenergic response begins.

Sample source and type
The actual concentration of glucose (amount of glucose per volume of

specimen) differs significantly between plasma and whole blood, because
glucose dissolves in the aqueous but not the solid components of the
specimen [24]. When specimens of similar volumes are compared, the glu-
cose concentration will be higher where the water concentration is higher.
As plasma has higher water concentration than whole blood (which includes
cellular elements), the actual concentration of glucose in plasma is signifi-
cantly higher than for whole blood. Glucose also traverses the erythrocyte
membrane; its dissolution in water is identical inside and outside the red
cell. The amount of water within the red cell inversely depends on the pro-
tein concentration (mainly hemoglobin). Therefore, a higher hemoglobin
concentration results in a lower red blood cell glucose concentration. As
whole blood glucose is the sum of the plasma glucose concentration and
the red blood cell concentration, the higher hemoglobin results in a lower
blood glucose concentration. When using a bedside glucose meter,
which measures whole blood (but reports a plasma value), the measured
reading can be adjusted for the hematocrit with the formula, glucose �
[1.0 � (0.0024 � % hematocrit)] [25]. This rarely is done in the busy ICU
setting. Thus, the patient’s hematocrit can influence the results of glucose
measurement significantly when whole blood is used.

On the contrary, the measurement of glucose in plasma is independent of
red cell mass and hematocrit values, thus rendering it the preferred blood
fluid for this purpose. Measurement of glucose in serum is not recommended
because its concentration decreases by approximately 0.6 mmol/L/h as
a result of glycolysis during collection and processing [24]. Plasma glucose
concentration is approximately 11% higher than that in whole blood. The
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International Federation of Clinical Chemistry and Laboratory Medicine
recommends using a constant factor of 1.11 to convert concentration in
whole blood to the equivalent concentration in plasma [26]. Importantly,
this conversion factor is most reliable with a hematocrit of 45%. Most bed-
side/home glucose meters actually convert their whole blood glucose results
to the higher plasma equivalents, adjusting upwards be 10% to 15% de-
pending on the meter. It is important that ICU providers know whether
their hospital’s device reports true whole blood glucose or converts it to
plasma glucose. Also, individual institutions should specify blood glucose
targets based on the local methodology of glucose testing.

The International Federation also recommends reporting glucose concen-
trations as the plasma equivalent, irrespective of sample type or measure-
ment technique [26]. Such uniform conversion will provide harmonization
of the results, facilitate the classification and care of patients, and lead to
fewer therapeutic errors. Unfortunately, currently, plasma glucose and
blood glucose are used interchangeably in the literature, contributing to sig-
nificant risk of a misinterpretation. One example of such misinterpretation
was revealed recently by Dunagn and colleagues [27]. In the Belgium studies
mentioned previously, the researchers were using the HemoCue B glucose
analyzer that measures and reports whole blood glucose. Their proposed
glycemic target of 80 to 110 mg/dL refers to whole blood glucose [9,12].
Once converted to the plasma glucose testing (used by most glucose meters),
the results are 90 to 120 mg/dL. Although the difference seems to be mini-
mal, it might become more clinically significant in the near-hypoglycemic
range.

In the ICU, arterial access is frequently available, and an arterial blood
sample can be used for glucose measurement with point-of-care devices
[28]. Although it is a reasonable alternative to capillary or venous blood test-
ing in critically ill patients, it should be recognized that, because of glucose
extraction by tissues, glucose measured from arterial blood is generally
higher than from other sources. This is especially true in the postprandial
state, which is usually not applicable to most critical care patients. Studies
have demonstrated differences of up to 30 mg/dL, although usually the dis-
crepancies are smaller [29–31]. Therefore, if arterial blood is used for glucose
monitoring, the target should be kept at a higher range for safety purposes.

Patient and disease variables
Bedside glucometry is an accepted method for estimating blood glucose

levels in the ambulatory and hospital ward settings. Among critically ill
patients, however, such measurements have not been validated fully. The
effects of various critical care variables on glucose meter performance
have been reviewed recently (Fig. 1) [27]. These variations include hypo-
tension, alterations in hematocrit, oxygenation or pH, and interference
from various medications. In general, fingerstick glucose testing may not
correlate accurately with venous plasma glucose in patients who have
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hypoperfusion. As a result, clinical management errors can be made
[30,32,33]. Studies that have compared the two modalities are inconsistent
in their findings, with evidence for both lower and higher capillary read-
ings in hypoperfused patients, as compared with measurement in venous

Methodology affected*

Variable GO GD 

Whole blood

Arterial 

Capillary 

Postprandial state 

Hematocrit 

Anemia 

Polycythemia 

Oxygen concentration 

Hypoxia —

Oxygen therapy —

pH  — — 

— Low pH (<6.8) –/

High pH (>7.55) –/ —

Hypothermia /

Hypotension /

Drugs 

Ascorbic acid /–

Acetaminophen 

Dopamine — 

Icodextrin — 

Mannitol —

Fig. 1. Confounding variables of glucose measurements in critically ill patients. *Change

relative to venous plasma measured at central laboratory. Abbreviations: GD, glucose-

1-dehydrogenase method; GO, glucose oxidase method. (Data from Dungan K, Chapman J,

Braithwaite SS, et al. Glucose measurement: confounding issues in setting targets for inpatient

management. Diabetes Care 2007;30(2):403–9.)
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plasma. Using venous blood (from phlebotomy or indwelling central line)
with the bedside meter, however, appears to minimize any differences and
is the preferred method in hypotensive patients [32,33]. Both anemia and
polycythemia may influence the results of glucose measurement on whole
blood, with, as previously mentioned, increases in hematocrit decreasing
glucose measurements and vice versa [23,34]. Thus, most point-of-care de-
vices can overestimate glucose and miss hypoglycemia in patients who
have anemia.

Oxygenation generally has a negligible effect on glucose values measured
by bedside devices [32]. Very high oxygen tension (used for patients on oxygen
therapy and/or patients undergoing cardiopulmonary bypass) can lower
glucose readings falsely, but the elevation appears to be significant only
when the PO2 is greater than 100 mm Hg and when arterial blood is used
[27]. Similarly, although marked fluctuations in pH (pH !6.95 and O7.85)
can affect the performance of meters, this has not been shown to be a
source of major error at the more common pH ranges [27].

Unfortunately, in the critical care setting, several variables can be present
simultaneously, further contributing to erroneous glucose measures. Al-
though on average, glucose testing by point-of-care devices provides reason-
able estimates for plasma glucose, for an individual patient, occasional
readings may be unreliable [23,35]. When there is any discrepancy between
the clinical condition and results of glucose monitoring with point-of-care
meters, the venous blood sample should be sent to the central laboratory
for confirmation.

Operator error
Bedside glucose measurements usually are performed by the nurses or

other trained personnel. The caregiver must locate a glucose meter, perform
a fingerstick, document the results, and make the necessary insulin drip ad-
justments; the process can easily take up to 5 minutes per hour. Operator
error resulting from improper application and timing has been minimized
by advances in technology [20]. Proper use of point-of-care glucose testing,
however, requires consistent training, well-defined policies and procedures
and regularly scheduled equipment testing and maintenance.

Continuous interstitial glucose monitoring

Continuous glucose monitoring systems are approved for the outpatient
setting in patients with diabetes. Such systems can be used for up to
72 hours. The sensor component consists of a flexible electrode residing
inside a permeable membrane, and it is inserted into the subcutaneous
tissues of the abdomen or limbs. Interstitial glucose is measured by the
glucose–oxidase method, and every 10 seconds a glucose measurement is
sent to a monitor that records and may display an average glucose value
every 5 minutes. Periodic calibration is required. The data subsequently can
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be downloaded using special software. Current literature on the use of
continuous monitoring in the ICU setting is limited. One study examined
the accuracy of the Continuous Glucose Monitoring System (CGMS;
Medtronic, Minneapolis, Minnesota) among critical care patients admitted
to a medical ICU [36]. Reasonable accuracy was demonstrated; Pearson cor-
relation coefficient was 0.88 as compared with capillary blood glucose test-
ing, with 98.7% of glucose matches being clinically acceptable according to
Clarke Error Grid analysis). Only a few glucose readings in this study were
in the hypoglycemic range, however. Similar promising results for CGMS
were reported recently for 424 blood samples from 45 ICU patients (Pearson
correlation coefficient, 0.89; 100% clinically acceptable by Clarke Error
Grid analysis) [31]. Although good accuracy was demonstrated for the
euglycemia range, with hypoglycemia, CGMS was less accurate (62.8% of
matches being clinically acceptable) [37]. If validated in larger studies, these
devices may play a role as real-time glucose sensors for managing patients in
the ICU. Until then, at the very least, they are of significant interest for
purposes of clinical investigation.

Summary

Aggressive glucose management strategies in the critical care setting re-
quire implementation of rapid, reliable, and accurate glucose monitoring.
The currently available techniques, which mainly involve periodic assess-
ment of capillary, venous, or arterial blood samples, are somewhat limited.
An understanding of the variables that might affect glucose measurements in
the ICU will facilitate safe and appropriate glycemic control in critically ill
patients. In the future, noninvasive continuous glucose monitoring may play
a larger role in care practices.

Assessment of adrenal status

Critical illness is associated with activation of the hypothalamic-
pituitary-adrenal (HPA) axis [38]. The stress stimulus leads the hypothala-
mus to release corticotropin-releasing hormone (CRH), which acts on the
pituitary to increase adrenocorticotropic hormone (ACTH) production,
which, in turn, stimulates the adrenal cortex to dramatically increase
secretion of glucocorticoids. In general, the degree of activation of the
HPA axis is proportionate to the severity of illness. This rise in cortisol
concentration results in multiple downstream effects, of which preserving
vascular reactivity and modulation of the immune response are pivotal for
maintaining homeostasis during acute illness. Many factors, however, can
impair the integrity of the HPA axis and blunt normal corticosteroid re-
sponse leading to either transient or, rarely, permanent adrenal insufficiency
in critically ill patients [39].
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Symptoms, physical signs, and laboratory findings suggesting corticoste-
roid insufficiency have been reviewed elsewhere [39–41]. Although certain
clinical features are helpful in making the diagnosis of adrenal insufficiency,
very often these are nonspecific and particularly difficult to identify in the
ICU setting. Because this is a potentially lethal condition, the threshold
for laboratory evaluation of adrenal insufficiency should be low in any crit-
ically ill patient. Adrenal insufficiency should be suspected in any critically
ill patient who has persistent hypotension and hemodynamic instability
that persists despite adequate fluid resuscitation, abdominal pain with no
obvious source, multiple organ dysfunction, and otherwise unexplained
hypoglycemia, hyponatremia, or hyperkalemia [39].

Recently, much attention had been focused on so-called relative or func-
tional adrenal insufficiency of critical illness, a condition defined as subnor-
mal adrenal corticosteroid production in the absence of any structural
defects of the HPA axis [38,39,42,43]. The explanation for the development
of this condition is hypothetical exhaustion of the secretory adrenocortical
reserve as a result of ongoing near-maximal stimulation. Other contributing
factors may include the suppression of cortisol and ACTH production by
circulating cytokines and other inflammatory mediators, as well as the de-
velopment of target tissue resistance to glucocorticoids and/or adrenal cor-
tex resistance to ACTH action [39]. The biochemical definition and clinical
significance of this condition are neither widely accepted nor well under-
stood. Notably, the benefits of early identification of patients with relative
adrenal insufficiency and use of corticosteroid replacement has been demon-
strated only in patients who had severe septic shock [44,45]. Although
physiologic corticosteroid replacement might be beneficial in patients who
have other critical illnesses in which there is evidence of relative hypoadren-
alism, no data from large randomized studies are available [46–48]. This
article therefore discusses the diagnosis of relative adrenal insufficiency
only in relation to patients who have sepsis.

Diagnosis of hypoadrenalism

Laboratory investigation of adrenal insufficiency in the critically ill
patient is challenging and controversial. Theoretically, obtaining a single
measurement of a random serum cortisol concentration in the ICU should
suffice to assess adrenal function and at least rule out a diagnosis of adrenal
insufficiency. Stress from critical illness typically maximizes endogenous ste-
roid output and, in and of itself, should suffice as a dynamic test to assess the
integrity of the entire HPA axis. Normal values for the cortisol response
during acute illness, however, have not been formally defined. Instead,
many thresholds below which adrenal insufficiency is likely to be present
have been suggested, ranging widely from 10 to 34 mg/dL [38,39]. Indeed,
it probably varies to some degree according to the underlying disease and
severity of the condition. Because of these inconsistencies in defining
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cutpoints for adequate random cortisol levels, the high-dose (250 mg) cosyn-
tropin stimulation test (CST) was recommended as the first-line test used to
evaluate adrenal cortical reserve in the ICU. It should be noted that the CST
only evaluates the ability of the adrenal cortex to respond to (synthetic)
ACTH, but not the integrity of the entire HPA axis. As a result, it may
not be able to diagnose secondary adrenal insufficiency properly, particu-
larly when long-standing. Although no cutpoint value has been defined rig-
orously as an appropriate response, a total cortisol level at 30 minutes
poststimulation in excess of 20–25 mg/dL was considered adequate by many
authorities to rule out the diagnosis of adrenal insufficiency [38,39]. Recently,
the use of the increment rise above baseline in serum total cortisol levels (eg,
O9 mg/dL) had been used to define adrenal dysfunction in patients who had
septic shock, and this will be addressed below [44,49]. It is not known whether
this definition is true for other forms of critical illnesses.

The best test of the entire HPA axis remains the insulin tolerance test to
induce hypoglycemia. This is impractical and dangerous in critically ill
patients, however, and should not be performed. The metyrapone test is
similarly inappropriate in this setting. The low-dose (1 mg) CST has been
proposed as a more sensitive test to evaluate patients for secondary adrenal
failure, but there is little experience with this in the ICU.

Recently, much attention had been focused on the limitations of using
total cortisol (protein-bound plus free fractions) instead of free cortisol to
assess adrenal function in patients who are critically ill [50–54]. It is known
that correct interpretation of the absolute level of any hormone is difficult
without knowing the concentration of binding proteins. Their increase or
decrease significantly affects measurement of total without any alteration
in free hormone concentrations. Approximately 10% of cortisol is present
free in the plasma, unbound to proteins. Of the remainder, 20% is bound
loosely to albumin, and 70% is tightly bound to cortisol-binding globulin
(CBG). In most circumstances, as long as these ratios are not perturbed,
use of total cortisol (which is easier to measure) is acceptable. Critical illness,
however, is known to be associated with both hypoalbuminemia and signif-
icant decreases in CBG concentrations [55,56]. Recent studies conducted on
critically ill patients demonstrated significant discrepancy between total and
free cortisol concentrations [51,52]. In one investigation, critically ill patients
with hypoalbuminemia (!2.5 g/dL) had a baseline total cortisol level signif-
icantly lower than those with near-normal albumin concentrations (15.8 �
7.4 versus 22.6 � 8.9 mg/dL) [51]. Similarly, ACTH-stimulated cortisol levels
were lower in critically ill patients with hypoalbuminemia (23.4 � 9.5 versus
34.4 � 10.3 mg/dL). In fact, 40% of hypoproteinemic critically ill subjects
had a stimulated total cortisol level of less than 18.5 mg/dL in this study
[38]. In contrast, all critically ill patients with near-normal serum protein
concentrations had a stimulated total cortisol level above 20 mg/dL. In
spite of these apparent problems with the measurement of total cortisol,
however, the baseline and stimulated free cortisol levels were elevated
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significantly and indistinguishable between the two groups. The limitation
of using the total serum cortisol measurements and the importance of know-
ing the serum albumin concentration when interpreting total cortisol levels
also has been demonstrated by others [52,57] Other investigators demon-
strated that the use of the increment in cortisol during CST might be
preferred to absolute total levels while assessing adrenal function in hypo-
proteinemic patients, as it was not affected substantially by serum albumin
[57].

In one investigation, baseline free cortisol concentration among all criti-
cally ill patients exceeded ACTH-stimulated concentrations in normal, un-
stressed subjects (O1.8 mg/dL) by a factor of seven- to tenfold, while total
cortisol was increased by only a factor of two to three [51]. Therefore, the
random free cortisol level of 1.8 mg/dL has been suggested as a threshold
to identify patients at risk for adrenal insufficiency during critical illness
[38,58]. Based on this same study, the threshold for free cortisol level during
CST was suggested to be 3.1 mg/dL. These cutpoints have not been validated
by other groups [54].

The use of a calculated free cortisol or a free cortisol index defined as the
ratio of serum total cortisol (nmol/L; 1 mg/dL¼ 27.59 nmol/L) over the serum
CBG concentration (mg/L) has been suggested as an alternative to measuring
free cortisol, which is not widely available in most hospitals [50,56,59,60]. In
the postoperative setting, 23% of patients have been found to have low total
cortisol (in this study, defined as !25 mg/dL), most of whom had low CBG
concentrations [50]. When the free cortisol index was used, however, there
were no difference between the groups. Similarly, another method of calcula-
tion of free cortisol index (Coolens’ equation) demonstrated good correlation
between the measured and calculated serum cortisol in patients who had sep-
tic shock [50]. These methods, however, require the measurement of CBG and
do not take into consideration any effects of hypoalbuminemia. Additionally,
the threshold values will require more extensive validation in various critical
care settings before this calculated method can be used.

Other promising approaches to evaluating the HPA axis in the critically
ill care setting include the measurement of salivary cortisol and other
ACTH-dependent adrenal steroids such as DHEA and DHEAS [38]. These
data are too preliminary to consider using these tests in the clinical setting.

Patients with septic shock

The evaluation of HPA axis and current recommendations for the use
of steroids in patients who have sepsis deserves separate discussion. The ini-
tial interest in the use of glucocorticoids in this setting evolved from their
potential beneficial anti-inflammatory action. The short-term use of gluco-
corticoids at supraphysiological doses, however, had no favorable effects
on morbidity and mortality in unselected patients with sepsis [61]. More re-
cently, the use of low-dose corticosteroids (terminology that is inaccurate,
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as such doses conventionally are used in the treatment of acute adrenal
crisis) in patients who have established septic shock in the ICU has been
associated with substantial benefits [44]. The definition of relative or
functional adrenal insufficiency in this population is based on the results
of high-dose CST that takes into account not an absolute cortisol level
but the incremental rise in cortisol in excess of 9 mg/dL. This definition
was proposed by Annane and colleagues [49], who initially tested high
dose CST as a prognostic factor in patients with septic shock . Those
with a blunted cortisol response had a higher risk of death independent
of their baseline cortisol level. The best clinical outcomes (28-day mortality
rate 26%) were observed in patients who had baseline cortisol levels less
than 34 mg/dL and the cortisol response to high dose CST of greater
than 9 mg/dL, suggesting adequate adrenal reserve and response to stress
during critical illness. Importantly, patients with a high baseline cortisol
(O34 mg/dL) but with a blunted response to CST (%9 mg /dL) had the
worst prognosis (28-day mortality rate 82%) [49].

Subsequently, these collaborators demonstrated that the use of hydro-
cortisone (50 mg intravenously every 6 hours) and fludrocortisone (50 mg
by mouth daily) for 7 days in 300 patients who had septic shock signifi-
cantly reduced mortality and duration of vasopressor therapy [44]. Impor-
tantly, approximately two thirds of patients were found to have inadequate
adrenal response, and the benefits of corticosteroid replacement were re-
stricted primarily to these nonresponders. In this subgroup analysis, 28-
day mortality was significantly less among those who received steroids
(53%) compared with placebo (63%; P ¼ .02). No such difference, how-
ever, was evident in patients who had adequate adrenal reserve. Moreover,
there was a nonsignificant trend to higher mortality among responders
who were treated with steroids (61%) compared with placebo (53%,
¼.96), suggesting that steroid therapy might be detrimental in patients
with septic shockwhose cosyntropin response appeared normal. Several addi-
tional studies have demonstrated beneficial clinical effects on shock reversal,
suggesting that steroids restore hemodynamic responsiveness to adrenergic
stimuli [62–64].

These results have been influential and have led to a change in clinical prac-
tice. Presently, the Surviving Sepsis guidelines endorse the use of corticoste-
roids (200 mg of hydrocortisone per day in divided doses) in patients who
have refractory septic shock [65]. Although a reasonable recommendation,
the authors would point out that this essentially is based on a single study
from a single center that has not been confirmed adequately [45]. Until addi-
tional placebo-controlled studies confirm the benefits of steroids in patients
who have sepsis in the absence of shock, the treatment should be limited
only to patients who resemble those studied by Annane: nonresponders
with severe septic shock on mechanical ventilation who have hypotension un-
responsive to fluids and pressors and evidence of other organ dysfunctions
(Box 1).
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Box 1. Recommendations for the evaluation and management
of adrenal insufficiency in patients with septic shock

Testing
Perform a screening high-dose CST upon admission to ICU.

Obtain baseline serum cortisol level.
Intravenous bolus of 250 mg cosyntropin.
Repeat serum cortisol after 30 minutes.

Treatment
Immediately initiate corticosteroid replacement (hydrocortisone

100 mg intravenously every 6 hours) while waiting for the
results of CST.

Discontinue treatment if maximum stimulated cortisol is greater
than 20 mg/dL and the incremental cortisol response is greater
than 9 mg/dL at 30 minutesa.

Continue treatment if maximum cortisol is greater than 20mg/dL
or if the incremental cortisol response is less than 9 mg/dLa.

Because hydrocortisone has intrinsic mineralocorticoid activity,
and because patients who have septic shock often are treated
aggressively with intravenous crystalloid solutions, it is not
clear if fludrocortisone is necessaryb.

Further evaluation
In patients who have profoundly abnormal CST results, frank

adrenal failure should be investigated further by measuring
ACTH levels (cannot be done after cosyntropin injection),
plasma renin activity, and consideration of adrenal and/or
pituitary imaging, based on the clinical picture.

Duration
Treatment should be considered for 7 days. A fixed duration

protocol has been used in some studies, while in others,
therapy was tapered gradually after clinical improvement. The
authors recommend tapering steroid doses after shock
resolution by approximately 25% per day.

Follow-up
Despite the often transient nature of relative adrenal insufficiency

in patients who have septic shock, the authors feel that all
patients who have this diagnosis deserve retesting upon
recovery to exclude permanent adrenal insufficiency.

a Some authorities advised the discontinuation if therapy if stressed cortisol
exceeds 34 mg/dL independent of incremental cortisol response.

b The original Ananne et al study [44] used 50 mg/d.
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Recommendations

It is the authors’ belief that once fully standardized and widely used, the
measurement of free cortisol will become the gold standard for evaluating of
the HPA axis during critical illness. Free cortisol measurements will shed
light on the exact adaptation mechanisms and most likely change the current
understanding of HPA adaptation during severe stress. Until this occurs, the
use of serum total cortisol is the only acceptable surrogate. When using the
total cortisol level, however, one should take into account the prevailing al-
bumin concentration [38,47]. Because of inconsistencies in random cortisol
levels, the authors still recommend full-dose CST as a first-line evaluation,
with interpretation of the absolute stimulated cortisol level. The use of the
cortisol increment should be limited to assessing patients who have septic
shock for reasons already discussed. Albumin concentrations of 2.5 mg/dL
or less appear to influence measured total cortisol [51,57]. In critically ill pa-
tients who have an albumin level of more than 2.5 gm/dL, the stimulated total
cortisol level above 20 mg/dL should rule out the diagnosis of adrenal insuffi-
ciency adequately (Table 1). In critically patients who have an albumin
level less than 2.5 mg/dL, the suggested threshold for total cortisol in CST is
15 mg/dL [51,57]. These recommendations are likely to be refined in the future
as more data emerge. It should be pointed out that alteration in the HPA axis
during critical illness is a dynamic process, and the reassessment of adrenal
status may need to be considered as the clinical scenario evolves.

Summary

Evaluating adrenal function in the critically ill can be very challenging,
and there is little agreement at this time on the ideal test. Moreover, what
signifies a normal from an abnormal adrenal response in this setting remains
controversial. Practitioners therefore should incorporate the biochemical
with the clinical assessment to optimize patient management.

Table 1

Diagnostic criteria for adrenal insufficiency in ICU

Albumin O2.5 mg/dL Albumin !2.5 g/dL

Total cortisol (mg/dL)a

Baseline !15 !10

Stimulated !20 !15

Free cortisol (mg/dL)

Baseline !1.8 !1.8

Stimulated !3.0 !3.0

a 1 mg/dL of cortisol equals 27.59 nmol/L.

Adapted from Marik PE. The diagnosis of adrenal insufficiency in the critically ill patient:

does it really matter? Crit Care 2006;10(6):176.
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Assessment of thyroid function

Acute illness also often is associated with significant abnormalities in thy-
roid function tests (TFTs), often termed the euthyroid sick syndrome (ESS)
or nonthyroidal illness (NTI) syndrome [66–68]. To correctly interpret TFT
results in the patient in intensive care, the clinician should be familiar with
the changes that occur in the regulation of the hypothalamic-pituitary-
thyroid (HPT) axis and in thyroid hormone metabolism, and the effects of
commonly used medications on thyroid physiology.

Measuring and assessing T4 and T3 levels

The initial and most common abnormality observed in any person who
has significant acute illness is a fall in total T3 concentrations. Unlike T4,
which is produced solely by the thyroid gland, most of the circulating
pool of T3 is derived from peripheral conversion from T4, a reaction that
is catalyzed by 50-monodeiodinase (or type 1 deiodinase) located in the
kidney, liver, and muscle. It is believed that this decline is caused by a block
of extrathyroidal conversion caused by inhibition of this enzyme. High con-
centrations of glucocorticoids (from endogenous or exogenous sources)
[69,70], free fatty acids [71], and medications, such as amiodarone [72],
iodinated contrasts, and high-dose propranolol also have been shown to
decrease type 1 deiodinase activity. Additionally, the block in T4 to T3 con-
version occurs whenever caloric intake is reduced markedly, especially when
manifested by carbohydrate restriction [73,74]. Notably, degradation of T4
still occurs through the conversion to reverse T3 (rT3), which has no known
biological activity [75]. Degradation of rT3 also is reduced, resulting in
significant accumulation of rT3 in patients who have nonthyroidal illnesses
[76].

As the severity of illness progresses, a drop in total T4 concentrations
also occurs, which, together with the change in T3, results in a low T3-T4
state. The initial decline is caused mainly by a reduction in the concen-
trations of serum thyroid hormone-binding proteins, among which thyrox-
ine-binding globulin (TBG) predominates [77,78]. Total T4, however, is
often low in critically ill patients, even when the TBG concentration is
clearly normal [79]. Thus, other factors such as abnormal T4 binding caused
by altered glycosylation of TBG and increased clearance of this protein may
be contributing factors [80]. Additional influences may be the presence of
circulating inhibitors of T4 binding. These include high concentrations of
fatty acids often observed in the critically ill [81,82]. Many drugs (salicylates,
phenytoin, carbamazepine, furosemide) may inhibit thyroid hormone bind-
ing to TBG competitively, resulting in an acute increase in free T4, with
a subsequent physiological decrease in total T4 concentrations. Some drugs
(including phenytoin, carbamazepine, rifampin, phenobarbital) also may
contribute to low total T4 concentration by accelerating its clearance.
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Importantly, despite the presence of low total T4 in these situations,
serum concentrations of free T4, as measured by the gold standard equilib-
rium dialysis technique, typically remain in the normal range (or actually
may be elevated) in most patients unless the illness is severe and protracted
[83]. Unfortunately, however, all currently available free T4 assays lack ac-
curacy when used in patients who have NTI [84]. The free hormone methods
employed by most laboratories do not include physical separation of bound
from free hormone. As a result, they do not measure free hormone concen-
trations directly, and they are thus prone to artifacts when used to assess
patients with binding protein abnormalities [85]. In general, these assays
overestimate free T4 levels at high protein concentrations and underestimate
free T4 when protein concentrations are low. As a result, these analog
methods widely used by many laboratories actually measure free T4 in the
presence of binding proteins and frequently give falsely low results in the
ICU patient [86].

The serum free T4 measurement by equilibrium dialysis is a more accu-
rate approach but is technically demanding, time-consuming, and quite
expensive. It actually uses a two-step approach to first physically separate
free from protein-bound hormone through a dialysis membrane, and then
measure the free concentration. Serum free T4 fraction measured by this
method is usually normal or slightly high, but never low in patients who
have nonthyroidal illness (unless there is verifiable, superimposed thyroid
dysfunction) [67,87]. A high free T4 with this test is most likely caused by
the factors that inhibit protein binding of T4 than to true hyperthyroidism.
Another well-known in vitro artifact to falsely elevate free T4 results is the
heparin effect [88]. Heparin induces lipase activity in the blood sample, re-
sulting in nonesterified fatty acid generation from plasma triglycerides,
which may displace T4 from binding sites on TBG. Computed estimates
of free T4, such as the free T4 index (sometimes referred to as the calculated
free T4 or the T7) generally perform well in the absence of significant alter-
ations in binding proteins. At the very low range of TBG concentration,
however, these methods fail to adequately correct for the binding protein
deficiency and may give falsely low results [89]. Because of the wide range
of assay artifacts concerning free T4 in the setting of acute illness, this
test always must be analyzed in conjunction with measurement of thyroid
stimulating hormone (TSH), which has its own caveats in the critically ill.

Measuring and assessing TSH levels

Another common alteration in thyroid metabolism is a decrease in the
pituitary secretion of TSH that typically occurs in parallel with the decline
in serum T4 concentrations [90]. The causes are multifactorial and attrib-
uted to effects of the illness per se, malnutrition, and the suppressive effects
of cytokines [91] and medications such as corticosteroids [92] and dopamine
[93]. Interestingly, decreased biological activity of TSH caused by
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abnormalities in TSH glycosylation with subsequent diminished thyroidal
response also has been described [94]. Of note, infusion of the hypothalamic
peptide, thyrotropin-releasing hormone (TRH) is able to overcome this ap-
parent block, resulting in an increase in serum TSH, T4, and T3 concentra-
tions in the critically ill. This observation suggests a block at the level of the
hypothalamus [95]. If the illness persists, reduced TSH secretion likely con-
tributes to low total and eventually low free T4 concentrations. Clinically,
low T3 and T4 levels, in association with normal, low-normal or decreased
TSH suggest the development of a variant of central hypothyroidism [83].
Such changes may be a self-protective adaptation to illness, as the body at-
tempts to conserve energy. This state is usually transient, resolving once the
patient shows signs of improvement. The recovery of the thyroidal axis be-
gins with a rise in serum TSH and is followed eventually by normalization in
T4 concentrations [96]. Because of the difference in half-lives of T4 (days)
and TSH (hours), the normalization of T4 lags behind the increase in TSH.
As a result, the picture during the resolution of euthyroid sick syndrome
may suggest primary hypothyroidism.

For the most accurate interpretation of TSH values among critically ill pa-
tients, a highly sensitive third-generation assay is required [97]. This method
has a detection limit of 0.01 mU/L and is usually able to separate between
the suppressed TSH values of hyperthyroidism from the low, but still detect-
able, values inNTI [98,99].When hospitalized, nonhyperthyroid patientswith
TSH less than 0.1 mU/L on a second-generation assay were reassessed with
the more sensitive TSH assay, 86% had low, but measurable TSH values
[98]. In contrast, TSH was suppressed to less than 0.01 in 96% of hospitalized
hyperthyroid patients. Thus, the use of a modern TSH assay among critically
ill patients increases the number in whom overt hyperthyroidism can be ex-
cluded. Yet, any suppressed TSH results in an ICU patient are notable, and
require careful clinical evaluation, including the interpretation of circulating
thyroid hormone levels and knowledge of the recent medication history and
current clinical status of the patient. Additionally, some hospitalized patients
might have elevated TSH concentrations as observed during the recovery
phase from nonthyroidal illness [96]. In most of these patients, TSH nor-
malizes subsequently. Patients who have TSH concentrations greater than
20 mU/L usually have primary hypothyroidism. The timing and aggressive-
ness of thyroid hormone replacement therapy (ie, levothyroxine) should
take into account the patient’s underlying medical condition [100].

Recommendations

It remains controversial whether development of the aforementioned
changes in thyroid metabolism reflect a protective mechanism or a maladap-
tive process during illness. Because the presence of euthyroid sick syndrome
is associated with an increased mortality among critically ill patients
[101,102], it could indicate an aberration that may delay recovery from
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acute illness and therefore would require intervention [103,104]. To date,
however, thyroid hormone therapy has not been demonstrated to improve
clinical outcomes in critically ill patients. Therefore it is not recommended
[105–108]. Indeed, generally speaking, TFTs should not be checked rou-
tinely n the intensive care setting unless there is a suspicion of thyroid dys-
function, based on past history or clinical evaluation. The goal of TFT
measurement in the ICU mainly should be the identification of previously
unrecognized thyroid dysfunction (hypothyroidism, hyperthyroidism) that
would require therapeutic intervention. When such disease is suspected in
critically ill patients, measurement of a complete thyroid panel (at a mini-
mum to include free T4 and TSH) is required. Routine assessment of the
more labile T3 is not advised.

If hypothyroidism is suspected clinically in an ICU patient (eg, hypother-
mia, bradycardia, respiratory acidosis, pleural effusions, failure to wean),
a major dilemma arises when the evaluation suggests central hypothyroid-
ism. It should be recalled, however, that such hormone levels are statistically
much more likely to be indicative of euthyroid sick syndrome, whose
prevalence is much higher than otherwise unrecognized pituitary or hypo-
thalamic disease. This is particularly the case in the absence of any prior
history of pituitary tumors or cranial irradiation. In difficult cases, assess-
ment of other pituitary-related hormones (cortisol, prolactin) may elucidate
the integrity of the hypothalamic-pituitary unit further. It should be noted,
however, that the gonadal axis commonly also is suppressed during acute
illness. As a result, assessment of the estradiol/testosterone levels and LH
and FSH frequently will reveal a pattern that suggests central hypogonad-
ism. Such testing is therefore rarely helpful. In certain circumstances, mea-
suring free T4 by equilibrium dialysis is indicated to better elucidate actual
thyroid function. Rarely, the measurement of serum concentrations of rT3
may assist in the diagnostic evaluation [109].

If hyperthyroidism is suspected (eg, tachyarrhythmias, widened pulse
pressure, respiratory alkalosis, high-output heart failure), and a low TSH
is measured, it remains unlikely that the patient has true hyperthyroidism,
unless the TSH is suppressed fully on a third-generation assay, and the
free T4 is elevated, or at least in the upper limits of the normal range. If the
free T4 is low or low-normal, the patient is probably not hyperthyroid.
Because of inaccuracy of all free T4 assays in this setting, however, repeating
the free T4 by another method is advised before firmly establishing the
diagnosis, especially if clinical suspicion persists.

Summary

The evaluation of thyroid function in critically ill patients is challenging
and has many pitfalls. Normal reference ranges should be applied cautiously.
Establishing thyroid dysfunction based on a single set of TFTs may be
misleading. Careful clinical evaluation, knowledge of the hospital course,



485ENDOCRINE ASSESSMENTS DURING CRITICAL ILLNESS
and recent therapies are essential for the correct interpretation of such testing
in this setting. Early pursuit of endocrine consultation may be helpful in
difficult situations.
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In older individuals, the quality of life has increasingly become the cur-
rency of trade compared with survival alone [1]. Recent evidence suggests
that critical illness may pose substantial risks for long-term cognitive im-
pairment (LTCI) and has the potential to severely impact the quality and
independence of one’s life. Of the 55,000 intensive care unit (ICU) patients
who are treated daily in the United States [2], approximately 40% require
mechanical ventilation [3]. Patients who are ventilated for three or more
days represent only 4% to 10% of hospital admissions yet seem to account
for the use of 30% to 50% of an ICU’s resources [4]. Demographic data sug-
gest that approximately 60% of all days spent in the ICU are patients who
are 65 years of age or older [5]. Although the total number of hospital beds
has been reduced in the United States over the last 15 years, the number of
critical care beds has increased by 26% [2]. With the burgeoning number of
elderly individuals in the current population, these statistics take on vital im-
portance when considering the accumulating data which links critical illness
to LTCI. Unfortunately, it is only in the last decade that researchers and
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clinicians have begun to document the cognitive declines associated with this
vulnerable population, despite that neurologic organ dysfunction has been
studied extensively in other populations [6]. Additionally, other lines of in-
vestigation suggest that CNS degradation is not only linked to declines in
quality of life but also an independent predictor of mortality [7].

The prevalence of ICU-related cognitive impairments

Critical illness frequently results in de novo cognitive impairments. Esti-
mates suggest that 25% to 78% of patients suffer clinically significant de-
clines in cognitive functioning following stays in the ICU and that in
many cases this decline may be permanent [8].

Although the specific mechanism or mechanisms by which the neurologic
degradation occurs remain under investigation, it is clear that the develop-
ment of delirium (ie, an acute cerebral dysfunction) is a major precursor to
post-ICU cognitive decline. In reviewing the studies that have examined this
phenomenon, it is a challenge to draw conclusions because most reports to
date vary widely in their population of interest, prospective or retrospective
reports, and their operational definition and quantification of LTCI. None-
theless, the authors believe that this remains a useful exercise. This article
reviews 10 studies of primary relevance and interest that have examined pa-
tients’ cognitive impairments following ICU treatment [9–19] (note: an
exhaustive treatment of these and similar studies is beyond the scope of
this article). These investigations include 2 studies in general ICU patients,
5 studies in acute respiratory distress syndrome (ARDS) patients, and 1
study each in respiratory and acute lung injury (ALI) patients. Most of these
reports assessed participants within the first year of hospital discharge; how-
ever, three investigations have assessed patients within a longer time frame.
Two studies examined participants approximately 2 years following dis-
charge, and 1 study tested individuals at 1 and 2 years post ICU,
respectively.

The studies listed highlight the long-term cognitive consequences of crit-
ical illness and strongly suggest that the neurologic degradation may indeed
be persistent and in some cases permanent, particularly in geriatric popula-
tions, especially in those suffering from pre-existing conditions, such as mild
cognitive impairment (MCI), traumatic brain injury (TBI), or dementia.
Whatever the specific mechanism of the ICU-related cognitive decline, these
pre-existing risk factors seem to compound patients’ cognitive losses, has-
tening the pace of dementia.

Premorbid risk factors

It is clear that ICU delirium is related to emerging cognitive impairment;
however, many questions remain regarding the specific mechanism by which
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ICU delirium may lead to cognitive decline. Although delirium indicates
emerging cognitive impairment, it is not the case that all patients who expe-
rience delirium have pre-existing cognitive conditions. Jackson and col-
leagues demonstrated this in a study [20] that excluded patients who
suffered from suspected dementia before their admittance to the ICU. Of
the remaining sample, nearly one third of individuals in the ICU who
were suffering from delirium had cognitive impairments 6 months later. It
thus seems that even in cognitively intact individuals, the development of de-
lirium in the context of critical illness is associated with adverse neuropsy-
chologic outcomes.

Although delirium is often discussed as a unitary construct, in fact there
exists a great deal of heterogeneity regarding the presentation and course of
the condition. In reality, delirium is a dynamic state characterized by both
hypo- and hyperactive behaviors. Moreover, it is common in ICU popula-
tions for patients to oscillate frequently between these states, painting a com-
plex clinical picture [21]. Between these two extremes, the level of delirium
can fluctuate widely also. Given the heterogeneity of this construct, it is
not surprising that debate continues to exist regarding the conceptualization
and measurement of delirium’s duration and severity [22–24]. It is clear,
however, and generally agreed on, that a spectrum of severity exists and
that variables, such as duration, cause, delirium subtype, and the level of se-
verity, likely prove to be important factors for predicting long-term neuro-
psychologic outcomes. To date, only one study has examined this
relationship explicitly. To summarize, although the quantification of delir-
ium duration is straightforward, several challenges remain regarding the
measurement of delirium and its severity.

Although pre-existing risk factors, such as TBI orMCI, have been found to
interact with ICU-related cognitive decline, several potentially deleterious
variables have consistently yielded no associated risk. Specifically, data
suggest that there is no link between LTCI and illness severity (APACHE-
II) [25], length of time in the ICU, time on mechanical ventilation, total
days under sedation, narcotic and paralytic medication, or tidal volume
[16,17,19,26,27]. Although a need for much additional research remains, de-
termining that these potentially confounding variables do not seem to play
a primary causal role in the development of LTCI has been an important
step in furthering our understanding of ICU delirium and neurologic degen-
eration. In doing so it allows investigators and clinicians alike to focus their
attention on uncovering potential causal variables to reduce the likelihood
and prevalence of LTCI in the critically ill.

How does patient age relate to critical illness and cognitive decline? Of
the studies mentioned [9–19], most have examined adult patients who
were either young or middle-aged (mean age ¼ 54; SD ¼ 11). In these stud-
ies, age of participant is not significantly related to level of cognitive impair-
ment (r ¼ 0.262; not significant) [17]. In a multivariate analysis, Jackson and
colleagues [16] examined the individual contribution of age in predicting the
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overall outcomes of a patient’s cognitive measure and found that age was
not a significant risk factor. At time of discharge, there is a moderate rela-
tionship between decline in executive abilities and age, although this rela-
tionship loses significance at 2-month follow up [10]. Other evidence does
suggest, however, that a patient’s global mental status, visuospatial/con-
structional ability, and visual memory may decline more rapidly for patients
older than 60 years following ICU treatment [16]. Although all of the studies
mentioned enrolled elderly patients (defined as older than 65 years), only
one study contained participants with a mean age greater than 65 [14].
This finding is unfortunate given that the elderly account for nearly half
of all critical care admissions and more than half of all days spent by pa-
tients in the ICU [5]. Most studies that have examined cognitive outcomes
excluded patients who had known pre-existing or comorbid cognitive im-
pairments. It would be helpful for future research to include patients who
have premorbid impairments to help paint a more accurate picture of
ICU delirium and LTCI.

Several recent studies of non-ICU cohorts have identified a long list of po-
tential environmental risk factors for the development of delirium and LTCI
[28–31] with certain variables emerging as potential high-risk conditions. In
particular, patients who possess three or more individual risk factors seem to
be at elevated risk compared with controls [28–31]. Although several demo-
graphic variables cannot be modified (eg, age, socioeconomic status, and so
forth), others have potential to serve as useful points of intervention. For ex-
ample, specific types of sedatives and analgesic medications [30–37] seem to
be good candidates. In line with this reasoning, benzodiazepines and meper-
idine have been shown to be related to the development of delirium in ICU
patients [31,32]. Additionally, benzodiazepines, narcotics, and other psycho-
active agents have been reported to correspond with 3- to 11-fold increases
in the prevalence of delirium. Recent survey data indicate that lorazepam is
frequently administered in the ICU for the treatment of delirium and may be
prescribed at more than 50 mg/d. Finally, other reports suggest that fluid
and electrolyte disturbance, gastrointestinal bleeding [38], and alcohol abuse
[28] may also represent important clinically modifiable conditions related to
the development of ICU delirium. Given that delirium seems to be a major
causal variable related to the development of cognitive impairment, the iden-
tification and modification of these risk factors is paramount to the preven-
tion and treatment of adverse cognitive outcomes.

Long-term cognitive impairment following delirium

Mounting evidence suggests that delirium may be the causal link between
critical illness and LTCI. Although most studies examining this relationship
have been conducted in non-ICU populations, the authors believe that these
data are still relevant. To date, nine studies have assessed the association
between delirium and cognitive impairment in non-ICU patients. From
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these studies, when compared with controls, patients diagnosed with delir-
ium were much more likely to experience a significant decline in cognitive
functioning at follow-up. It is important to highlight an essential distinction
between dementia and delirium. Although dementia and LTCI tend to be
relatively stable conditions, delirium is characterized by rapidly fluctuating
changes in consciousness [39].

A study of patients who had hip fracture excluding individuals who had
dementia found that participants who had delirium were nearly two times as
likely to suffer from cognitive impairments at 2-year follow-up compared
with controls who did not have delirium [40]. Another investigation, which
examined hospitalized geriatric patients in community housing, observed
that individuals who experienced delirium had poorer Mini Mental Status
Examination (MMSE) scores at 6 months and suffered from greater cogni-
tive declines during the 18 months following hospitalization when compared
with controls who did not have delirium [41]. Furthermore, patients in this
study were matched case-wise by highest hospital MMSE score, suggesting
that the observed cognitive decline in patients who have delirium cannot be
accounted for by premorbid cognitive impairment. McCusker and col-
leagues [42] reported that on discharge, hospitalized elderly who were admit-
ted to emergency services had MMSE scores that were on average five points
below (ie, worse than) patients free from delirium. To account for potential
alternative explanations, the authors of this study controlled for premorbid
dementia, overall functioning, comorbid disease, and illness severity, sug-
gesting once again that delirium may be the critical factor impacting pa-
tients’ cognitive outcomes. In a separate study examining individuals in
geriatric nursing homes [43], while also accounting for premorbid cognitive
impairments, investigators reported that patients who developed delirium
while hospitalized demonstrated significant cognitive declines when com-
pared with controls.

Four additional studies report greater occurrence of dementia in elderly
patients following delirious episodes while hospitalized. Specifically, when
investigating a sample of geriatric patients hospitalized for acute delirium,
14 individuals immediately following remission of their delirium and an ad-
ditional 14 patients were diagnosed as demented at 2-year follow-up [44].
This proportion of patients suffering from dementia was significantly higher
than that in a typical geriatric population with no demented episodes. A sep-
arate sample of patients 85 years or older who were not demented who suf-
fered an episode of delirium were significantly more likely to be diagnosed
with dementia at 3-year follow-up than were individuals who did not have
delirium. Specifically, rates of dementia climbed from 5.6% with no delirium
to 18.1% per year with delirium [45]. Finally, Koponen and colleagues [46]
observed that one third of psychiatric patients hospitalized for delirium had
evidence of cognitive decline.

To date, one study has assessed the relationship between delirium and
LTCI in the critically ill [20]. In this investigation, a trend between delirium
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and LTCI was observed. This study differed from previous reports in that
the population was significantly younger (mean age ¼ 53.2).

Delirium as a causal mechanism for long-term cognitive impairment

Certain lines of inquiry have speculated that delirium indicates a more
subtle dementia that may not become apparent to either patients or clini-
cians for several years. In particular, for frail populations [47] minor inci-
dents may result in major impacts that could lead to LTCI and functional
disabilities [48]. ICU-induced delirium may in fact qualify as just such an in-
cident. In this regard, delirium could represent the precipitating factor that
causes patients to cross a critical threshold eventually resulting in LTCI.
Consistent with this prediction, several studies suggest that like other dis-
eases of the central nervous system (CNS) [49], the neurodegeneration
linked to Alzheimer disease may be present, possibly even for decades, prior
to the manifestation of observable functional impairment. In this view, cog-
nitive functioning may teeter on a neurodegenerative cliff until a precipitat-
ing event, in this case a stay in the ICU, pushes the patient over a vital
threshold, resulting in LTCI.

Other studies have suggested that a common pathogenic mechanism may
underlie Alzheimer disease and delirium [50]. Of particular interest are the
inflammatory processes, such as elevated levels of cytokines (IL-1) that
may contribute to delirium and Alzheimer disease [51,52]. Change in an in-
dividual’s potential for neuroplasticity may also serve as a mediator for neu-
rologic atrophy and cognitive declines [53,54]. Not surprisingly, reduction in
neuronal tissue is closely linked to dementia and cognitive impairments
[54–57]. An alternative line of reasoning suggests that delirium is related to
the degradation of vital subcortical structures, such as the brainstem and
thalamus [38], along with mnemonic (ie, hippocampus) and executive struc-
tures, such as the prefrontal and parietal cortices (Fig. 1). This reasoning
makes intuitive sense when considering that critical illness survivors often
suffer from losses in attention and memory also [20,25].

Neuroimaging

Research has only recently begun to use neuroimaging techniques to an-
swer important questions regarding the nature of ICU delirium and LTCI.
Neuroimaging has the potential to be a powerful tool that could allow inves-
tigators to answer a wide range of questions related to post-ICU cognitive
decline. Traditional structural imaging techniques, such as CT and MRI,
have already shed light onto the nature of the white and gray matter degra-
dation that seems to be occurring in certain ICU patients [46,58–60]. Newer
methods of neuroimaging are allowing researchers to shed light on not only
anatomic changes in the brain but also functional and molecular signatures.
An early CT study reported atrophy surrounding the cerebral ventricles in
elderly psychiatric patients experiencing delirium compared with matched
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controls [57]. Furthermore, the degree of atrophy was related to patients’
MMSE scores. Patients in these studies also displayed cerebral infarctions
and hemorrhages in frontal and parietal regions [49]. Another study that ex-
amined the effects of electroconvulsive shock therapy in patients who had
delirium found white matter abnormalities and lesions in the basal ganglia
[61].

Further evidence suggests that there are major neuroanatomic changes
that occur in patients experiencing prolonged delirium, diminished level of
consciousness, alerted state of mental status, or confusion [59]. In one study,
CT scanning revealed that 61% of critically ill patients who suffered from
these conditions were found to have either gross white and gray matter at-
rophy, white matter lesions/hyperintensities, cortical and subcortical lesions,
or ventricular enlargement [59]. Additionally, Hopkins and colleagues [55]
observed similar findings when using CT to examine anatomic changes as-
sociated with poor cognitive outcomes in patients who have ARDS. In
this study, structural lesions were found in the brainstem (pons) and

Fig. 1. Delirium in critical illness is related to grey andwhitematter degradation in the CNS.Dis-

ruption of this critical circuit in the key brain regions for cognition depicted below may result in

the decoupling of functional connectivity leading to long-term cognitive impairment. (1) Young

normal: In healthy individuals there is normal and consistent connectivity between the PPC,

MTL, and PFC. This circuit is innervated, activated, and maintained by the ARAS arising

from the brainstem by way of the thalamus. (2) Older normal: Elderly individuals begin to

show signs of grey matter atrophy in the PPC,MTL, and PFC. Although functional connectivity

between these regions remains intact, the strength of the connections is no longer as robust as it

once was in the healthy CNS. This circuit continues to be activated and maintained by the

ARAS directly and by way of the thalamus. (3) Delirious: Individuals treated in the ICU are sub-

ject to several medical and pharmacologic challenges that may disrupt normal CNS connectivity.

Serious illnesses, such as sepsis, ARDS, and ALI, as well as sedative and analgesic medications

commonly prescribed in the ICU, have the potential to weaken functional links between the cor-

tical regions depicted above. This situation is particularly likely for processes impacting the

ARAS. Fluctuations in activation arising from the brainstem may be sufficient in elderly individ-

uals to cause a disruption thatmay surpass a critical threshold of functional connectivity necessary

to maintain normal consciousness. In combination with exposure to other ICU-related threats to

cognitive function, prolongeddecoupling of this circuitmay lead to deleterious neurodegenerative

consequences, such as excitotoxicity. Over time this has the potential to result in apoptosis

and long-term cognitive impairment. PPC, posterior parietal cortex; PFC, prefrontal cortex;

MTL, medial temporal lobe; ARAS, ascending reticular activating system. (From Gunther

ML, Jackson JC, Ely EW.Loss of IQ in the ICU:Brain injurywithout the insult.MedHypotheses

2007; in press. doi:10.1016/j.mehy.2007.03.039; with permission.)
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posterior parietal cortex (PPC), along with atrophy in the medial temporal
lobe (MTL; eg, hippocampus). Significant white matter intensity changes
were identified in cortical and subcortical white matter tracts [55].

Buckner and colleagues [62] examined potential mechanisms underlying
neurophysiologic changes associated with Alzheimer disease by using multi-
modal imaging. Gray matter degradation in the PPC, MTL, and prefrontal
cortex (PFC) was observed to correlate with functional (blood oxygen level–
dependent) declines in activation for these known mnemonic regions while
engaged in memory tasks.

Additionally, the brain’s primary arousal mechanism, the ascending
reticular activating system (ARAS) may also play an important role in the
modulation of delirium [63]. Excitatory projections originating in the mye-
lencephalon innervate the midbrain and cortex directly and are hypothesized
to be critically involved in general attention [63,64]. Because many anes-
thetic agents are believed to act in the brainstem region, it is possible that
perturbation of the ARAS circuit may lead to fluctuations in arousal, per-
ception, attention, and executive function. Excitatory pontine afferents
may therefore be involved in maintaining an equilibrium between top–
down regulation by way of cortical structures and bottom–up arousal levels
originating in the brainstem (see Fig. 1). For individuals who have pre-exist-
ing neuronal degradation, transient interference in either or both areas
could have the potential for major cognitive disruption. Gross longitudinal
changes in brain physiology are known to impact metabolic cellular mech-
anisms [62,65,66]. If such changes persist for a sufficient length of time,
either hyper- or hypometabolic modifications can lead to apoptosis, gray
matter atrophy, and axonal degradation. Once again, patients who have
prior CNS deterioration or insults may be particularly at risk for this
hypothesized deleterious mechanism depicted in Fig. 1. Although this model
of ICU-linked cognitive impairment remains highly speculative, our hope is
that it may generate novel hypotheses for the investigation of potential
explanations for ICU delirium and LTCI.

Clinical awareness of cognitive impairment

Recent reports suggest that individuals recovering from critical illness
rarely have the opportunity for cognitive rehabilitation. Hopkins and
colleagues [25] found that although 42% of ARDS survivors enrolled in
general rehabilitation therapy, only 12% participated in cognitive rehabili-
tation. Cognitive decline seems to be grossly under-recognized by intensive
care and rehabilitation professionals. Unfortunately, this oversight is not
restricted to critically ill patients. One study suggested that most physicians
fail to recognize or accurately assess potential cognitive impairment in non-
ICU settings [67]. Furthermore, cognitive dysfunction is rarely evaluated in
the critically ill [20] and is likely to go unnoticed in approximately half of all
cases [68]. These unsettling statistics are at least in part likely to be because
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of the subtlety by which cognitive impairment may manifest itself, especially
if patients are alert, oriented, and seem to be mentally intact overall.
The authors believe that the education of medical care providers regarding
neuropsychologic decline is imperative. Raising the awareness of physicians
and nurses alike to this issue is of vital importance. Accordingly, a major
aim of this article is to raise awareness within the ICU community and to
increase referrals for rehabilitation and neuropsychologic testing and to
speech and language therapists who could potentially provide interventions
and services to aide patients’ cognitive remediation. Furthermore, in light of
the paucity of relevant data regarding cognitive rehabilitation, the authors
also hope to stimulate future research on the topic with the goal that such
interventions for the critically ill can eventually be realized.

Dementia screening guidelines developed by the United States Preventa-
tive Services Task Force recommend that clinicians assess cognitive function
whenever cognitive impairment or deterioration is suspected [69]. Although
rates of cognitive impairment at ICU discharge are high, screening all ICU
survivors at discharge is clinically unwieldy and impractical. Alternatively,
screening individuals who have an increased likelihood of developing cogni-
tive impairment may prove to be more useful. Although a protocol or clin-
ical decision tree to inform the process of cognitive screening of ICU
survivors has yet to be developed, it may be that patients who have certain
risk factors (eg, ARDS, advanced age, sepsis, bacterial meningitis, hypox-
emia) should be screened [11,70–77]. Possible red flags suggesting a need
for screening (which could be done using brief cognitive questionnaires
such as MMSE or Mini-cog) could be problems such as obvious memory
difficulties or other marked symptoms of cognitive impairment and disorien-
tation, particularly in the absence of delirium (eg, confusion; repeating the
same question; difficulty with instrumental activities of daily living; social
problems; neglect of appearance, nutrition, or hygiene; loss of interest in
hobbies; social withdrawal; or behavioral problems, such as irritability,
wandering, agitation, or apathy).

In addition to being impractical, another potential problem with rou-
tinely screening all patients at hospital discharge is that it has the potential
to result in a high false-positive rate because of the transient effects of med-
ication and acute illness. In cases in which significant questions regarding
a patient’s cognitive functioning exist or in those instances in which screen-
ing indicates the presence of possible problems, patients should be referred
to a clinical neuropsychologist for consultation and further evaluation. Few
neuropsychologists are actively involved in the assessment and management
of survivors of critical illness at the present time; however, they are the
appropriate professionals to assess cognitive function in these individuals.
Unfortunately, neuropsychologists may not be available in many small
hospitals or rural areas but are frequently used in neurology, rehabilitation
medicine, or psychiatry departments in most moderately sized or large med-
ical centers. If a neuropsychologist is unavailable, it is appropriate to refer
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patients to a clinical psychologist who is trained in performing basic cogni-
tive evaluations.

ICU diagnosis and monitoring of sedation and delirium

Delirium is a dynamic state characterized by change in mental status. Spe-
cifically, it is associated with inattention and an altered level of consciousness
[39]. The Society of Critical Care Medicine (SCCM) suggested in its 2002
guidelines for sedation and analgesia that all critically ill patients should
be monitored for level of sedation and delirium concurrently [78]. Unfortu-
nately, evidence has repeatedly shown that neither nurses nor physicians are
able to consistently diagnose delirium using clinical judgment alone. For this
reason, it is necessary to use well-validated and reliable yet brief assessment
tools to monitor a patient’s level of consciousness. The authors recommend
a streamlined two-step process designed to track sedation and delirium.

First, the ICU professional should assess an individual’s level of
consciousness using an objective and reliable assessment instrument. This
assessment is recommended to avoid over-sedation and to provide a com-
mon language by which a treatment team can communicate when discussing
the treatment of patients in the ICU. Fortunately, there are various instru-
ments that can be used to assess level of consciousness.

The Ramsay Sedation Scale was the first instrument used to reliably
quantify the behavioral characteristics of sedation [79]. It was not until sev-
eral decades later that other scales, such as the Calmness Scale, the Sedation
Agitation Scale [80,81], the Motor Activity Assessment Scale [82], and the
Vancouver Interactive [83], were added. More recently, the Richmond Agi-
tation Sedation Scale [84] (RASS; Fig. 2) was developed and has helped val-
idate the construct of sedation by adding ability to follow direct verbal
instructions to the list of observable patient behaviors. Along with the Ram-
say, the RASS is widely used because it is a reliable and valid measurement
of critically ill patients’ verbal reports and their reactions to physical stimuli
[80,84,85]. The RASS (along with other validated sedation scales) serves as
a neurologic assessment instrument, irrespective of whether the patient is se-
dated. Such validated measures improve the accuracy of assessment by stan-
dardizing and operationalizing level of arousal. The authors believe that this
need not be restricted to situations of iatrogenic modification of conscious-
ness; rather, applications often can, and indeed should, be much broader
than this. Other ICU assessment tools of note include the Intensive Care De-
lirium Screening Checklist developed by Skrobik and colleagues that is fre-
quently used in clinical and research settings. This instrument also has
robust statistical properties, including a high sensitivity (99%) and moderate
specificity (64%).

A patient’s depth of sedation should be tailored to his or her idiographic
needs. To accomplish this, treatment teams should uniformly and regularly
assess patients using a validated sedation instrument. This assessment
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facilitates communication across an entire treatment team by using a com-
mon metric and allows nurses, physicians, and pharmacists to coordinate
and empirically guide the course of sedation over time.

Following a broad assessment of the patient’s arousal, the second step in
monitoring individuals in the ICU is to assess patients who respond to
verbal stimuli for delirium. In 2001, Ely and colleagues [86–88] published
the first nonverbal instruments designed to specifically assess delirium for
intubated patients. The Confusion Assessment Method for the ICU (CAM-
ICU) has a sensitivity and specificity of approximately 95% with an inter-
rater reliability (Kappa) of 0.96 [86,87]. The CAM-ICU was specifically
designed for bedside use by nurses or physicians, is easy to use, requires
minimal training, and on average only takes 1 minute to administer. Fur-
thermore, it incorporates four key features derived from the Diagnostic

Fig. 2. Definition of delirium according to the Confusion Assessment Method for the Intensive

Care Unit (CAM-ICU), using criteria of the Diagnostic and Statistical Manual IV (SM-IV) of

the American Psychiatric Association.
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and Statistical Manual–IV (DSM-IV) definition of delirium [39]. These
features are: (1) change in mental status from baseline or fluctuating course
of mental status, (2) inattention, (3) disorganized thinking, and (4) altered
level of consciousness. According to the DSM-IV and the CAM-ICU defi-
nitions, a patient is considered delirious when both conditions 1 and 2 are
present along with either condition 3 or 4. The CAM-ICU has now been
translated into 13 languages and has become part of a mainstream compo-
nent of clinical monitoring of the CNS in ICU patients in dozens of coun-
tries. Management issues of ICU patients often must be informed by the
knowledge of whether or not the patient is experiencing delirium. More spe-
cifically, we recommend that patients be monitored multiple times daily by
bedside nurses so that data can be recorded and presented to the full medical
team. The most current and detailed information is available at www.
icudelirium.org with updated protocols, manuals and training material.

Summary

A growing body of literature is helping to increase awareness in clinicians
and researchers alike regarding the importance of delirium and LTCI in the
critically ill. Although the relationship between delirium and cognitive de-
cline is well documented in non-ICU populations [57], it is becoming evident
that a homologous relationship seems to exist for the critically ill. Several
causal models have been proposed to elucidate potential mechanisms for
this phenomenon; unfortunately, none have emerged as clear winners.
One finding that has come to light, however, is that delirium in the ICU
can no longer be thought of as harmless. Rather, it seems to pose serious
risks for a patient’s long-term and immediate health. Until more detailed
data are available to explain the pathway by which ICU delirium leads to
LTCI, it will likely be necessary to appeal to neuroscience and gerontology
to provide further clues for how to overcome this widespread and devastat-
ing public health issue. Although the causes of LTCI after critical illness
remain to be fully determined, it is clear that screening for cognitive impair-
ment and delirium in ICU patients is a priority that should be reflected in
clinical and research contexts. Although methods of screening patients for
delirium have progressed substantially, less is known about how to best
assess cognitive impairment in the ICU. Through the development of more
sophisticated screening procedures, it is hoped that patients who have early
manifestations of LTCI will one day receive targeted care, which in turn will
lead to better clinical outcomes.
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A brief history of monitoring in neurocritical care

Monitoring in most ICUs between 1960 and 1980 was restricted to clin-
ical examination, heart and respiratory rate, blood pressure, oxygen satura-
tion, body temperature, and central venous pressure. With the advent of the
pulmonary artery catheter, monitoring of cardiac output and right-sided
cardiac filling pressures became possible, providing new understanding
and acting as a guide to therapy for the resuscitation of cardiogenic and septic
shock.

Neurologic ICUs (NICUs) at that time focused almost exclusively on the
care of postoperative neurosurgical patients, and neuromonitoring was re-
stricted primarily to serial neurologic examination and, in some units, intra-
cranial pressure (ICP) monitoring. These ‘‘neuro checks’’ often did not
reveal changes in cerebral function until they were irreversible. The idea
was to detect clinical deterioration as soon as possible, enabling prompt
efforts to reverse or correct any injurious process. This era can be thought
of as the age of clinical neuromonitoring.
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Between 1980 and 2000, use of ICP monitoring became more widespread,
although even today its use is far from routine, particularly when critically
injured patients are admitted to nonspecialty NICUs. The accepted para-
digm at this time, which can be thought of as the age of physiologic neuro-
monitoring, was to detect and treat increases in ICP before they led to
obvious and often irreversible clinical deterioration. Neurocritical care
demanded a quick and accurate diagnosis, with monitoring and manage-
ment based on brain-derived physiologic information to detect secondary
injury in its earliest phase. However, at that time, ICP monitoring was the
only widely used technique, with jugular venous oxygen saturation monitor-
ing used at only a small number of centers focusing on neurotrauma.

In our view, the future of neurocritical care will bring us into the age of
multimodality monitoring and neurophysiologic decision support. Advanced
monitoring techniques that can provide real-time information regarding the
relative health or distress of the brain, such as brain tissue oxygen tension,
signal-processed continuous electroencephalography, and neurochemical
analysis using microdialysis will be used to create and maintain an optimal
physiologic environment for the comatose injured brain. Rather than using
neuromonitoring to alarm the clinician when critical deviations occur, real-
time physiologic end points will be used to guide goal-directed therapy, in
the same way that targeted therapy to avoid a low venous oxygen saturation
in the acute phase of septic shock has been shown to improve survival. Con-
ceptually, rather than reacting to harmful physiologic intracranial events,
the idea will be to prevent them altogether with a proactive strategy (Fig. 1).

In the twenty-first century, advanced neuromonitoring techniques and
improvements in the surgical, endovascular, and medical management of
intracerebral hemorrhage (ICH), subarachnoid hemorrhage (SAH), acute
ischemic stroke, and severe traumatic brain injury (TBI) will contribute
to improved outcomes from these devastating diseases. Preliminary experi-
ences with real-time monitoring of brain oxygen tension, metabolism, and
continuous electroencephalography in patients with severe brain injury al-
ready allow prediction of long term-outcome [1–6]. These associations
with patient-centered outcomes provide a rationale for using these monitor-
ing techniques as end points for therapy during the acute phase of injury.
Future clinical trials will then be needed to demonstrate that goal-directed
ICU therapy produces better outcomes. This review provides an overview
of the current state of multimodality monitoring in neurocritical care.

Cerebral perfusion and intracranial pressure

Cerebral perfusion and intracranial pressure (CPP) is the driving force of
cerebral blood flow (CBF) and is the principal determinant of the autoregu-
latory response of the cerebral vasculature. Under normal physiologic con-
ditions, a mean arterial pressure (MAP) of 80 to 100 mm Hg and an ICP of



5 to 10 mm Hg generate a CPP of 70 to 85 mm Hg [7]. However, true CPP
may vary �27 mm Hg from measurements with MAP [8]. Accurate MAP
measurements require the placement of an arterial pressure catheter. The
transducer of the arterial pressure catheter should be positioned at the level
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Fig. 1. Simultaneous monitoring of brain oxygen tension (PBO2), brain temperature, ICP,

CPP, CBF, and cerebral metabolism in addition to TCD ultrasonography, cEEG, and cardio-

vascular parameters offers the potential to impact neurologic outcome by enabling detection of

early changes in brain physiology and is shifting the treatment from a reactive model to a pro-

active one. (From Wartenberg KE, Schmidt JM, Krieger DW. The future of the brain support:

multimodality monitoring. Future Neurology 2006;1:480; with permission.)
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of the foramen of Monroe to accurately measure CPP. Transcranial Dopp-
ler (TCD) ultrasonography has been proposed as a noninvasive method to
assess the adequacy of CPP [8], but it requires constant adjustment of probe
placement by experienced staff.

ICP values can be obtained by inserting ventricular, subdural, epidural,
or intraparenchymal microtransducers. The microtransducers have the ad-
vantage of low infection and hemorrhage rates, but can have a considerable
zero-drift over monitoring periods of a few days and cannot be re-zeroed af-
ter insertion. Intraventricular drains connected to external pressure trans-
ducers are still the gold standard for ICP monitoring. They provide the
most accurate measurements, allow for ICP control by drainage of cerebro-
spinal fluid (CSF), and can be re-zeroed externally. However, the risk of in-
fection is approximately 10% and increases with longer duration of the
monitoring period. Antibiotic coating of intraventricular drains may pre-
vent or delay the onset of infectious ventriculitis [9–12]. Most ICP monitors
are MRI-compatible.

ICP waveforms contain additional valuable information regarding com-
pliance of the cerebrospinal system, CBF autoregulation, and CSF absorp-
tion capacity (Fig. 2) [9]. Continuous assessment of brain compliance with
the Spiegelberg Brain Compliance Monitor and ICP pulse waveform analy-
sis at the bedside may be helpful to predict impending neurologic decompen-
sation and herniation [9].

An interesting approach to noninvasive ICP monitoring is tissue reso-
nance analysis [13]. Unilateral mass effect can be discovered by way of
TCD ultrasonography demonstrating depressed ipsilateral mean flow veloc-
ities, increased ipsilateral pulsatility index, and reduced ipsilateral-to-

0

ICP
mmHg

24

14:03 25 mmHg 1 4 13 HP

P1

P2

P3

Dicrotic Notch

Fig. 2. Example of intracranial pressure waveforms. P1, percussion wave with a sharp and con-

stant amplitude; P2, tidal wave (ends at the dicrotic notch); P3, dicrotic wave. These waveforms

are influenced by arterial and venous pressure, blood volume, CSF volume, and mass lesions.
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contralateral pulsatility index ratio in ICH with a volume greater than 25
mL [14]. Further studies are needed to evaluate whether ultrasound moni-
toring of hemispheric mass lesions can complement ICP monitoring by pro-
viding information regarding compartmentalized mass effect.

Invasive ICP and CPP monitoring is a standard of care in most neurocrit-
ical care units, but the management protocols and therapeutic targets that
are used differ considerably. Most brain injuries result in disturbed autore-
gulation, meaning that CPP and ICP monitoring is necessary to ensure nor-
mal cerebral perfusion. Moreover, in patients with depressed mental status
(Glasgow Coma Scale score %8), ICP monitoring is considered a standard
of care given the insensitivity of the clinical examination for detecting clin-
ical deterioration. For example, ICP elevations after SAH may result from
CSF outflow obstruction and cerebral edema and cause secondary neuro-
logic injury [15]. ICP control is essential before treatment of the aneurysm
and is associated with more favorable outcome by protection against corti-
cal injury and facilitation of surgical exposure of the aneurysm [16].

With autoregulatory failure, sufficient brain perfusion is even more de-
pendent on CPP (Fig. 3). A minimum CPP threshold of 60 mm Hg is gen-
erally accepted, but the question remains which CPP is optimal for each
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vasodilatory cascade zone, CPP insufficiency and intact pressure autoregulation lead to reflex ce-
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through zone, pressure and volume overload, which overwhelms the brains capacity to
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(Reproduced from Rose JA, Mayer SA. Optimizing blood pressure in neurological emergencies.

Neurocrit Care 2004;1:289; with kind permission of Springer Science and Business Media.)
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individual patient at different times [9,17]. Hypoxic and ischemic events have
been observed despite maintaining a CPP of O70 mm Hg in patients with
TBI [18]. On the other hand, once the CPP reaches the lower threshold of
the autoregulatory breakthrough zone, hyperemia and secondary increase
in ICP may result [7]. Current management of patients with severe brain in-
jury resulting in intracranial hypertension should be directed at ICP and
CPP management. To balance the issue of hypo- and hyperperfusion, addi-
tional guidance can be provided by monitoring of jugular venous oxygen
saturation, microdialysis (eg, lactate/pyruvate ratio), global or regional
CBF, and brain tissue oxygen pressure [7,18–20].

Cerebral blood flow

Cerebral blood flow can normally be maintained over a certain range of
CPP. This relationship is nonlinear in injured brain as a consequence of dis-
turbed autoregulation [21]. Therefore, direct monitoring of CBF would be
helpful for managing patients with severe brain injury. The Kety-Schmidt
Technique, the gold standard of CBF measurement, involves direct mea-
surement of arterial and jugular venous concentrations of an inert, freely
diffusible indicator such as nitrous oxide and calculation of global CBF
from the uptake rate of the indicator into cerebral tissue [22,23]. CBF can
be estimated with use of radioisotopes such as krypton-85 or xenon-133
combined with compact scintillation detectors and microprocessors
[24,25], the still-developing indocyanine green dye dilution technique using
noninvasive near-infrared spectroscopy [26], and the thermodilution
method. Thermodilution CBF measurements are based on bedside record-
ing of a temperature difference between the site of constant injection of
a blood compatible fluid with a lower temperature into the jugular bulb
and 25 mm downstream from the injection site [27]. Other techniques that
assess CBF include xenon-enhanced CT scanning [28], single photon emis-
sion CT (SPECT), oxygen-15-positron emission tomography (PET), perfu-
sion CT, or perfusion-weighted magnetic resonance (MR) imaging [29].

Alternatively, CBF can be estimated continuously and invasively by way
of laser Doppler flowmetry and thermal diffusion limited to a specific region
of interest (Bowman Perfusion Monitor). Laser Doppler flowmetry assesses
the volume or concentration and the velocity of red blood cells in a small
sample volume (1 mm3), which generates a flow signal; this yields a qualita-
tive estimate of local CBF [30]. Some laser Doppler flowmetry probes are
compatible with MRI. Most of the probes are susceptible to artifacts. The
thermal diffusion method provides a quantitative estimate of regional
CBF in milliliters per 100 g per minute by using thermal diffusion based
on the tissue’s ability for dissipation of heat [31]. The MRI compatibility
of the Bowman Perfusion Monitor is uncertain.

In comparison with xenon-enhanced CT, a cutoff for CBF of 15 mL/100
g/min was identified as a threshold for diagnosis of symptomatic vasospasm
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in SAH for the thermal diffusion method (Table 1) [32]. In small prospective
series, both ischemia rebound hyperemia related to temporary arterial clip
placement during aneurysm surgery could be identified with a thermal diffu-
sion probe [33]. A study of SAH and TBI patients found a correlation
between CBF obtained by the thermal diffusion method and PBO2, indicat-
ing that tissue oxygen levels were determined by regional CBF [34]. This
kind of real-time continuous perfusion assessment provides exciting new
perspectives into regional cerebral autoregulation, especially if directly
time-correlated with ICP and CPP.

Transcranial Doppler evaluation of cerebral autoregulation

The autoregulatory reserve of the cerebral vasculature can be assessed
with TCD ultrasonography using several methods [35]:

� observation of alterations of flow velocity (FV) in the middle cerebral
artery (MCA) during titration of MAP with vasopressors and calcula-
tion of the rise of autoregulation as percentage increase in vascular
resistance (CPP/FV) divided by the percentage rise in CPP [36];
� cerebrovascular reactivity to carbon dioxide assessed by way of TCD
ultrasonography provides information about the functional status of ce-
rebral vasoreactivity and has been found to correlate with outcome after
head trauma [37], but may increase ICP when the cerebral autoregula-
tory reserve has been exhausted [38];
� a stepwise decrease in arterial blood pressure by deflation of compressed
leg cuffs during continuous TCD MCA FV recording can reveal the
absence of normal pressure autoregulation [36];
� in the transient hyperemic response test, short-term compression of the
common carotid artery normally results in a decrease in ipsilateral MCA
FV, followed by transient hyperemia as a result of distal vasodilatation.
The presence of the hyperemic response correlates with better outcome
after head injury [39];
� with observation of the phase shift between continuously monitored
MCA FV and superimposed respiratory and arterial blood pressure
waves, a phase shift of zero suggests absent autoregulation, whereas
a phase shift of 90� indicates intact autoregulation [40];
� the moving correlation coefficient between mean CPP and mean FV is
positive when autoregulation is disturbed and zero or negative when
autoregulation is intact (positive coefficients were linked to worse out-
come in head trauma patients) [41]; or
� simultaneous recording of flow velocities in both MCAs combined
with noninvasive beat to beat finger blood pressure measurements
can allow for assessment of diurnal variations of FV, regional autor-
egulation, and the dependency of FV on cardiac output and stroke
volume [42].
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All of these methodologies are capable of qualitative assessment of cere-
bral autoregulation, but most are not available continuously. None of these
methods has an established role in routine clinical practice, which may be
due in large part to operator expertise and time required to perform these
studies.

Further applications of transcranial Doppler ultrasonography

TCD ultrasonography has long been used to support the diagnosis of ar-
terial vasospasm after SAH and to identify patients at risk for development
of delayed ischemia. Correlation of increased mean FV in proximal intracra-
nial vasculature with the diagnosis of vasospasm by cerebral angiography
has been established [43,44]. Vasospasm is defined by an increase of mean
FV above 200 cm/s by TCD ultrasonography and suspected if mean FV
ranges from 140 to 200 cm/s. Comparing the highest FV in the MCA
with the highest FV in the extracranial internal carotid artery (Lindegaard
Index) eliminates the influence of systemically increased blood flow causing
hyperemia (see Table 1) [45]. Vasospasm is considered to be present if the
Lindegaard index is greater than 3:1 [45]. Detection of high-intensity tran-
sient signals, which are thought to reflect microemboli in stroke patients
with cardiac valvular disease, patent foramen ovale, and carotid disease,
is another application of TCD ultrasonography [46]. TCD studies have
shown high specificity for the confirmation of intracranial circulatory arrest
in brain death. Brief systolic forward flow spikes with reversed or absent
diastolic flow found bilaterally or in three different arteries are accepted
TCD criteria for supporting the diagnosis of brain death [47,48].

Application of TCD ultrasonography for diagnostic monitoring requires
experienced and skilled operators. Examination of 200 patients is required
to be considered adept at the technique [49]. Other limitations of TCD ultra-
sonography include inadequacy of the acoustic windows (5%–20%), depen-
dency of the accuracy of the flow velocities on the angle of insonation, and
anatomic variants [50].

New developments include continuous TCD monitoring, which requires
constant readjustment of the probes, and color-coded transcranial Doppler
(TCCD). TCCD can visualize the entire circle of Willis, turbulences within
the blood vessels, direction of flow, and increased flow velocities. Direct
sampling of defined volumes within blood vessels and obtaining angle-cor-
rected flow velocities provide improved accuracy of measurement [49].

Cerebral oxygenation monitoring

Monitoring of cerebral oxygenation after brain injury may lead to the de-
tection or prevention of secondary episodes of ischemia. There are four
methods of measuring brain oxygenation: jugular venous bulb oximetry,
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direct brain tissue oxygen tension measurement, near infrared spectroscopy,
and oxygen-15 PET [29].

Jugular venous oxygen saturation

Retrograde placement of a jugular venous catheter equipped with an oxi-
meter can provide continuousmeasurements of jugular venous oxygen satura-
tion (SjvO2). It is advisable to cannulate the dominant internal jugular vein to
correctly assess global cerebral oxygenation. The dominant internal jugular
vein can be determined by compression of each internal jugular vein,
observing the greater ICP rise if an ICP monitor is present. The catheter tip
should be positioned in the jugular bulb and the position confirmed by lateral
skull radiograph. After the insertion and every 8 to 12 hours the catheter re-
quires calibration [51,52]. Jugular bulb catheters are compatible with MRI.

SjvO2 is the result of the difference between cerebral oxygen delivery (sup-
ply) and the cerebral metabolic rate of oxygen (demand), given that arterial
oxyhemoglobin saturation, hemoglobin concentration, and the hemoglobin
dissociation curve remain stable. It provides an indirect measurement
of CBF. If SjvO2 is low (!50% for O10 minutes in duration) it indicates
hypoperfusion (decreased supply) or an increase in cerebral metabolism
(increased demand) (see Table 1). The arteriovenous difference in oxygen
supply (AVDO2 ¼ CMRO2/CBF, CMRO2 ¼ cerebral metabolic rate of
oxygen consumption) is a better estimate of the balance between cerebral
metabolism and blood flow [21]. Changes in SjvO2 should be confirmed
by measuring the oxygen saturation in a blood sample withdrawn from
the jugular venous catheter, and the catheter should be recalibrated if the
difference is O4% [51]. Jugular venous oximetry is mainly applied in coma-
tose patients (GCS %8) with head trauma, where frequent episodes of cere-
bral venous oxygen desaturation secondary to hypocapnia, hypoperfusion,
and increased ICP are found within the first 48 hours [53]. Monitoring of
SjvO2 can also be used in the treatment of SAH [54] and during neurosur-
gical procedures [55].

Reliability of jugular venous oximetry is limited by changes in arterial ox-
ygen content, hemodilution, prone position of the jugular bulb catheter, ne-
cessity for frequent calibrations, and infrequent complications related to
catheter insertion such as infection, increase in ICP, thrombosis, arterial
puncture, and pneumothorax [52]. Jugular venous oximetry reflects global
cerebral oxygenation and does not detect regional ischemia in smaller re-
gions of the brain ipsilateral to the catheter or in the contralateral hemi-
sphere [56].

Brain tissue oxygen pressure

Brain tissue oxygen tension of a region of interest can be measured contin-
uously with a small flexible microcatheter inserted into brain parenchyma.
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The brain tissue oxygen pressure (PBO2) value is a marker of the balance be-
tween regional oxygen supply and use. Depending on the device, either ICP
and brain temperature (Licox, Integra Neurosciences) or the tissue partial
pressure of carbon dioxide (PBCO2) and pH (Neurotrend, Johnson & John-
son) can be monitored in addition to PBO2. The Licox device measures tissue
oxygenation through a polarographic technique by means of a Clark elec-
trode, whereas the Neurotrend uses ‘‘optimal luminescence’’ to measure
pH, PBCO2, and PBO2 [57,58]. The catheter can be inserted directly into
a given region of interest, eg, any hypoperfused area as determined by CT
or MRI perfusion studies, and preferably should pass through gray matter
into white matter for optimal value referencing and data comparison. The
catheter may either be tunneled after craniotomy or placed through a double
or triple lumen bolt (Fig. 4). The measured tissue volume is approximately 17
mm3. Normal PBO2 varies depending on the region being measured; levels
are highest in regions with a dense population of neurons such as cortex
and hippocampus and lower in white matter [59]. Measured PBO2 and am-
plitude of changes are generally lower with Neurotrend compared with Licox
device [60]. Licox and Neurotrend probes are generally compatible with
MRI, but may cause artifact in the region of interest.

Monitoring of PBO2 using Licox probes has been validated in compari-
son with fiberoptic jugular oxygen saturation monitoring, xenon-enhanced
CT scanning, and SPECT to determine an ischemic threshold. In a study,
CBF levels of 18 mL/100 g/min by xenon-enhanced CT corresponded to
a PBO2 of 22 mm Hg [61]. During episodes of ischemia as determined by
SPECT PBO2 averaged to 10 � 5 mm Hg compared with 37 � 12 mm
Hg in normal brain [62]. The likelihood of mortality after severe TBI is in-
creased with prolonged periods with PBO2 reduction !15 mm Hg, or with
any value !8 mm Hg [63,64]. In TBI patients, jugular venous oxygen desa-
turations below 50%, which indicate a marked global reduction in oxygen
delivery, were shown to correlate with critically reduced mean PBO2 level
of 8.5 mm Hg [65]. In a study of 24 patients with TBI, PBO2 was identified

Fig. 4. Photograph of a triple-lumen transcranial bolt for fixation of the microdialysis probe

(top), along with an oxygen sensor (lower). (From Wartenberg KE, Mayer SA. Multimodal

brain monitoring in the neurological intensive care unit: where does continuous EEG fit in?

J Clin Neurophysiol 2005;22:124–7; with permission.)
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as the most powerful predictor of outcome in a multivariate model; levels
consistently exceeding 35 mm Hg correlated with good recovery, 26 to 35
mm Hg corresponded with moderate to severe disability, and levels below
25 mm Hg correlated with poor outcome [2]. In regions of focal pathology
after TBI, SjvO2 monitoring was found to be insensitive to critical PBO2 re-
ductions detected with a Licox probe [66]. In a larger study comparing PBO2

and SjvO2 monitoring, the sensitivity to detect global cerebral ischemia was
64% for PBO2 catheters and 70% for SjvO2 catheters; in 90% of the ische-
mic episodes, PBO2 and SjvO2 decreased together. The sensitivity for iden-
tification of ischemia due to intracranial hypertension or systemic
hypotension by the two methods was not different, but SjvO2 was signifi-
cantly more sensitive during ischemic episodes caused by hypocapnia [51].

Based on these studies, the cutoff point for cerebral ischemia with PBO2

monitoring seems to be in the range of 8 to 25 mm Hg (see Table 1). A small
preliminary nonrandomized study comparing ICP/CPP directed manage-
ment (ICP !20 mm Hg, CPP O60 mm Hg) with PBO2-targeted therapy
(PBO2 O25 mm Hg) in 53 patients with severe TBI was the first to demon-
strate a trend toward decreased mortality with PBO2-targeted management
strategy [67]. In another study, 52 patients with severe TBI were treated with
normobaric hyperoxia for 24 hours within 6 hours after admission. Com-
pared with historical controls, hyperoxia treatment resulted in increased
PBO2 levels, reduced levels of glutamate and lactate in cerebral microdialy-
sate that extended beyond the 24-hour treatment window, slightly decreased
ICP, and a trend toward higher Glasgow Outcome Scale scores 6 months
after injury [68].

Brain oxygen tension measurements have mainly been studied in patients
with severe TBI, SAH, and large hemispheric infarctions and in patients un-
dergoing neurosurgical procedures. PBO2 monitoring can provide real-time
information regarding autoregulation (Figs. 5 and 6) and has been shown to
have a clear impact on the management of patients with TBI and large hemi-
spheric infarction [18,67,69]. Multimodality monitoring, which integrates
data from multiple physiologic monitors, is capable of showing strong inter-
correlations between PBO2 and various drivers of brain perfusion, includ-
ing MAP, CPP, and end tidal carbon dioxide (CO2) (see Fig. 6)
[2,20,51,59,68,70–80]. Novel methods for correlational data analysis and
display may enhance the ability of clinicians to understand complex physio-
logic relationships and identify optimal physiologic targets (see Figs. 1 and 6).
PBO2 monitoring allows for the determination of critical perfusion thresholds
[18,20], identification of impaired autoregulation in large hemispheric infarc-
tion by means of a pressure oxygen reactivity index (see Fig. 6) [6], and mon-
itoring for ischemia during hyperventilation [81,82], vasospasm [83,84], and
hypothermia for severe TBI [85]. It also contributes to better understanding
of the pathophysiology of the brain. Appropriate probe placement into the re-
gion of interest and probe depth are key for successful monitoring, optimiza-
tion of cerebral oxygenation and CBF, and prediction of prognosis. PBO2
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monitoring may be most useful in brain injury with suspected regional ische-
mia such as traumatic brain injury, SAH, and ischemic stroke.

Near infrared spectroscopy

Near infrared spectroscopy (rSO2) is a noninvasive technique to measure
regional cerebral oxygen saturation by analyzing the difference of absorp-
tion spectra of oxygenated and deoxygenated hemoglobin and cytochrome
aa3. Simultaneous monitoring of transmittance across the brain at two or
more wavelengths enables alterations of optical attenuation of the spectra
to be converted into changes of cerebral oxygenation [86,87]. Current

Fig. 5. Real-time relationship of the physiological parameters brain oxygen tension (PBO2),

cerebral perfusion pressure (CPP), and intracranial pressure (ICP) over 2 hours in a patients

with intracerebral hemorrhage complicated by intracranial hypertension. Note the striking par-

allel relationship between PBO2 and CPP, indicative of autoregulatory failure. (From Warten-

berg KE, Schmidt JM, Krieger DW. The future of the brain support: Multimodality

monitoring. Future Neurology 2006;1(4):473; with permission.)
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methods include time-resolved, spatially resolved, and phase-resolved spec-
troscopy [88]. The change in total hemoglobin is directly related to the
change in blood volume [89]. The INVOS system provides a numerical value
for oxygen saturation using rSO2; 60% to 80% has been reported as the nor-
mal range [90]. NIRO oximeters continuously present values for oxygenated
and total hemoglobin concentration, cytochrome aa3, and a tissue oxygen
index [91].

Applications of continuous cerebral oxygen saturation measurements
with good sensitivity and specificity in adults include detection of changes
during carotid cross-clamping during carotid endarterectomy [88,92] and
during cardiac surgery [93]. The combination of indocyanine green dye di-
lution and near infrared spectroscopy might assist in the detection and treat-
ment of cerebral vasospasm causing delayed cerebral ischemic deficit after
SAH [94] and in the assessment of perfusion reductions in acute ischemic
stroke [95]. The changes of hemodynamics and cerebral oxygenation
acquired by rSO2 in ventilated newborns with hypoxic–ischemic encepha-
lopathy were reconstructed to a three-dimensional image using optical to-
mography to map brain structure and physiology [89].

Infrared spectroscopy is attractive because it is noninvasive and applied
simply by attaching pads to the forehead or other regions of interest.

Fig. 6. Use of PBO2 monitoring for the evaluation of cerebral autoregulation. Top panels show

plots of PBO2 and ICP as a function of CPP. Bottom panels show the correlation coefficients

between PBO2-MAP and PBO2-ICP.
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However, concerns have been raised about the limited and variable penetra-
tion of infrared light through the skull (2–3 mm, limited to gray matter),
contamination by extra- and intracranial sources (mixture of capillary, ve-
nous, and arterial blood), and uniform distribution of infrared light in the
CSF layer. The degree of scatter of infrared light in adults is unpredictable,
especially in the presence of scalp swelling and hematomas [88,96,97]. In
a small series comparing rSO2 of dead and healthy subjects using the IN-
VOS device, 6 out of 18 dead showed rSO2 values above the lowest obtained
values for healthy subjects, raising further doubts about the validity of these
measurements [98]. These disadvantages and inconsistent impact of moni-
toring of decreased oxygenation on neurologic outcome [99–101] have re-
stricted the use of near infrared spectroscopy for adults in the NICU.

Cerebral metabolism

Brain metabolism can be assessed by PET and magnetic resonance spec-
troscopy, jugular venous oxygen saturation, CBF monitoring, and micro-
dialysis. PET scanning gives a topographic overview of glucose
metabolism, and magnetic resonance spectroscopy demonstrates lactate
content of a particular cerebral structure qualitatively. The cerebral meta-
bolic rate of oxygen (CMRO2) represents the product of CBF and
AVDO2 and can be obtained by simultaneous recording of hemispheric
CBF (calculated as the average of 16 hemispheric brain regions using the
intracarotid 133xenon washout method) and AVDO2 (obtained by jugular
venous oxygen saturation monitoring) [102]. The relationship between
CMRO2 and CBF allows for an estimate of the balance between cerebral
metabolism and blood flow, but does not offer the opportunity for simple
continuous real-time assessment of cerebral metabolism [56].

With the introduction of cerebral microdialysis, it became possible to
monitor neurotransmitters (glutamate), substrates (glucose), metabolites
(lactate, pyruvate), and other extracellular neurochemicals (glycerol, acetyl-
choline, choline) in the extracellular space of specific brain regions in hourly
intervals at the bedside (Fig. 7). With microdialysis, a 0.62-mm-wide cathe-
ter lined with a polyamide dialysis membrane at the tip is placed into the
brain and perfused with Ringer solution or normal saline at ultra-low
flow rates (0.1–2.0 mL/min) with a precision pump. Molecules below the cut-
off size of the semipermeable membrane (usually 10,000–20,000 daltons) dif-
fuse from the extracellular space into the perfusion fluid, which is collected
into vials [103–105]. The diffusion of glucose, lactate, pyruvate, glutamate,
acetylcholine, choline, and glycerol from the surrounding brain tissue into
the perfusion fluid is approximately 70% at a flow rate of 0.3 mL/min
[106]. The vials are changed every 10 to 60 minutes and analyzed by enzyme
spectrophotometry or high-performance liquid chromatography at the bed-
side [103–105]. Recovery of cerebral metabolites into dialysate is maximized
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by increasing the length of the membrane, decreasing the flow rate, and
increasing the size of the membrane pores. Semipermeable membranes
with a higher limit in size (100,000–300,000 daltons) also allow for the pas-
sage of polypeptides and proteins from the extracellular space, such as cyto-
kines, antibiotics, and free phenytoin. Recovery rates for smaller relevant
biochemical markers through a membrane with a larger cutoff may be sim-
ilar to those obtained with the standard microdialysis catheter (cutoff 20,000
daltons) [106–109]. However, microdialysis of larger proteins require slower
buffer flow rates, large pore probes, and attention to water loss from the
probe [110]. The microdialysis catheter can be placed into the cerebral
parenchyma tunneled underneath the scalp through a craniotomy site,
through a burrhole, or directly through a bolt fixed to the cranium [103–
105]. They are MRI-compatible.

All substances pass the interstitial space between cells and blood capillar-
ies. Monitoring the interstitial fluids provides important information about
the biochemistry of neurons and glia potentially subjected to ischemia, hy-
peremia, trauma, vasospasm, seizures, hemorrhage, and neurosurgical and
medical interventions [104,105]. The catheter should be inserted into areas
at risk of ischemia such as the vascular territory most likely affected by va-
sospasm or brain regions surrounding a mass lesion, or in a standardized
location such as the right frontal lobe in diffuse brain injury [105]. A de-
crease in glucose is thought to signify reduced capillary perfusion, decreased
systemic supply, or increased cellular uptake of glucose. In the context of
multimodality monitoring, simultaneous measurements of cerebral oxygen
tension and cerebral blood flow is thought to clarify whether a decrease in

Fig. 7. Simplified diagram of intermediary metabolism of the glycolytic chain and its relation to

the formation of glycerol and glycerophospholipids and to the citric acid cycle. Abbreviations:

a-KG, a-ketoglutarate; DHAP, dihydroxyacetone-phosphate; F-1,6-DP, fructose-1,6-diphos-

phate; FFA, free fatty acids; G-3-P, glycerol-3-phosphate; GA-3P, glyceraldehydes-3-phos-

phate. Underlining indicates metabolites that are measured by microdialysis. (Adapted from

Wartenberg KE, Schmidt JM, Krieger DW. The future of the brain support: Multimodality

monitoring. Future Neurology 2006;1(4):475; with permission.)
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glucose is due to ischemia (eg, when accompanied by a reduction in CBF
and PBO2), or caused by hypermetabolism (normal or increased CBF and
PBO2) [2]. Alternatively, an increase in dialysate glucose may be due to hy-
peremia (increased supply), increased systemic glucose levels, or decreased
cellular metabolism. Under aerobic conditions, glucose gets metabolized
to pyruvate-producing adenosine triphosphate (see Fig. 7).

During hypoxia and ischemia, the end product of pyruvate is lactate and
results in an increase of the lactate/pyruvate ratio [111,112]. The diagnosis
of an ongoing ischemic event may be further supported by a simultaneous
decrease in CBF and PBO2. Ischemia also results in a release of glutamate.
Glycerol is an end product of lipolysis during destruction of cell membranes
caused by energy failure. Choline is also released from damaged cell mem-
branes. These changes in the penumbral extracellular milieu often precede
the manifestation of definite neurologic deficits. Other substances that can
be measured include adenosine, urea, amino acids, nitrate, and nitrite con-
centrations [59].

Microdialysis monitoring has been shown to be useful in patients with se-
vere TBI with regional or global ischemia [2,105,111–117], SAH and acute or
delayed ischemia [71,105,118–120], large hemispheric ischemic stroke [6,121–
123], ICH [124], and intraoperatively when episodes of regional ischemia
may occur [125–128]. In patients with SAH, metabolic derangements seen
by microdialysis are a better predictor of symptomatic vasospasm than
TCD ultrasonography and cerebral angiography [118]. Increased lactate/
glucose ratios [111,112] as well as reduced glucose along with elevated lactate
and hypoxia [2] were found to be predictive of poor outcome after TBI. Af-
ter ICH, glutamate levels are elevated in the perihematomal zone and de-
crease with stereotactic aspiration and thrombolysis [124]. Measuring the
concentration of antibiotics, anticonvulsants, and other therapeutic agents
is another growing field of application for microdialysis [109,129–131].

Microdialysis offers monitoring of brain cell metabolism and is helpful in
detecting secondary insults and predicting outcome in patients with severe
TBI. Currently, the use of microdialysis is limited more to the observation
of trends than the targeting of threshold values for metabolites and neuro-
transmitters within a small region of interest. However, several catheters can
be placed in different locations and monitor cerebral metabolism simulta-
neously. The microdialysis catheter can be inserted together with the brain
oxygen probe, an ICP monitor, or a CBF monitor within a three-lumen cra-
nial bolt (see Fig. 4). If used in combination with PBO2 monitoring,
‘‘stunned’’ brain tissue can be distinguished from brain regions undergoing
active ischemic injury.

Neuroimaging

Modern imaging techniques provide the opportunity of high-quality di-
agnosis of disease states and insight into pathophysiology and
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hemodynamics of vascular disease. CT and MRI are used frequently for di-
agnosis of disease states in NICU patients.

[18F]2-deoxy-D-glucose and oxygen-15 PET is used to obtain a quantita-
tive assessment of brain metabolism and CBF [29,132], but it is not widely
available. CBF can be evaluated qualitatively by way of SPECT as well and
is more readily available [29].

Xenon-enhanced CT scanning [28], perfusion CT, and perfusion-
weighted imaging (PWI) [29] add diagnostic capability to a qualitative image
of the cerebral perfusion status which can be assessed by comparison of
mean transit time (MTT), CBF, and cerebral blood volume (CBV) between
different brain regions. PWI allows for calculation of perfusion maps and
the delay of MTT comparing selected locations. Furthermore, MRI detects
ischemia early by an increase in signal on diffusion-weighted imaging (DWI)
and reduction of the apparent diffusion coefficient within 30 minutes of
onset of symptoms. Simultaneous PWI and DWI enable identification of
viable areas that lack adequate perfusion and are at risk for infarction.
The PWI/DWI mismatch concept has been used in patients with acute
stroke symptoms to determine risk and benefit of thrombolysis; however,
absolute CBF and CBV values may be more accurate for evaluation of
the true perfusion deficit [133].

PET, SPECT, perfusion CT, and MRI are noninvasive methods that as-
sess the cerebral perfusion status and metabolism globally. Most of the
time, the imaging facilities are located outside the NICU; consequently,
skilled personnel are required to minimize the risk involved with transport-
ing critically ill patient and ventilated patients on continuous drips. Imaging
gives a comprehensive evaluation of cerebral perfusion at only one point in
time, whereas cerebral autoregulation is a dynamic process. Therefore, sup-
plementation of global one-time assessment of CBF with regional continu-
ous CBF, pBO2, and microdialysis monitoring at the bedside may be
helpful.

Continuous EEG

Digital video continuous electroencephalographic monitoring (cEEG)
provides prolonged monitoring of brain activity in critically ill patients
with altered mental status and at risk for secondary ischemia after acute
brain injury. Indications for cEEG include:

(1) detection of nonconvulsive seizures or status epilepticus in patients
with unexplained fluctuating mental status and after convulsive status
epilepticus;

(2) characterization of spells such as sudden posturing, rigidity, tremors,
chewing, twitching, nystagmus, eye deviation, and agitation, and
unexplained changes in heart rate and blood pressure;
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(3) assessment of level of consciousness during sedation and paralysis in-
cluding identification of clinically silent events, management of burst-
suppression in anesthetic coma;

(4) detection of ischemia after SAH, during neurosurgical and neuroen-
dovascular procedures, in patients with hemodynamic lesions or at
risk for acute ischemia; and

(5) prognostication [134,135].

In a study of 570 hospitalized patients who underwent cEEG monitoring,
seizures were seen in 19%, 95% of which were nonconvulsive [136]. Up to
34% of patients in a smaller NICU patient population experienced noncon-
vulsive seizures, and 76% of these were in nonconvulsive status epilepticus
[137]. Nonconvulsive seizures or status epilepticus are associated with
increased morbidity and mortality regardless of etiology [138,139], especially
after SAH [140–142]. Seizure duration and time to diagnosis are predictors
of outcome in patients with nonconvulsive status. Mortality is 36% after 30
minutes in nonconvulsive status, and 75% after more than 24 hours [143].
Seizures occurring after cerebral hemorrhage or brain injury may increase
brain edema, midline shift, and intracranial hypertension [144].

Continuous EEG was first applied to monitor for reversible ischemia in-
traoperatively, during carotid endarterectomy [145,146]. Because certain
cEEG patterns such as broad, repetitive slow waves (‘‘axial bursts’’) are
highly correlated with the clinical and angiographic occurrence of vaso-
spasm [147], quantitative analysis was developed to detect delayed cerebral
ischemia in SAH by cEEG in awake and comatose SAH patients [148–150]
and to predict outcome after traumatic brain injury [151]. Quantitative
cEEG allows for evaluation of a large amount of data over long periods
of time (raw EEG waveforms) in the form of a summary as compressed
spectral array, density spectral array, compressed EEG pattern analysis,
bandwidth power trends with ratios of power, geographic power/bandwidth
display, burst suppression monitor, and level of sedation monitor in real
time. Spectra or power ratios that are easily interpretable with scoring sys-
tems or alarms make quantitative cEEG a very useful monitoring tool in the
neurologic intensive care unit [134,135,152,153]. Trend analysis of total
power (1–30 Hz) [149], variability of relative alpha (6–14 Hz/1–20 Hz)
even up to 2 days before clinical changes [150,151], and poststimulation
alpha/delta ratio (8–13 Hz/1–4 Hz) [148] were found to correlate with clin-
ical cerebral ischemia or angiographically confirmed vasospasm after SAH
and with poor prognosis after SAH and TBI.

Another future application of cEEG may include electrocorticography
with observation and measurement of cortical spreading depression, seen
in about 50% of patients following an acute brain injury. Transient or pro-
longed repeated depolarizations of brain tissue surrounding a cortical lesion
and slow potential changes (0.005–0.05 Hz) may contribute to expansion of
the initial focal injury [154].
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Technical requirements such as digital analysis and data reduction; con-
stant fixation of electrodes for agitated, physically moved, and transported
NICU patients; altered cranial anatomy (catheters, monitoring devices,
skull defects, scalp edema); electrical artifacts due to a noisy NICU environ-
ment; availability of 24-hour coverage of experienced electroencephalogra-
phers; availability of networking with real-time and event respond access;
automated alerting systems; and accessibility of remote online analysis
resources currently limit the use of continuous EEG for immediate clinical
decision-making and therapy [135,136,148]. Furthermore, EEG electrodes
interfere with the quality of imaging studies, which are frequently obtained
in NICU patients, and with procedures such as insertion of extraventricular
drains and ICP monitors. Most of the EEG electrodes are not compatible
with MRI.

Power spectrographic displays that compress several hours of recordings
into a single image that reveals certain patterns such as recurrent seizures or
changes of ratios, quantitative analysis, analysis programs at the bedside,
and networking with Web-based links can facilitate the review of large quan-
tities of EEG data by the electroencephalographer and enable a closer–to–
real-time assessment of brain dysfunction [155,156]. Video-assisted EEG
could also allow expert review of documentation of a neurologic assessment.

Somatosensory-evoked potentials (SSEPs), brain stem auditory-evoked
response, and long latency cortical auditory-evoked responses are valuable
tools for prognostication in comatose NICU patients. The bilateral absence
of the N20 cortical component of SSEPs obtained in patients with hypoxic–
ischemic encephalopathy after cardiopulmonary resuscitation is associated
with poor neurologic recovery [157]. Normal SSEP conduction times for
the components N13 and N20 bilaterally obtained within 48 hours of admis-
sion to the hospital signify a good neurologic outcome after severe brain
trauma at 12 months in 60% of patients. If any cortical potential is delayed,
the chances for a satisfactory recovery of neurologic function are less than
30%. With absent SSEPs, the most likely outcome is death or disability
[158]. Combined continuous EEG and SSEP monitoring has recently be-
come available [159]. Long latency cortical auditory-evoked responses are
more sensitive for detection of severity and extent of cerebral dysfunction
in traumatic brain injury compared with brain stem auditory-evoked re-
sponses [160].

Multimodality monitoring

The true richness of multimodal neuromonitoring lies not in the addition
of new metrics but in the analysis of relationships among these metrics. Dur-
ing rounds in the NICU with multimodality monitoring, a physician may be
confronted with more than 200 variables [161]. Unassisted human beings,
however, are not able to judge the degree of relatedness between more
than two variables [162]. Computer-assisted graphical analysis can play



528 WARTENBERG et al
a role in the intensive care unit to reap the benefits of intensive neuromoni-
toring [163–170]. Understanding these relationships may allow earlier iden-
tification and treatment of critical patient conditions, ideally before
permanent secondary injury can occur.

Several groups have examined the relationships among physiologic
metrics to monitor dynamic cerebral autoregulation and pinpoint patient-
specific physiologic targets using varying statistical techniques [163–
167,171,172]. This research is grounded by the fact that cerebrovascular
pressure reactivity can be determined by observing the response of ICP to
changes in MAP [168]. With intact pressure reactivity, spontaneous
increases in MAP lead to vasoconstriction and a reduction in cerebral blood
volume within 5 to 15 seconds, subsequently decreasing ICP. However, if
pressure reactivity is disturbed, the absence of vasoconstriction in response
to elevations in MAP results in passive increases in cerebral blood volume
and ICP. If MAP decreases, the opposite occurs (see Fig. 3) [169]. Addition-
ally, intracranial pressure, cerebral perfusion pressure, and regional cerebral
blood flow have been found to be dynamically correlated to decreased brain
tissue oxygen [18–20].

Dynamic analysis of these metrics may yield new tools to maintain ade-
quate cerebral oxygenation. Steiner and colleagues [168] analyzed the rela-
tion of MAP and ICP to identify a CPP target and demonstrated that
patients with a mean CPP closer to their ‘‘optimum’’ CPP target had a better
outcome. However, this method failed to identify a target CPP for 40% of
patients. An assumption of autoregulatory failure is that the cerebral vascu-
lature is unresponsive to changes in blood pressure, effectively eliminating
the negative correlation normally observed between MAP and ICP that is
used to indicate a CPP target. This likely accounts for why a target could
not be identified in most cases. Soehle and colleagues [165] evaluated the
relationship between CPP and PBO2 to quantify autoregulation dysfunc-
tion. An increased correlation among the two parameters is related to wors-
ening autoregulation dysfunction. Furthermore, SAH patients with elevated
CPP and PBO2 correlations were at significantly greater risk for infarction
from vasospasm than those with intact autoregulation [170]. We reported
preliminary results on the feasibility to generate a CPP target by monitoring
the correlation of MAP to PBO2 simultaneously with the correlation of ICP
to PBO2 and identifying the observed CPP when these relationships change
(see Fig. 6) [173]. Though in need of further study, the primary advantage of
using brain oxygenation data to identify a patient-specific CPP target is that
such a target should be identifiable regardless of autoregulation status.

Complex multidimensional data analysis has been studied to identify
complication specific data patterns to good effect. Gather and colleagues
[174] applied graphical modeling techniques to physiologic data collected
in an ICU revealing distinct partial correlation patterns among physiologic
parameters such as heart rate, arterial pressure, SpO2, and central venous
pressure for distinct clinical states, including congestive heart failure,
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pulmonary hypertension, and use of vasopressors. In the future, multidi-
mensional data analysis might also be used to generate compound
patient-specific physiologic targetsdfor example, generating targets MAP
and end tidal CO2 that will produce the lowest ICP without adversely im-
pacting PBO2. Dynamic analysis of neuromonitoring data has a bright fu-
ture and will continue to have an increasing role in physician decision
support at the bedside.

Summary

Traditional monitoring in the NICU relegates physicians and nurses to
treating patients reactively, only after the patients have declined neurologi-
cally and a physiologic process has become abnormal. Real-time monitoring
of brain oxygen tension, brain temperature, ICP, CPP, CBF, and cerebral
metabolismdin addition to TCD ultrasonography, cEEG, and cardiovascu-
lar parametersdgives the neurointensivist immediate insight in the physio-
logic and metabolic state of brain regions at risk for ischemia and injury and
enhances the potential of early effective interventions to reverse pathologic
states on an individual basis. Specifically, the combination of ICP/CPP
monitoring, complemented by brain oxygen tension and lactate/pyruvate
ratio monitoring, may distinguish areas of the brain at risk that might re-
spond to manipulations of MAP or CPP.

Initial research using this information at the bedside has enabled proac-
tive treatment of patients in the form of patient-specific physiologic targets.
Ideally, multimodal analysis of physiologic data will enable neurointensiv-
ists to optimize a patient’s physiology, minimizing the impact of neurologic
derangement, and ultimately transforming the NICU treatment model. To
get there, more research and actual application of these techniques is needed
to confirm reference values for brain health and to standardize clinical man-
agement (see Table 1). Optimization of CPP and ICP, hyperventilation, hy-
perosmolar therapy, hypothermia, weaning from liberation from
ventilation, diagnosis and treatment of vasospasm, and temporary occlusion
of arteries during radiologic or surgical interventions can be guided by these
novel technologies. Clinical informatics tools and decision support research
will be needed to reduce the quantity and increase the quality of information
neurointensivists must sift through when managing their patients. Multi-
modal monitoring should become the standard of every NICU and offers
tremendous potential.
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Imaging in the ICU plays a crucial role in patient care. The portable chest
radiograph (CXR) is the most commonly requested radiographic examina-
tion, and, despite its limitations, it often reveals abnormalities that may not
be detected clinically. Interactions between radiology and the bedside ICU
clinical team have been transformed by the introduction and now wide-
spread use of computer radiology (CR) and picture archiving and commu-
nication systems (PACS). Recent advances in CT technology have made it
possible to obtain diagnostic-quality images even in the most dyspneic
patient. This article reviews the significant contribution thoracic imaging
makes in the diagnosis and management of critically ill patients.

Portable chest radiograph

The CXR is one of the most commonly requested radiographic examina-
tions and is an integral supplement to the physical examination in the crit-
ically ill patient. At their institution, the authors perform, on average, 250
portable CXRs per day, half of which are on adult patients in the ICU.
They are readily available, easy and quick to perform at the patient’s bed-
side, and much less expensive than any other imaging modality. The CXR
plays a key role in aiding diagnosis and management and monitoring
response to therapy. Often, the physical examination is limited or difficult
to perform in patients who are intubated, uncooperative, or unresponsive.
Important problems may be clinically silent or difficult to detect in the
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ICU, or the physical examination may be unreliable. Examples of disorders
and problems for which the CXR is indispensable include malposition of
invasive devices (particularly endotracheal tubes), identification of emerg-
encies (pneumothorax), early detection of new problems (ventilator associ-
ated pneumonia or atelectasis), and assessment of volume status. The
CXR is vital, often providing bedside clinicians with information they
otherwise would not have.

Picture archiving and communication systems

Before the introduction of CR and PACS, radiology departments strug-
gled to offer prompt, reliable access to ICU CXRs; a certain number of films
would be lost either temporarily or permanently when frustrated clinicians
would remove them from the radiology department for rounds and patient
management. This occasionally would result in overlooking subtle but im-
portant findings and delay the radiologist’s interpretation, potentially result-
ing in a negative impact on patient care.

The introduction and now widespread use of CR and PACS in most large
medical centers has transformed interactions between radiology and the
ICU. PACS are composed of image acquisition devices, network display de-
vices, image servers or image archivers, and storage devices [1]. Images used
for formal interpretation by the radiologist are viewed on high-resolution
monitors. These are typically two or more 2k � 2k grayscale monitors po-
sitioned side by side in a reading room with good control of background
lighting. Sometimes high-quality, high-resolution monitors are placed in
other hospital locations outside of the radiology department, providing suf-
ficient resolution for clinical viewing purposes at substantial cost savings.
Some institutions committed to the implementation of electronic medical re-
cords have opted for installation of flat panel monitors at the bedside for
convenient access to images and reports, expediting patient evaluation
and offering guidance when tubes, lines, and other devices need manipula-
tion. When patients are not doing well, when problems become complex,
or when abnormalities are suspected on the CXR, studies should be re-
viewed on high-resolution monitors, because important findings (such as
a pneumothorax or malpositioned support device) may be missed on lower
quality monitors or in suboptimal viewing environments.

There are many advantages to the combination of CR with PACS and
few disadvantages. Some of these advantages include:

More consistent acquisition of diagnostic-quality radiographs
The ability to manipulate images by adjusting window levels and settings

after the image has been obtained to overcome exposure problems
The ability to rapidly transmit images over computer networks so they

may be viewed simultaneously by the radiologist and the consulting
physicians (eg, images may be reviewed from remote sites such as
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home to allow the team on call to consult with the attending physician
on specific circumstances)

Improved efficiency of the radiologist
Increased diagnostic accuracy and confidence of the radiologist with the

help of the many tools available on the workstation such as scrolling,
image navigation, image layout, window/level measurements, pan,
zoom, magnification, annotation of images, including arrows calling
attention to the location of tubes and catheters, and measurements
for adjusting devices to ideal position (Fig. 1)

In the case of CT images, PACS offer the ability to perform instant multi-
planar reconstructions, a helpful feature in evaluation of CT pulmonary an-
giography [1]. The integration of hospital information systems with PACS
and digital voice recognition reporting systems has streamlined the flow of
information between ICU physicians and radiologists further and improved
the quality and content of such information. Computerized physician order
entry offers an opportunity to capture essential clinical information to guide
selection of appropriate studies and provides the radiologist with instant
clinical content to aide in protocolling studies and in their interpretation.
This computer-driven paperless environment, coupled with the ability to
create reports with voice recognition, allows almost simultaneous access
to images and interpretation from multiple sites, including at the bedside
as in many institutions, or from home for after-hours consultation.

Ready access to the information is no substitute for direct daily commu-
nication between radiologist and clinical team. The implementation of

Fig. 1. AP chest radiograph in a 62-year-old man obtained after intubation. The endotracheal

tube tip is too high, located above the thoracic inlet (at T1 level). This has been annotated on

the picture archiving and communication systems workstation by the radiologist for the clini-

cians to view. A feeding tube is also present, adequately positioned.
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PACS often results in a significant increase in the number of clinicians view-
ing their patients’ images from off-site monitors and a decrease in the direct
communication between the radiologist and the clinician. A study by Kun-
del and colleagues [2] demonstrated not only a dramatic decrease in the
number of radiology consultations but also a significant increase in clinical
action without first consulting the radiologist (from 6% to 40%). It is nat-
ural for the clinicians to want to review the films themselves. But interpre-
tations leading to action should be done with caution, as subtle but
important findings can be missed or overlooked easily on the lower-resolu-
tion monitors and suboptimal viewing conditions commonly encountered in
the ICU. The final radiology report always should be read and taken into
consideration. Clinicians sometimes use PACS as a substitute for confer-
ences or rounds with the radiologist, especially as they have the images
and radiologic report at their fingertips. This decline in communication
between the clinician and radiologist may have a negative impact on patient
care. Routine conferences or clinical rounds with the radiologist can facili-
tate communication and explanation of major or important findings on the
images. They also can improve the radiologists’ reports, because clinicians
can provide valuable clinical or laboratory data that may narrow a differen-
tial diagnosis or lead to the appropriate diagnosis. Thus the valuable ex-
change of information between the radiologist and the clinician is of the
utmost importance to ensure high-quality patient care. Despite the imple-
mentation of PACS, the authors actively promote and execute daily radiol-
ogy rounds with several different clinical teams, 7 days a week. Conferences
based around the high-resolution PACS monitors in the radiology depart-
ment are more efficient with the ability to review multimodality studies
and previous studies, spending more time per case and less overall time
for each conference when compared with viewing hard-copy films [3]. In ad-
dition to daily rounds, the radiologist is responsible for communicating ur-
gent and unexpected findings verbally to the ICU team in a timely manner,
and documentation of such communication should be included in the radi-
ology report. The explicit list of what constitutes an urgent finding and the
appropriate recipient should be agreed upon by radiology and ICU and
serve as an internal guideline [4].

Chest radiographs: technical issues

The quality of the portable CXR can be highly variable, ranging from
good to uninterpretable. Obtaining diagnostic quality studies on unstable,
uncooperative patients, or patients who have numerous support devices
poses unique challenges to the technologist and is not always possible. There
are limitations to obtaining quality portable CXRs, including the inability
of critically ill patients to cooperate, the nature of the ICU environment
with critically ill patients (some on life-support machines in tight quarters),
difficulty in controlling scattered radiation in obese patients, and wide
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differences in film exposure [5]. An uncooperative patient may move while
the radiograph is being taken, or an exposure may be too long in large pa-
tients, or motion artifact may result when using grids to control scattered
radiation. Patients who have many support lines and tubes may be difficult
to move and position adequately for the film. This can result in parts of the
chest being imaged incompletely and in rotation artifact.

To avoid these pitfalls and to standardize technique, at their institution,
the authors obtain the portable CXR with the patient supine and with the
cassette in vertical dimension so that the upper airway and upper abdomen
are included, allowing evaluation of endotracheal tubes, feeding tubes, sub-
pulmonic pneumothorax, and pneumoperitoneum, among other important
findings. A focus to patient distance of 50 inches should be kept to avoid
magnification and facilitate comparison of anatomic structures such as the
width of the vascular pedicle, heart, and pulmonary vessels. The radiograph
should be obtained at peak inspiration using 80 to 100 KVp and short ex-
posure times to minimize respiratory artifact. Clips, telemetry wires, and
other external objects should be removed from the field as much as possible
to better identify the position of lines, tubes, and the subtle findings of pneu-
mothorax and early consolidation.

Recommendations for routine studies

Daily chest films often are ordered routinely in the ICU. The rationale for
this practice, given unanswered questions about accuracy, efficacy, and cost-
effectiveness, is debatable [6]. A recent survey among 65 ICU facilities shows
a lack of consensus on the utility of the CXR, with only 63% of ICUs
ordering routine daily CXRs [7]. Even those adhering to a daily request
found the CXR helpful in no more than 30% of daily routine CXRs. The
CXR was considered most helpful for the assessment of devices in 87% of
daily CXRs, pneumothorax, 82% of daily CXRs, pneumonia, 74% of daily
CXRs, and acute respiratory distress syndrome (ARDS) in 69% of daily
CXRs. In the most recent efficacy study, new or important findings were
present in 5.8% of routine CXRs, but the new findings influenced manage-
ment in only 2.2% of the daily routine CXRs [8]. The results of this prospec-
tive study led the authors to the conclusion that daily routine CXRs are not
necessary in the ICU. Other authors have shown that changing from routine
to an on-demand strategy could result in a reduction of 36% of CXRs at
considerable savings [9].

According to the American College of Radiology’s ‘‘Appropriateness of
Services Criteria,’’ daily routine radiographs are indicated in patients who
have acute cardiopulmonary disorders and those receiving mechanical
ventilation [10]. This recommendation is based on previous literature of
the 1980s and early 1990s showing a wide variety of results, with new radio-
graphic findings reported anywhere from 6% to 91% of ICU chest radio-
graphs. In two reports, 34.5% and 65% of studies showed abnormalities
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or important changes, including malpositioned monitoring devices or al-
tered cardiopulmonary status [11,12]. The yield was higher in radiographs
performed for clinical problems than for those done routinely. In another
study, consecutive routine chest films were evaluated in 94 medical ICU
(MICU) patients [13]. Fifteen percent had an unsuspected abnormality, of
which 93% precipitated a management change. The yield was higher in
patients who had pulmonary and unstable cardiac disease, regardless of
whether they were mechanically ventilated. Seventeen percent of these
patients had unexpected findings, compared with 3% with other diseases.
Films performed when two or more tubes or catheters were in place had
a 16% chance of showing unsuspected findings, usually not involving device
malposition, compared with 6% in those with none. The lack of standard-
ization of methodology in these earlier studies precludes a formal meta-
analysis, but a detailed review by Graat and colleagues [14] suggests that
most of the findings identified on the routine daily CXR were either not
new, or did not alter management. Routine studies may not be necessary
in patients admitted to surgical ICUs [15,16]. For example, in one report,
164 routine radiographs were evaluated in 34 relatively young mechanically
ventilated patients, most of whom were admitted for trauma [17]. Only 1%
of radiographs had findings that could not be predicted clinically and af-
fected management. Similarly, the yield of routine studies in postcardio-
thoracic surgery patients is also low [18,19], and a more selective use of
films in these settings could save resources [15]. At present, it is prudent
to recommend obtaining ICU chest radiographs on demand for the moni-
toring of devices and for deterioration of clinical condition.

Approach to interpreting the portable chest radiograph

A systematic approach is essential for interpreting the portable CXR.
The steps are as follows:

Assess the technical quality of the study.
Evaluate the location of all catheters, tubes, and support devices.
Assess the cardiovascular status of the patient.
Check for abnormal parenchymal opacities.
Search for evidence of barotrauma.
Look for pleural effusions.
Compare with the prior studies; does the patient look the same, better, or

worse?

Attention should be directed to disorders common in the critically ill.
Comparison always should be made with prior films, if available. The qual-
ity of the chest radiograph should be taken into account when reviewing the
film. All support devices (tubes and catheters) should be evaluated for ap-
propriate positioning and for possible complications of placement (ie, pneu-
mothorax or mediastinal hematoma). The mediastinal width and contour
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then should be assessed in addition to the cardiovascular status of the pa-
tient, with attention to the vascular pedicle width and heart size. Next,
the lungs should be inspected for abnormal airspace opacities. Finally, the
presence of abnormal air collections (such as pneumothorax, pneumome-
diastinum, pneumopericardium, or free air beneath the diaphragm) and
pleural fluid collections should be sought [20]. It is important to remember
that the appearance of the chest differs in the supine versus upright position.
The anterior-posterior (AP) supine position magnifies the cardiac silhouette
and will result in apparent vascular redistribution. This, in combination
with low lung volumes (!eight posterior ribs visible on inspiration), can ac-
centuate the cardiac silhouette and pulmonary vasculature even further, and
artificially cause widening of the superior mediastinum with a widened vas-
cular pedicle, mimicking congestive heart failure (CHF) when the patient is
normal (Fig. 2). Although more difficult to detect on supine films, the ap-
pearances of pneumothoraces and pleural effusions have been described
and are discussed in detail.

Invasive devices

The CXR readily identifies the position of invasive devices placed for
monitoring or therapy, such as pulmonary artery catheters, central venous
lines, temporary pacemakers, chest tubes, endotracheal tubes (ETTs), and
nasogastric tubes (NGTs) [6,21]. Most invasive devices require radiographic

Fig. 2. Normal supine AP chest radiograph obtained with a poor inspiratory effort in a 44-year-

oldman. TheAPand supine positioning of the patient accentuate the heart size and cause vascular

redistribution, respectively. Combined with the poor inspiratory effort, the findings of apparent

cardiomegaly, widened vascular pedicle, and redistributed blood flow in the upper lobe pulmo-

nary veins give the appearance of congestive heart failure.
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confirmation of position after placement, because improper positioning may
not be clinically apparent. Studies also are needed to rule out procedure-re-
lated complications. Malposition caused by improper placement or migra-
tion is frequent and may cause complications. In one study, 14% of
radiographs taken on admission to the ICU showed incorrectly positioned
tubes or catheters [11].

Endotracheal tubes
After intubation, it is critical to ensure that the ETT is positioned appro-

priately within the airway. The tube should be approximately 5 cm above
the carina or at the level of the aortic knob when the patient’s head is in
the neutral position. Flexion or extension of the head can move the ETT
2 to 4 cm in either direction [22]. Placement too high can cause inadvertent
extubation or misplacement of the occluding cuff. Placement too close to the
carina may lead to selective intubation of a main bronchus or irritation of
the carina. Intubation too high or too low within the trachea is difficult to
detect clinically, because breath sounds are generally normal. Right main-
stem intubation may cause unequal breath sounds and high peak airway
pressures and, in severe cases, may cause hypoxemia and hemodynamic
compromise. Mainstem intubation can be clinically occult, however, and
only revealed on the CXR. In one study, 60% of patients who had mainstem
intubation had symmetric breath sounds [23]. In addition to inappropriate
positioning, radiographic signs of right mainstem intubation include hyper-
inflation of the right lung and atelectasis of the right upper lobe, which may
occur if the ETT reaches the bronchus intermedius. Selective intubation also
may result in iatrogenic pneumothorax.

Malpositioning is common and may be missed clinically, justifying the re-
quirement for CXRs immediately after intubation. In one study of 219 crit-
ically ill patients evaluated after ETT placement, 5% had mainstem
intubation, and 14% needed repositioning [24]. In another study, 15.5%
of ETTs were placed inappropriately by radiographic criteria, despite previ-
ous clinical evaluation [23]; 61.9% of these cases occurred in women, and
the most common problem was placement too close to the carina [25].

Tracheal rupture is a rare but devastating complication of intubation, oc-
curring most commonly in the peri-intubation period [26]. Rupture usually
occurs through the membranous trachea within 7 cm of the carina. Risk fac-
tors include use of a stylet, an inexperienced operator, and emergency intu-
bation. The most dramatic cases present as bilateral pneumothorax and
massive subcutaneous emphysema, but clinical signs may be delayed as
long as 24 hours in up to 70% of cases. In such cases, tracheal rupture is
suggested radiographically by an oblique orientation of the ETT to the right
and inflation of the cuff beyond the normal tracheal boundaries. Other ra-
diographic signs include migration of the balloon cuff toward the tip of
the ETT and pneumomediastinum or subcutaneous emphysema [26]. Rup-
ture can be confirmed by CT if necessary [27].
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Another complication of endotracheal intubation is damage to the tra-
cheal mucosa caused by cuff overinflation and consequent ischemia. This
usually is prevented by limiting inflation pressures and by the daily radio-
graphic evaluation of the cuff and noting that it does not exceed the diam-
eter of the trachea [5]. A rare but devastating complication is intubation of
the esophagus. This should be demonstrated clinically by severe hypoxemia
and detection of CO2 in exhaled gas, but could be missed in the setting of
severe cardiopulmonary disarray. Radiographic signs include inflation of
the ETT beyond the diameter of the normal trachea, distention of the stom-
ach, or an air column lateral to the tracheal air column.

Central venous catheters
Central venous, generally multilumen, catheters are placed commonly for

hemodynamic monitoring and delivery of fluid and medication. The internal
jugular and subclavian approaches are the most commonly used routes.
A portable CXR should be done after line placement to confirm position
and rule out procedure-related complications, especially pneumothorax
[28]. Up to one third of catheters are malpositioned when initially placed
[5]. To accurately measure central venous pressure, the catheter tip must
be intrathoracic and beyond all the venous valves, the last of which are
located distal to the anterior first rib on the CXR. For fluid and medication
delivery, all line ports must be within the vessel. The ideal position for the
line tip is in the superior vena cava (SVC) slightly above the right atrium.
If placed higher, the proximal port, located 5 cm from the catheter tip,
may be outside the vessel or above the valves. More distal placement may
put the catheter tip within the heart, risking possible arrhythmias, myocar-
dial rupture, and pericardial tamponade, although the actual risk of rupture
if the catheter is in the right atrium is probably quite low [29]. In addition,
when the central line tip is in the right atrium, venous blood sampled from
the distal port will include blood from the lower half of the body, which is
important to consider when venous saturation is being used to evaluate ox-
ygen delivery [30]. Pneumothorax follows line placement in up to 6% of pro-
cedures and is probably more common with the subclavian than the internal
jugular approach [24]. Because a pneumothorax can be devastating, a CXR
should be done after each attempt at line placement, even if unsuccessful.
An immediate CXR generally is not needed when a line is changed over
a wire [31].

Delayed complications of central venous line placement include catheter
embolization, venous obstruction leading to SVC syndrome, and vessel per-
foration [27]. Perforation of the SVC may result in infusion of fluid into the
mediastinum or pericardium, and this may be manifested radiographically
by mediastinal widening, enlargement of the cardiac silhouette, or a new
pleural effusion. Radiographic signs that suggest impending perforation in-
clude curving of the catheter tip or direct placement of the catheter tip
against the wall of the SVC [32].
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Chest CT

Chest CT plays a crucial role in the care of the critically ill patient. A study
performed byMiller and colleagues [33] concluded that the most common in-
dications for requesting a CT scan were sepsis of unknown origin, evaluation
of pleural effusion, evaluation of patient with malignancy, and assessment of
complications of thoracic surgery. At the authors’ institution, approximately
25 chest CTs are performed on ICU patients per month. It is not uncommon
for the clinicians to request a CT in the patient who is acutely decompensating
to try to elucidate possible causes, such as pulmonary embolism, source of
bleeding in a postoperative patient, empyema, aortic dissection, or aortic in-
tramural hematoma, especially as the portable CXR may be limited, nonspe-
cific, or noncontributory. Pleural effusions can be difficult to detect on
a portable CXR, and their appearance also canmimic airspace consolidation.
Thus, chest CT inmany instances may be the only way to accurately assess for
both the presence and size of a pleural effusion. Although pleural fluid can be
detected readily at CT, CT is of limited value in differentiating transudates
from exudates. CT, however, does have the advantage over ultrasound
when it comes to diagnosing empyema (and differentiating it from lung ab-
scess) and in the characterization of malignant effusions [34]. Features on
CT that favor empyema over lung abscess include: presence of sharp margin,
thinwall, lenticular shape, the split-pleura sign (whichwill be discussed later in
the article), and lung parenchyma displaced by the pleural fluid collection. In
contrast, a lung abscess typically has an irregular margin and a thick wall. Ad-
ditionally, it is round; the pleural surface is not seen, and lung tissuemaintains
normal position [35]. CT is also extremely useful and commonly requested to
guide procedures such as drainage of pleural effusions or to assess the position
of drainage catheters.

There are few drawbacks and many more advantages to performing CT
in ICU patients (Box 1). The major disadvantage is the need to transport
patients out of the closely monitored ICU environment. Many patients
have relative contraindications to the use of intravenous (IV) contrast (par-
ticularly an increased risk of contrast-induced nephropathy). Fortunately,
IV contrast seldom is needed except to evaluate the aorta or look for pulmo-
nary emboli. CT exposes the patient to substantially more radiation com-
pared with the CXR. Finally, the CT may not always provide additional
information to the nonspecific CXR, especially when the patient has diffuse
airspace disease, which often yields the same differential diagnosis raised on
the portable study.

On the other hand, CT is more sensitive than CXR and can provide valu-
able information that may change patient management [36–38]. Not uncom-
monly, clinically occult or unsuspected abnormalities (such as a small
pneumothorax or incidental pulmonary emboli) can be detected readily by
CT. CT also may reveal a source of sepsis that CXR may not demonstrate
(such as an empyema or lung abscess) (Fig. 3). Evaluation of chest tube
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Box 1. Advantages and disadvantages of chest CT compared
with portable chest radiograph

Advantages
Much more sensitive
Evaluates

Lungs
Heart
Mediastinum
Pleura
Chest wall
Upper abdomen

Localizes disease
Guidance of interventional procedures
Can detect occult pneumothorax or effusions
Evaluates chest tube placement
Can contribute new information
May detect unsuspected abnormalities

Disadvantages
Risk of transporting patient out of the ICU environment
Significant increased radiation
Risks of intravenous contrast (if given)

Fig. 3. 64-year-old immunocompromised man with a staphylococcal lung abscess that is diffi-

cult to identify on AP chest radiograph, but is visible at CT. (A) AP CXR shows bilateral amor-

phous densities consistent with pleural plaques in the middle to lower lungs. An abscess is not

appreciated. (B) Axial CT image obtained the same day as the chest radiograph in A demon-

strates a left upper lobe complex cavitary lesion consistent with a lung abscess. Gas is in the

chest wall beneath the left pectoralis minor muscle secondary to adjacent extension of the

abscess through the chest wall.
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placement, which can be limited on a portable CXR and inadequate posi-
tioning, is performed more easily and confidently with the use of CT. Chest
CT also can reveal significant or unsuspected findings in the upper abdomen
(which routinely is included as part of the chest CT scan), such as free intra-
peritoneal air secondary to perforation of a viscus, colitis, hemoperitoneum,
or retroperitoneal hematoma (Fig. 4).

As many ICU patients are at increased risk for thromboembolic disease,
chest CT is not only useful in the diagnosis of pulmonary embolism, but it
also provides additional information as it evaluates the lung parenchyma,
heart and mediastinum, pleura and chest wall. As many as two thirds of pa-
tients will have an alternative diagnosis established by CT [36,37]. Because
most of these patients have abnormalities present on their CXR, ventilation
perfusion (V/Q) scan is rarely diagnostically useful in this patient popula-
tion, because, if the lungs are not clear, it will usually be rendered indeter-
minate [39].

Specific disease states

Pulmonary edema

Pulmonary edema can be divided into two categories depending on its eti-
ology: cardiogenic or noncardiogenic (Fig. 5). In the ICU setting, the most
common causes of pulmonary edema are CHF, fluid overload, and damage
to the pulmonary microvasculature resulting in capillary leak edema [5].
There are many causes of noncardiogenic edema, some of which include ure-
mia, sepsis, neurogenic, trauma, drug overdose, toxic fume inhalation, and
near-drowning.

Fig. 4. 77-year-old man with sudden onset of tachycardia and dyspnea. Axial CT image of the

upper abdomen, which was included as the last image of a chest CT, demonstrates a moderate-

sized right retroperitoneal hematoma (black arrows) displacing the right kidney (white arrow)

anteriorly. The remainder of the chest CT was normal. The patient was on Coumadin and

had an elevated international normalized ratio.
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Cardiogenic edema can be graded as mild, moderate, or severe. The up-
right CXR is more accurate than the supine portable CXR in depicting the
findings of pulmonary edema. The earliest sign of pulmonary edema on
CXR (mild edema) is vascular redistribution or cephalization of vessels,
also known as pulmonary venous hypertension. With moderate (or intersti-
tial) pulmonary edema corresponding signs on CXR include perihilar or
vascular haziness, Kerley lines, and/or peri-bronchial cuffing, with or with-
out pleural effusions. As intravascular hydrostatic pressures continue to rise,
fluid begins to fill the airspaces, resulting in alveolar edema. Alveolar edema
tends to produce airspace opacities in the middle to upper lung zones, but it
can be present dependently in the lower lung fields, especially in patients
who have diseases affecting the upper lobes, most commonly centrilobular
emphysema. Thus alveolar edema in a patient who has chronic obstructive
pulmonary disease (COPD) can mimic pneumonia radiographically. An im-
portant fact to remember that can help differentiate these two entities, is that
interstitial or airspace opacities from edema can both appear and clear rap-
idly in contrast to airspace disease from pneumonia, which usually does not
resolve completely within 24 hours (especially in a patient who has COPD).

Intravascular volume status can be estimated on the portable CXR by
noting the vascular pedicle width [40,41]. The anatomic landmarks used
for determining vascular pedicle width include the SVC and azygous vein
complex on the right side of the mediastinum, and the proximal descending

Fig. 5. AP chest radiographs (CXRs) illustrating the differences in appearance of cardiogenic

(A) versus noncardiogenic (B) edema. (A) 61-year-old woman with a left ventricular ejection

fraction of 30% and cardiogenic edema demonstrates cardiomegaly, widened vascular pedicle

(white arrows), engorged vessels, central ground glass opacities, Kerley B lines (black arrow),

and haziness at the lung bases because of small pleural effusions. (B) CXR in a 39-year-old

man with shortness of breath and acute respiratory distress syndrome following cocaine over-

dose. There are bilateral ground glass opacities with normal-sized heart, normal vascular pedicle

width, without pulmonary venous congestion and lack of pleural effusions, which favor noncar-

diogenic cause of the edema.
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thoracic aorta on the left (Fig. 6). A vascular pedicle width of greater than
7 cm is considered widened and can be used as an indirect sign of increased
volume status [1]. Typically, the vascular pedicle width is widened in cardio-
genic edema and edema secondary to fluid overload. On the other hand, the
vascular pedicle width is normal or decreased in patients who have capillary
leak edema not complicated by fluid overload or left ventricular dysfunction
[5]. It is important to consider factors that can alter the vascular pedicle
width artificially, however, such as patient rotation, supine positioning,
a shallow inspiration, ventilator settings, and patients’ body weight. It is
important to take these factors into account and follow this landmark
over serial portable CXRs performed with similar technique.

Although the portable CXR is relatively useful in detecting pulmonary
edema, it is not always possible radiographically to distinguish between car-
diogenic and noncardiogenic causes. In general, signs that favor CHF as the
cause of edema include cardiomegaly, widened vascular pedicle, septal
thickening, and pleural effusions. Airspace opacities with CHF tend to be
central and uniformly distributed but can appear in different locations de-
pending on patient positioning and presence of background emphysema.
CT is much more sensitive for demonstrating these findings than portable
CXR (Fig. 7). It also is important, however, to be aware of the fact that air-
space edema, especially if resolving, may have different appearances on CT,
and that the CT findings may not always be straightforward. The CT scan
should not be reviewed in isolation. In these cases, it is usually helpful to
also review recent serial CXRs, which may demonstrate rapidly changing
airspace densities, thus favoring edema.

Fig. 6. Two chest radiographs (CXRs) of a 60-year-old man demonstrating a change in vas-

cular pedicle width secondary to a change in volume status. (A) AP CXR demonstrates a wid-

ened vascular pedicle (arrows), cardiomegaly, pulmonary venous congestion, and bilateral

pleural effusions consistent with congestive heart failure. (B) AP CXR after diuresis shows de-

crease in the vascular pedicle width, resolution of vascular congestion, and pleural effusions

but persistent cardiomegaly. A pacemaker/defibrillator is also present and adequately

positioned.
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Airspace opacities with capillary leak edema were found to be patchy and
peripheral in 58% of patients compared with 13% in hydrostatic edema [42].
Imaging findings commonly associated with hydrostatic edema can be seen
in patients who have capillary leak edema as well [42]. In addition, intersti-
tial pneumonia, an acute noninfectious pneumonitis, or pulmonary hemor-
rhage can produce radiographic findings indistinguishable from pulmonary
edema. Therefore, the imaging findings can only supplement the important
information obtained from the physical examination and clinical history,
which are crucial to making a correct diagnosis.

Acute respiratory distress syndrome

The radiographic manifestations of ARDS vary with the stages of the dis-
ease, the severity of the lung injury, and the associated complications such as
barotrauma and pneumonia. The radiographic findings usually appear dur-
ing the first 24 to 72 hours following the inciting clinical event (eg, shock,
aspiration, sepsis) and most commonly present as bilateral patchy air space
consolidation. This corresponds to the exudative phase of ARDS, when
a large amount of protein-rich pulmonary edema leaks into the alveoli.
The second phase is characterized by proliferation of type II pneumocytes
and hyaline membrane formation. During the second phase, the initial
patchy opacities progress to consolidation with a lower lobe predominance;
these findings can remain stable for days, even weeks, offering a monotonous
picture on the daily radiograph, in contrast with cardiogenic edema or pneu-
monia, where changes occur more rapidly. Few patients who have ARDS
have a pure clinical or radiographic picture of capillary leak edema; the
CXR can indicate superimposed fluid overload, with widening of the vascu-
lar pedicle, increasing pleural effusions, and soft tissue edema [40]. Pneumo-
nia may be suspected in the presence of focal consolidation or worsening of

Fig. 7. 45-year-old man with shortness of breath secondary to acute myocardial infarction and

congestive heart failure. Axial CT images obtained through the upper lungs (A) and lower lungs

(B) demonstrate central ground glass opacities with an upper lobe predominance, engorged

nondependent pulmonary veins (white arrows in A), and thickened interlobular septa (white ar-

rows in B), which would produce Kerley lines on chest radiograph, and bilateral pleural effu-

sions (asterisks).
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opacities after a relatively stable phase. In some cases, CT may be necessary
to evaluate a persistent source of sepsis, the presence of nodules, or cavita-
tion as a sign of fungal infection or septic emboli.

Evaluation of ARDS with CT has brought further understanding of the
radiographic findings and corresponding pathophysiologic correlation
[43,44]. On CT, the diffuse patchy consolidation on the portable CXR
appears to be quite extensive involving the entire lung, but with more severe
consolidation in the dependent zones explaining the severe ventilation–
perfusion mismatch and shunting typical of ARDS (Fig. 8). According to
Gattinoni and colleagues’ [45] observations, a density and pressure gradient
can be inferred from the CT images and corresponding Hounsfield numbers.
The pressure and lung weight increase along the vertical axis, resulting in
progressive alveolar collapse in the most dependent regions of the lungs.
Gattinoni’s model implies that some these alveoli can be recruited by in-
creasing the levels of positive end-expiratory pressure (PEEP), whereas
others are at risk of overdistention. Dependent consolidation and atelectasis
provide a rationale for placing patients in the prone position. Although im-
provements in survival have not been shown, in many patients, prone posi-
tioning is associated with recruitment of dorsal lung zones and improved gas
exchange [44]. When patients are managed in the prone position, the CXR
may show a vanishing of the cardiac silhouette because of the contact of
diaphragm and pleural effusions with the heart borders.

Barotrauma

Despite growing acceptance of ventilator strategies that emphasize lower
tidal volumes and plateau pressures compared with approaches used in the
past, barotrauma, particularly pneumothorax, but also pneumomediasti-
num, pneumopericardium, pneumoperitoneum, subcutaneous emphysema,
and interstitial emphysema remain common ICU complications [46].

Fig. 8. Noncardiogenic edema (acute respiratory distress syndrome) secondary to fluid over-

load in a 59-year-old postoperative man with shortness of breath. Axial CT images through

the upper (A) and lower (B) lungs demonstrate diffuse ground glass opacity and consolidation,

which is most pronounced in the dependent lower lungs. The heart size is normal without pul-

monary venous distension, and there are no pleural effusions.
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Patients at high risk include those who have severe airway obstruction,
especially status asthmaticus, and those who have ARDS [47]. Pneumo-
thoraces quickly can become life threatening, especially in mechanically ven-
tilated patients.

Pneumothoraces are missed frequently when interpreting the portable
CXR. In one study, 32.1% of pneumothoraces were associated with delayed
diagnosis [48]. Risk factors included an atypical location, mechanical venti-
lation, altered mental status, and development of pneumothorax during low
physician staffing hours. The quality of the CXR and of the monitors avail-
able in the ICUs is also essential for diagnosing subtle pneumothoraces.
Background light needs to be kept to a minimum, and ideally the reader
should be able to manipulate the image to enhance the findings. Pneumotho-
rax is especially difficult to diagnose in supine compared with upright
patients, because the characteristic feature, a space between the parietal
pleura and the chest wall at the apex, may not be present [49].

The characteristic appearance of pneumothoraces in supine patients has
been described [49]. In the supine position, air tends to collect anteriorly and
medially in the pleural space. This leads to increased radiolucency at the ba-
ses and sharp elongated (deep) cardiophrenic and costophrenic sulci (Fig. 9)
[50]. Subpulmonic pneumothoraces may go undetected if the CXR is not

Fig. 9. Supine AP chest radiograph in a 93-year-old woman with shortness of breath and a right-

sided pneumothorax. Lucency with absent lung markings at the right costophrenic angle is the

deep sulcus sign (blackarrows), indicativeof apneumothorax in the supineposition.Other support

devices including endotracheal tube and right internal jugular line are present, as well as an NG

tube, which is coiled above the diaphragm in a hiatal hernia (white arrow).
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done with the cassette in vertical orientation. Some pneumothoraces are oc-
cult on CXRs and are discovered only when the patient undergoes CT of the
chest or abdomen [51]. CT also may be helpful for evaluating loculated air
collections and the proper location of chest tubes when pneumothorax
persists.

Signs of tension physiology may be difficult to detect in patients who have
stiff lungs. Theremay be nomediastinal shift, and collapsemay beminimal, so
that the diagnosis may need to be made on clinical grounds alone [52]. Signs
suggesting tension include depression of a hemidiaphragm and flattening of
the heart border and vascular structures such as the superior vena cava and
the inferior vena cava. If there is a delay in obtaining the portable CXR
and the patient is clinically deteriorating, empiric treatment may be required.

Airspace disease

Patients in the ICU are at risk for many disorders initially that may be
difficult to distinguish by CXR alone. Airspace disease is one of the most
common abnormalities found on the CXR of an ICU patient. An alveolar
filling process usually results in airspace disease and generally speaking
can be secondary to pus, fluid, blood, or cells. Airspace opacification that
rapidly appears and disappears can be secondary to cardiogenic edema
(Fig. 10), noncardiogenic edema, hemorrhage, atelectasis, and aspiration
pneumonitis [53]. Pneumonias not caused by aspiration usually do not com-
pletely clear rapidly (ie, within hours or a few days).

Pneumonia
In the critically ill patient, correctly establishing the diagnosis of pneumo-

nia can be challenging. Airspace consolidation on CXR in this patient

Fig. 10. Two chest radiographs (CXRs) of a 77-year-old woman demonstrating rapid clearance

of congestive heart failure (CHF). The initial CXR (A), obtained when patient was short of

breath, demonstrates cardiomegaly, perihilar ground glass densities, vascular indistinctness, Ker-

ley B lines, and bilateral pleural effusions consistent with CHF. One day later and after diuresis,

the CXR (B) shows clear lungs without pleural effusions but a persistently enlarged heart.



557THORACIC IMAGING IN THE ICU
population is not always caused by pneumonia and can be seen with other
entities such as atelectasis, aspiration, pulmonary hemorrhage, noninfec-
tious lung inflammation (such as because of a drug reaction), pulmonary
edema, or ARDS . There are a few radiographic features that favor pneu-
monia over other disease processes (Table 1).

It is not uncommon for the portable CXR to demonstrate a nonspecific
area of consolidation. CT often can help distinguish pneumonia from atel-
ectasis (Fig. 11). Both pneumonia and atelectasis will appear as an area of
consolidation, but CT can reveal signs of volume loss not apparent on the
portable CXR, thus favoring the diagnosis of atelectasis over pneumonia.
Findings favoring atelectasis include displacement of a fissure and crowding
together of the segmental bronchi and vessels. Pneumonia on CT more typ-
ically will be space-occupying, involving a lobe or part of a lobe. None of
these factors are entirely specific, however, and they must be considered in
conjunction with the clinical parameters. The presence of air bronchograms
is the result of an airspace (or alveolar) filling process surrounding bronchi
that are not obstructed [54]. Air bronchograms more typically occur with,
but are not specific for, pneumonia, and they also can be seen in other en-
tities including atelectasis (if the airways are not obstructed), noninfectious
lung inflammation, and in neoplastic etiologies including bronchioloalveolar
carcinoma and pulmonary lymphoma. Pneumonia also can be present with-
out air bronchograms (ie, if the airways are filled with mucus).

In patients who have nonspecific airspace disease on CXR, the CT scan
can provide valuable clues to the diagnosis or sometimes even suggest an or-
ganism. Although there is a great deal of overlap, certain infections also can
have a characteristic appearance. CT can demonstrate evidence of prior
granulomatous exposure (such as calcified lymph nodes or calcified granulo-
mas in the lung, liver, or spleen). Therefore, in a patient not responding to
routine antibiotics, the presence of cavities, upper lobe (or superior segment
lower lobe) airspace disease, or small airway disease, in conjunction with
findings of prior granulomatous disease, suggests the possibility of reactiva-
tion tuberculosis (TB) (or an atypical mycobacterial infection). In a patient
who has multiple peripheral lung nodules, some solid and some cavitary, the
diagnosis of septic emboli should be considered, especially if the patient has
an indwelling catheter, endocarditis, or history of IV drug abuse (Fig. 12). It

Table 1

Differentiating airspace opacities on portable chest radiograph

Pneumonia Atelectasis Pleural effusion

Nondependent Volume loss Homogeneous gradient of

increased density

Slowly resolves Appears or resolves rapidly Change with position (if not

loculated)

Lack of volume loss Linear or band-like (if not lobar) Blunted costophrenic angle

Sublobar, bilateral Lobar–triangular or wedge-shaped Apical cap
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is important to remember, however, that no imaging appearance is entirely
specific, and in reality, any infection can look just like any of the others.

Pneumonia in the immunocompromised patient
Cancer patients account for a large proportion of the critically ill. Che-

motherapeutic agents can cause them to become immunocompromised,
leaving them vulnerable to opportunistic or fungal infections. Other popu-
lations at risk for these life-threatening infections include patients who
have AIDS, patients with organ transplants, and patients who have autoim-
mune or collagen vascular disease treated with immunosuppressive agents.
In any immunocompromised patient, the presence of new ill-defined lung
nodules, peribronchovascular consolidation, or pleural-based wedge-shaped

Fig. 11. Pneumonia versus atelectasis on CT. (A) Axial CT images through the middle chest in

a 60-year-old man with pneumococcal pneumonia demonstrate bilateral airspace consolidation

with air bronchograms and no volume loss. (B) 44-year-old man who is postoperative day 1 fol-

lowing spine surgery and with bilateral lower lobe atelectasis, left greater than right. Axial CT

images through the chest at the level of the heart demonstrate complete collapse of the left lower

lobe and partial collapse of the right lower lobe. Note the triangular shape of the collapsed left

lower lobe with vessels crowded together, and posterior displacement of both major fissures (ar-

rows) secondary to volume loss. The left lower lobe airways are not seen, as they are filled with

mucus.

Fig. 12. 36-year-old woman IV drug abuser with recurrent endocarditis and septic emboli. Ax-

ial CT images obtained at levels of the upper (A) and lower (B) thorax demonstrate multiple

peripheral solid and cavitary nodules consistent with septic emboli.



559THORACIC IMAGING IN THE ICU
areas of consolidation should raise concern for fungal infection, in particu-
lar, invasive aspergillosis. The CT halo sign [55], which is a nodule or mass-
like area of dense consolidation with surrounding ground glass opacity, is
highly sensitive, but not specific, for invasive aspergillosis. The surrounding
ground glass opacity is felt to reflect hemorrhage, as this organism is an-
gioinvasive. If this sign is seen in an immunocompromised patient who
has severe neutropenia, aggressive therapy aimed at this fungal organism
should be instituted rapidly. This sign, however, is not unique to invasive
aspergillosis, and it also can be seen with other infections, vasculitides,
and neoplastic disease with surrounding hemorrhage (in particular Kaposi’s
sarcoma and metastatic angiosarcoma).

Aspiration
ICU patients are at risk for aspiration for several reasons. Predisposing

factors include debilitation, general anesthesia, altered mental status, neuro-
muscular disorders, and abnormalities affecting the pharynx and esophagus.
An endotracheal or tracheostomy tube is not entirely protective, because
patients can aspirate around the cuff. The severity of clinical symptoms
and extent of pulmonary complications depends on the type and amount
of material aspirated into the tracheobronchial tree, and this can range any-
where from an asymptomatic focal inflammatory reaction with minimal or
no radiographic findings to severe life-threatening disease [56]. The different
clinical syndromes caused by aspiration include chemical pneumonitis,
pneumonia, and airway obstruction. Aspiration of gastric acid with a pH
of less than 2.5 can be fatal if massive, resulting in a severe chemical pneu-
monitis within minutes. The radiograph typically demonstrates focal consol-
idation that appears rapidly (within hours after the event), followed by the
development of diffuse, bilateral airspace opacities characteristic of acute
pulmonary edema. The opacities generally can clear as rapidly as they de-
velop. Aspiration occurs most commonly on the right, caused by the steeper
orientation of the right mainstem bronchus. When the patient is supine, the
most frequently involved sites are the posterior segments of the upper lobes
and superior segment of the lower lobes (Fig. 13).

In cases with aspiration of mixed bacterial flora from the oropharynx,
a necrotizing pneumonia can ensue. In particular, patients who have ad-
vanced periodontal disease are at increased risk for developing pneumonia
following aspiration. The anaerobic organisms present in the aspirate tend
to produce airspace consolidation with necrosis and cavitation. Lung
abscess formation, empyema. or bronchopleural fistula are the main compli-
cations of aspiration pneumonia.

Aspiration of solid material or of a foreign body can result in airway ob-
struction. It is not uncommon for a patient who is acutely decompensating
to require emergent intubation. During this rapid and tense time period,
a patient’s tooth or piece of dental hardware could become dislodged into
the airway. It is important to remain alert to this possibility when
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a radiopaque foreign body suddenly appears on the patient’s CXR. It is easy
to overlook this finding, especially in cases where there are numerous other
abnormalities present. If a foreign body aspiration is suspected, this could
be confirmed with CT if necessary.

It is important to note that the CXR is not always clear-cut, as aspiration
can produce findings identical to other conditions such as pulmonary
edema, nosocomial pneumonia, TB, or atelectasis. In the critical care set-
ting, however, because many of these patients are increased risk for aspira-
tion, this diagnosis should remain in the forefront, especially when rapidly
appearing dependent airspace opacities are present radiographically.

Pleural effusions
Pleural effusions can be divided into two groups based on fluid analysis:

transudates and exudates. In the ICU setting, pleural effusions are most
commonly transudates that are small and uncomplicated. Pleural effusions
are commonly present in patients following cardiothoracic or abdominal
surgery, and in patients who have pulmonary edema. They can also be
seen commonly secondary to atelectasis [57].

Small pleural effusions can be overlooked easily or difficult to accurately
identify on a supine portable CXR, as the fluid level or meniscus sign typ-
ically present on upright CXR is not seen. Posterior-anterior (PA) and lat-
eral CXR and/or decubitus views significantly increase detection rate and
confidence in diagnosing small pleural effusions. If an effusion is uncompli-
cated and free-flowing, its appearance will differ with a change in patient po-
sitioning (Fig. 14). On a supine CXR, a pleural effusion usually results in

Fig. 13. 53-year-old alcoholic man with aspiration pneumonia following a drinking binge. AP

chest radiograph with airspace opacity in the right lower lobe representing aspiration pneumo-

nia. Support devices are positioned appropriately.
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a gradient of homogeneous increased density over the lower lung fields with-
out obscuration of vessels. Other entities such as atelectasis or an airspace
opacity can produce a similar appearance.

In the ICU setting, if an effusion is suspected, then lateral decubitus views
should be obtained if movement of the patient allows, as decubitus studies
are more sensitive for detecting small effusions than a supine CXR [58]. A
free-flowing effusion will layer on the decubitus view, and if it is at least
10 mm in width, it should be accessible by thoracentesis [59]. In contrast,
if is an effusion is loculated, it will not layer on the decubitus view.

Fig. 14. 80-year-old man with small bilateral pleural effusions. (A, B) Posterior-anterior (PA)

and lateral chest radiograph (CXR), respectively, show bilateral blunting of the costophrenic

angles on both views and a meniscus caused by the effusions on the PA view. (C) Supine AP

CXR demonstrates hazy increased density in the lower lungs. (D) Right decubitus CXR dem-

onstrates the effusion layering along the right lateral hemithorax (arrows).
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CT is the most accurate examination for detecting and characterizing
pleural effusions, and it has made a major impact on the diagnosis and
management of pleural effusions. CT has the advantage over ultrasound
in that it can evaluate the pleural surface better, and it is ideal to evaluate
the lung parenchyma and tracheobronchial tree. For the most accurate as-
sessment of the pleural surface, chest CT should be performed with IV con-
trast (providing there are no contraindications to the use of IV contrast).
The evaluation of pleural enhancement, detection of pleural thickening,
and the presence of pleural nodules are appreciated best on an IV con-
trast-enhanced CT examination. Although thoracentesis and analysis of
the pleural fluid are the mainstay in identifying the etiology of pleural fluid,
CT often can suggest the diagnosis. For example, in a patient who has a uni-
lateral moderate-to-large pleural effusion without recent surgery, an exuda-
tive effusion should be suspected. Empyemas typically have a characteristic
appearance on CT. When IV contrast is used, an empyema typically will
show enhancement of both the parietal and visceral pleural surfaces, known
as the split pleura sign (Fig. 15) [60]. In general, there should only be fat in
the extrapleural space, whereas empyemas will have accompanying fluid/
edema in the extrapleural space. Simple, free-flowing effusions should layer
dependently and posteriorly in the pleural space when the patient is supine,
whereas complicated effusions frequently are partially loculated within the
chest [34].

In patients who are recently postoperative from cardiothoracic surgery,
the presence of a rapidly enlarging pleural effusion should suggest the diag-
nosis of hemothorax. The density of pleural effusions can be measured easily
on the PACS workstation. On chest CT, simple fluid has density

Fig. 15. 67-year-old man with lung cancer and tuberculosis empyema. Contrast-enhanced axial

CT image at the level of the middle thorax demonstrates a large right pleural effusion with

thickening and enhancement of both the parietal (thin black arrows) and visceral pleural sur-

faces (white arrows), known as the split pleura sign. Also note the fluid in the extrapleural space

(thick black arrow). These findings are compatible with an empyema. The small bubbles of gas

in the pleural space are caused by recent chest tube removal. Asterisk denotes the collapsed right

lung secondary to central tumor (not shown).
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measurements of no more than 20 Hounsfield units. Acute blood (ie, from
hemothorax) has higher density measurements, typically in the range of
40 to 60 Hounsfield units. The radiologist should be aware of this and im-
mediately alert the critical care team to this finding, as the patient may
need to go back to the operating room for exploration and repair of a bleed-
ing site.

In general, thoracentesis in critically ill patients should be performed with
the help of CT or ultrasound guidance to decrease risk of complications, as
positioning is difficult, and this procedure is more hazardous than in other
settings. Ultrasound has advantages over CT for guiding thoracentesis, as it
can be performed at the bedside and with the patient in any position. The
risk of pneumothorax with ultrasound guidance is dramatically reduced,
3% as opposed to 18%, compared with clinical guidance alone [61,62]. Ide-
ally, the effusion should be tapped at the time of the ultrasound so the pa-
tient’s position is maintained. In the authors’ experience, ultrasound may
overlook small or even moderate-sized effusions, especially if the effusions
are loculated or there is associated atelectatic lung compressed by the
effusion.

CT has major advantages over ultrasound in the area of image-guided
thoracentesis. CT provides a much more accurate evaluation of the size
and location of the effusion, and a detailed evaluation of the pleural surface
itself. CT also can assess the tracheobronchial tree and any associated intra-
thoracic complications such as necrotizing pneumonia, lung abscess, bron-
chopleural fistula, or empyema necessitans. CT is also useful in identifying
location of drainage catheters, and it is extremely helpful in the guidance
of catheters into loculated fluid collections.

Small pleural effusions that are too small to tap usually do not require
drainage and typically will resolve with conservative management. In criti-
cally ill patients with acute respiratory failure, however, catheter drainage
of even a small pleural effusion can improve oxygenation significantly
[36,63]. Hemothoraces, moderate-to-large parapneumonic effusions, or em-
pyemas should be treated with percutaneous catheter drainage. CT-guided
catheter placement can be particularly useful when an effusion is suspected
to be loculated to help ensure the catheter is positioned appropriately.

Pulmonary emboli

Patients in the ICU are at increased risk for thromboembolic disease,
particularly because of factors such as immobility or hypercoagulable
states. In any patient who has unexplained acute decompensation, particu-
larly the development of shock or worsening oxygenation that cannot be ex-
plained otherwise, the diagnosis of pulmonary embolism should be
considered. Most pulmonary emboli originate as thrombi in the deep veins
of the lower extremity. If a deep vein thrombosis is suspected, lower extrem-
ity ultrasound can be useful in diagnosis. This examination is insensitive in
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evaluating the calf veins and is limited (even for proximal clot) in obese pa-
tients, however. Ultrasound also does not pick up clot in the inferior vena
cava (IVC) or iliac veins. CT venography combined with CT angiography
can diagnose both DVTs and pulmonary emboli in a single imaging session
with a single injection of IV contrast material. CT venography is reported to
be just as sensitive and specific as ultrasound for detecting venous thrombo-
sis [64].

The CXR is neither sensitive nor specific for diagnosing pulmonary em-
bolism. In patients who have known pulmonary emboli, the most common
radiographic finding is a normal CXR, followed by an area of subsegmental
atelectasis or small pleural effusion [65,66]. Well-described CXR signs,
which actually are seen rarely in practice but are much more suggestive of
pulmonary embolism include:

Westermark sign (an area of relative oligemia distal to a large central
clot)

Hampton’s hump, (a peripheral, wedge-shaped density representing pul-
monary infarction)

Fleischner sign, enlargement of central pulmonary artery by an acute clot
[67]

Pulmonary infarcts are not common in patients who have documented
pulmonary emboli (reportedly occur in less than 10% of cases) because of
the dual blood supply to the lungs. V/Q scintigraphy is another noninvasive
method for diagnosing pulmonary emboli. This test is highly sensitive but
has a very poor specificity, and it commonly is rendered indeterminate in
critically ill patients because of coexistent thoracic disease.

CT angiography
Within the last few years, the advent of faster and more technologically

advanced CT scanners has helped to revolutionize the diagnosis of pulmo-
nary embolism by noninvasive means. The older generation of CT scanners
were very sensitive (85% to 90%) and specific (O90%) in diagnosing central
and subsegmental emboli [68–70] but were less accurate in the detection of
more peripheral clot. With an optimal examination performed on the newer
multidetector CT scanners, however, small emboli out to the subsegmental
level now can be diagnosed confidently. Three dimensional reformatted im-
ages clearly depict the pulmonary arterial tree in sagittal, coronal, and ob-
lique orientations, which also can help to raise the level of confidence in
diagnosing pulmonary embolism (Fig. 16). A meta-analysis evaluating CT
pulmonary angiography has reported sensitivities ranging from 53% to
100% and specificities of 83% to 100% [71], with the numbers closer to
100% when performing the examination on the newer generation of CT
scanners. CT angiography has become the mainstay for diagnosing pulmo-
nary emboli and almost has replaced conventional pulmonary angiography
(which has always been the gold standard of reference).
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A major advantage of CT compared with other diagnostic tests for pul-
monary embolism is its ability to diagnose other potential causes of the pa-
tient’s symptoms. In the occasional situation in which pulmonary embolism
(PE) remains a concern despite the failure to find clot on the CT angiogram,
a V/Q scan still might be employed, recognizing that these studies are fre-
quently nondiagnostic in this population. If the CT is nondiagnostic for
technical reasons (such a poor IV contrast bolus or severe patient motion,
among others), and a high clinical suspicion persists, then conventional pul-
monary angiography should be considered. The main pitfalls of conven-
tional angiography include: risk of major complications to this invasive
test in approximately 1% of patients [72] and the fact that it is not any
more accurate than CT in diagnosing small, subsegmental emboli [73].

With the advent of the newer-generation of CT scanners, a well-done CT
pulmonary angiogram should allow the clinician to exclude pulmonary em-
bolism if no clot is seen. The newer generation of CT scanners can pick up
small emboli out to the subsegmental level confidently. A study by Tillie-
LeBlond and colleagues [74] looking at the risk of pulmonary embolism af-
ter a negative CT pulmonary angiogram in patients with and without

Fig. 16. Multiplanar reformatted images from a contrast-enhanced CT angiogram performed

to evaluate for pulmonary embolism. In addition to obtaining thin section axial images (not

shown), coronal (A), right oblique (B), and sagittal (C) reformatted images also are obtained

routinely to evaluate for pulmonary emboli. This was a normal examination without evidence

of pulmonary embolism.
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pulmonary disease demonstrated a negative predictive value ranging from
98% (in patients with pulmonary disease) to 100% (in patients without pul-
monary disease).

CT pulmonary angiograms are performed with IV contrast administered
at least through a 22 gauge peripheral IV line (preferably 20 gauge or
larger). If the patient has a contraindication to IV contrast material (such
as severe contrast allergy or impaired renal function), then V/Q scan pro-
vides an important alternative. A V/Q, however,will not be technically pos-
sible if the patient is intubated.

When interpreting a CT pulmonary angiogram, several factors need to be
evaluated, and a systematic approach by the radiologist is crucial. The first
question that should be asked is: is this a diagnostic study? Reasons for non-
diagnostic studies include poor contrast opacification of the pulmonary ar-
terial tree, motion artifact, and artifact from other sources (such as presence
of spinal hardware). Optimal contrast opacification is necessary when eval-
uating for the presence or absence of pulmonary emboli. Causes of subop-
timal contrast opacification include: inaccurate timing of the contrast bolus
by the CT technician, the presence of a congenital or acquired vascular
shunt, severe obesity, and pregnancy (it is thought that the increased circu-
lating blood volume dilutes out the contrast material). Occasionally, no ap-
parent cause can be identified for the poor contrast bolus. In these cases, if
the patient has normal renal function, it is not unreasonable to repeat the
study the same day with the intent of achieving a diagnostic examination.

The next question that should be answered is: are there pulmonary em-
boli present, and what order vessels do they involve? Diagnostic criteria
for acute pulmonary emboli on CT pulmonary angiogram include:

An intravascular filling defect completely or partially surrounded by
a rim of IV contrast (Fig. 17)

An enlarged, occluded artery, which fails to enhance with contrast com-
pared with adjacent patent vessels

A peripheral filling defect that forms acute angles with the arterial wall
[75].

If pulmonary emboli involve the large, central vessels, it is also important
to note if a saddle embolus (clot crossing the bifurcation of the main pulmo-
nary artery and involving the right and left main pulmonary arteries) is pres-
ent. The presence of a saddle embolus in an acutely decompensating patient
may lead to a more invasive intervention (such as thrombolysis or surgery
for embolectomy).

After it is determined that pulmonary emboli are present, then the study
should be evaluated for presence of right heart strain, which is associated
with higher risk of complications and a potentially worse clinical outcome.
Several small prospective studies have shown that right-sided heart strain as
demonstrated on echocardiography is a predictor of early (within 30 days)
death caused by acute pulmonary emboli [76–78]. CT findings also may
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indicate right heart strain. Such findings include (Fig. 18) enlarged right
heart chambers (short axis of right ventricle greater than short axis of left
ventricle), leftward bowing of the interventricular septum, and reflux of con-
trast into the IVC and hepatic veins, which may or may not be enlarged [79].
The literature is mixed as to whether right ventricular (RV) enlargement on
chest CT predicts early death in patients with acute pulmonary emboli. A
retrospective study by Schoepf and colleagues [77] concluded that RV en-
largement on initial chest CT in patients with acute pulmonary emboli helps
to predict death within 30 days. However, a recently published retrospective
study by Araoz and colleagues [76], failed to demonstrate a correlation
between early death from acute pulmonary embolism in patients with RV
enlargement or with high embolic burden.

There are several well-described pitfalls that potentially could lead to mis-
diagnosis of pulmonary embolism when evaluating a CT pulmonary angio-
gram. It is important that the radiologist interpreting these studies be
familiar with these factors, which may be patient-related, technical, ana-
tomic, or pathologic [75]. Examples include flow-related artifact secondary
to suboptimal contrast bolus, partial volume averaging of adjacent lymph
nodes, small vessel bifurcation, mucus plugs within adjacent bronchi, and
pulmonary artery sarcoma–to name a few.

Atelectasis

Atelectasis is seen commonly in ICU patients, regardless of whether they
are intubated or breathing spontaneously. The portable CXR is relatively
nonspecific at revealing this diagnosis, and the appearance can be identical

Fig. 17. CT of acute pulmonary emboli in an 80-year-old woman with tachycardia, shortness of

breath, and an A-a gradient. (A) Contrast-enhanced CT image obtained at the midthorax level

demonstrates low-density filling defects surrounded by a rim of contrast material in the right

main pulmonary artery (PA) (long arrow) and the left interlobar PA (short arrow), consistent

with pulmonary emboli. (B) Contrast-enhanced CT image obtained at the level of the heart

shows low-density embolus expanding and filling almost the entire right interlobar PA with

a minimal rim of surrounding contrast (short arrow). In addition, smaller emboli surrounded

by contrast are within the segmental PAs to the left lower lobe (long arrows).
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to that produced by pneumonia or pleural effusion. The findings of atelec-
tasis depend on the extent and location of collapsed lung. Subsegmental at-
electasis usually manifests as linear or plate-like densities, and it tends to
have a basilar distribution, whereas collapse of a bronchopulmonary seg-
ment may appear as a triangular, patchy, or wedge-shaped opacity. On
a portable CXR, it may be difficult or impossible to differentiate lobar atel-
ectasis from pneumonia, especially if signs of volume loss are not apparent.
Both can appear as an area of consolidation with air bronchograms (that is,
if the airways are not obstructed with mucus). Clinical signs often are relied
upon to distinguish between the two, recognizing that atelectasis can be-
come infected, resulting in fever and elevated white blood cell count, mim-
icking pneumonia both clinically and radiographically. An area of
consolidation that clears quickly (within hours) or fluctuates, however, is
more typically secondary to atelectasis [20,65]. CT also can help differentiate
atelectasis from pneumonia, as the findings of volume loss with atelectasis
usually are delineated much more clearly, and the segmental/subsegmental

Fig. 18. 76-year-old man with a saddle embolus and signs of right heart strain. (A) Axial

contrast-enhanced CT image obtained at the level of the main pulmonary artery (PA) (asterisk)

shows low-density embolus (arrows) in the left and right main PA, crossing the bifurcation of

the main PA. (B) Axial contrast-enhanced CT image obtained at the level of the heart shows

leftward bowing of the interventricular septum (arrows), and the width of the right ventricle

is larger than the left ventricle (asterisk), indicative of right heart strain. (C) Axial contrast-

enhanced CT image shows reflux of intravenous contrast into prominent inferior vena cava

and hepatic veins (arrows), which also suggests right heart strain.
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bronchi tend to be crowded together in atelectasis when there is no associ-
ated endobronchial obstruction. Consolidation produced by pneumonia
usually occupies space and maintains (or can even expand) the volume of
the affected lobe. CT is also advantageous as it can identify tumor or a for-
eign body as the cause of the endobronchial obstruction.

The left lower lobe is by far the most common site affected, seen in 66%
of ICU patients who have atelectasis, followed by the right lower lobe (22%
of patients), and right upper lobe (11% of ICU patients) [80]. Several factors
are thought to contribute to the increased susceptibility of critically ill pa-
tients to develop atelectasis. These include intubation, relative immobility
with the patient maintained in the supine position, respiratory muscle weak-
ness, impaired cough reflex, decreased ability to clear secretions, sedation,
loss of surfactant, mucus plugging, foreign body aspiration, and neoplasms
[5,20]. Mucus plugging can result from various causes; therefore it is the
most common culprit producing atelectasis. This can be decreased signifi-
cantly or improved with the use of aggressive chest physical therapy or rou-
tine suctioning. Because of the orientation of the left mainstem bronchus,
however, blind suctioning is often unhelpful in relieving the airway obstruc-
tion, and in these cases, bronchoscopic suctioning should be considered
[64,79].

Summary

ICU radiology plays an integral role in the care of the most critically ill
patients in the hospital. Although there are limitations to the portable CXR,
on a routine basis, it serves as an indispensable tool in evaluating these pa-
tients, especially when the physical examination is difficult to perform or
noncontributory. A systematic approach should be applied when interpret-
ing these films, and knowledge of the radiographic features of the disease
states common to this group of patients is of the utmost importance.

Advances in technology have led to an improvement in patient care. The
advent of PACS and digital radiography has transformed interactions be-
tween radiology and the ICU team. There are many advantages to the use
of PACS, including the ability to view patient images simultaneously with
the radiology report. It is important not to let it replace the valuable ex-
change that occurs between the clinicians and the radiologist during daily
radiology rounds, however. CT imaging frequently detects pathology not
visible on the portable CXR and often provides important information
that may not be suspected clinically. It is useful in identifying effusions
and is helpful in guiding treatment. CT pulmonary angiography can be per-
formed rapidly and has become the imaging method of choice for evaluating
pulmonary embolism. CT is also beneficial as it provides a detailed evalua-
tion of the lungs, mediastinum, and chest wall and may reveal other unsus-
pected diagnoses in an acutely decompensating patient.
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The general purpose of monitoring is simple and cleardto follow in real
time specific physiological values that can change rapidly and alter the
patient’s clinical status. Especially in the intensive care setting, in which
the vast majority of patients are admitted because of a primary respiratory
problem or of respiratory complications during their illness, monitoring of
the cardiorespiratory system alerts the clinician to sudden untoward events,
aids in diagnosis, helps manage diagnosis, facilitates prognosis, and enables
assessment of therapeutic response. Monitoring techniques can be classified
into those pertaining to the output of the ventilatory process and those that
characterize the load and capacity of the respiratory system [1,2].

Monitoring gas exchange

Arterial blood gas analysis

Analysis of the arterial blood gases provides data that are fundamental to
the diagnosis of respiratory and metabolic disturbances and to assessing the
effect of therapeutic interventions.

Arterial O2 tension and saturation
The physiologic significance of hypoxemia depends on chronicity, com-

pensatory mechanisms, hypoxic ventilatory response, and the tolerance of
the vital organs most at risk, such as the heart and the brain. So, while
some patients must be kept as fully saturated as feasible, maintaining less
than full saturation may be appropriate for patients who are exposed chron-
ically to moderate hypoxemia or in whom full O2 saturation can be achieved
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only at the expense of high airway pressures or elevated fractions of inspired
oxygen. In the absence of carbon monoxide, methemoglobin, or abnormal
hemoglobin, arterial O2 saturation can be estimated with acceptable accu-
racy from the PaO2 and pH alone. If the arterial O2 content is required,
or if carboxyhemoglobin or methemoglobin concentrations are high, direct
analysis by co-oxymetry must be requested. When obtaining blood samples
for arterial blood oxygen tension (PaO2), 15 minutes should elapse to allow
equilibration after an increment in inspired oxygen fraction content. In con-
trast, because of the body’s acid-base buffering systems, arterial CO2 con-
centrations respond exponentially after step changes in ventilation, with
a half-time of more than 3 minutes during hyperventilation and a slower
16-minute half-time during CO2 accumulation.

Acid-base status, pH, and PaCO2

Normally, acids are generated by the hydration of CO2 (respiratory acid)
and by other processes of metabolism (metabolic acids). In disease states,
hydrogen ion concentration can rise secondary to the production of excess
lactate, generation of ketoacids, ingestion of certain types of alcohol or
drugs, or failure of the body to excrete or metabolize the generated load
of hydrogen ion. The body defends against radical changes in pH primarily
by regulating its two pathways for eliminating acid: respiratory and renal.
The Henderson-Hasselbach equation for the bicarbonate buffer system
relates pH to the concentrations of bicarbonate and PaCO2:

pH ¼ 6:1þ log fHCO3=ð0:03 PaCO2Þg

In this expression, knowledge of PaCO2 (lung excreted) and pH (mea-
sured) enables the calculation of the HCO3

� (kidney excreted). Hydrogen
ions are neutralized partially by combining with bicarbonate ion (producing
CO2) and by reversible oxidation of protein. The bicarbonate buffer system:

CO2 þH2O4H2CO34Hþ þ HCO�3

generates CO2 when Hþ is added to the extra cellular fluid. Rising CO2 and
Hþ concentrations stimulate the respiratory center, effectively eliminating
Hþ by driving the preceding equation leftward as CO2 is eliminated. Several
days later, the healthy kidney will adapt to hypercapnia or hypocapnia by
adjusting the bicarbonate level to help restore the normal ratio between bi-
carbonate concentration and PaCO2. Respiratory compensation for meta-
bolic disturbances is generally incomplete and occurs more reliably and
vigorously in response to metabolic acidosis than alkalosis. The bicarbonate
buffer system is not the only one available, as skeletal calcium and certain
proteins, chiefly hemoglobin, play a significant role.

The normal ranges are, for arterial pH: 7.38 to 7.44 and for arterial
PaCO2: 35 to 45 mm Hg. Acidosis and alkalosis may be pathogenic or
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compensatory. A pH less than 7.35 indicates acidemia, caused by metabolic
or renal depletion of bicarbonate, hypoventilation relative to metabolic
need, or both. Mixed venous gases, representing an admixture from tissues
throughout the body, generally have a PaCO2 that is 4 to 8 mm Hg higher
and a pH that is 0.05 to 0.10 units lower than the arterial value.

The information available from ABG analysis allows the clinicians to
determine pH and the relative contributions of respiratory and metabolic
mechanisms. Because compensation is virtually never complete, the domi-
nant underlying mechanismdacidosis or alkalosisdis suggested by the
pH. Intensive care unit (ICU) clinicians must be alert for ‘‘triple’’ acid-
base disorders in which two metabolic derangements with opposing influ-
ences on pH are in play. The anion gap calculation usually aids in the
appropriate interpretation.

The anion gap, the difference between the serum sodium concentration
and the sum of chloride and the bicarbonate ions, is normally is 13 mEq
or less. Because the serum proteins are anions, the calculated gap should
be increased by approximately 2.0 to 2.5 mEq/L for each g/dL of hypoalbu-
minemia. Another useful bedside computation is the ‘‘D/D,’’ the ratio of the
anion gap to bicarbonate gap. As lactic acidosis develops, the anion gap
increases relatively more than the HCO3

� falls because the HCO3
� has

a wider volume of distribution. The ratio varies, but averages aproximately
1.5 in moderate lactic acidosisdless if the acuity is extreme and more as the
severity worsens.

Monitoring oxygenation

The human eye is not very good at detecting or quantifying arterial
hypoxemia. Perhaps the most popular recent innovation in gas exchange
monitoring has been the application of oximetry to the online assessment
of arterial (SaO2) and mixed venous O2 saturations (SvO2). PaO2 reflects
the maximal tension driving O2 to the tissues, whereas saturation reflects
O2 content per gram of hemoglobin. Reflectance oximetry is used when a fi-
ber-optic catheter continuously samples oxygen saturation in the pulmonary
or systemic arterial bloodstream.

Arterial pulse oximetry
For patients supported by mechanical ventilation, transcutaneous pulse

oximetry continuously measures SaO2, enabling rapid adjustment of FiO2,
mean airway pressure and positive end-expiratory pressure (PEEP) and
warning of arterial desaturation during weaning, sleeping, or changes of
body position. Trends in oximetry values hold greater significance than
the absolute value of O2 saturation.

Pulse oximetry probes consist of a photo detector and two light-emitting
diodes [3–5]. Probes are most frequently placed on fingers, ear lobes, nasal
bridge, or forehead. The relative absorption of these spectrophotometric
beams as they pass through the tissue (which differs for O2 saturated and



578 BEKOS & MARINI
desaturated blood) is converted into the appropriate saturation value by
computer-stored algorithms. Phasic variations in tissue volume separate
the incoming arterial component from venous and background absorption.
Most units display pulse rate, and many display a simulated arterial wave-
form or other visual indicator of pulse intensity. A tracing with a waveform
that varies dramatically with ventilation strongly suggests variation of
stroke output synchronous with respiratory cycleda condition typical for
gas trapping and auto-PEEP. The pulse rate should be correlated to the
ECG measured rate to assess signal quality. With a good pulse signal, pulse
oximeters are quite accurate in their upper range (saturations O80%) but
become less reliable as the patient desaturates or perfusion deteriorates
[6,7]. Chaotic pulse rhythms (eg, atrial fibrillation) have unpredictable
effects on the display values [8,9]. A direct determination of arterial blood
saturation (preferably by co-oximetry) is the most definitive check of accu-
racy. Interpretation of pulse oximetry readings must account for a variety of
factors that may artifactually influence the results. Common sources of
artifact include inappropriate probe placement, motion artifact, ambient
light, and electromagnetic radiation. Even if the device is functioning prop-
erly and is free from external interference, the results should be interpreted
with particular caution in the presence of abnormal hemoglobin, nail polish,
deeply pigmented skin, hypo perfusion, anemia, venous congestion, or tri-
cuspid regurgitation or when certain vital dyes are used. It is important to
fully understand the oxyhemoglobin dissociation relationship curve that is
highly nonlinear (Fig. 1). A drop of a few percentage points in SaO2 over
the 95% to 100% interval reflects a much larger change in PaO2 than
does a similar decrement over the 80% to 85% interval. Other gas-measur-
ing techniques (transcutaneous and transconjunctival measurements of O2

and CO2) have been used in recent years, but require frequent calibration,
excellent skin and electrode preparation to ensure gas transfer to the skin
surface, and regular site changes [10,11]. The validity of tissue oxygen satu-
ration monitoring has yet to be verified in critically ill patients.

O2 consumption
Oxygen consumption may be helpful when determining nutritional

requirements as well as the severity of shock. Assuming a stable tissue
need for oxygen, measurements of VO2 may help to gauge the hemodynamic
response to therapeutic measurements. The total body oxygen consumption
(VO2) is often difficult to measure accurately at the bedside. Two primary
methods are in general use: direct analysis of inspired and expired gases
and the Fick method (computation of VO2 from the product of cardiac out-
put [CO] and the difference in O2 content between samples of arterial and
mixed venous blood). Neither method reflects average oxygen consumption
when the patient’s metabolic rate fluctuates during data collection. Unfortu-
nately, VO2 measurements are not highly reproducible, so their differences
are unreliable in assessing breathing effort associated with an imposed or
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relieved ventilatory stress, particularly when the patient inspired a high
fraction of oxygen.

Efficiency of oxygen exchange
The ideal PAO2 is obtained from the modified alveolar gas equation:

PAO2 ¼ PIO2 � ðPaCO2=RÞ þ ½ðPaCO2 � FiO2 � ð1 � RÞ=RÞ�

Here R is the respiratory exchange ratio (which normally varies from
about 0.7 to 1.0) and the PIO2 is the inspired oxygen tension.

At sea level with a normally ventilated patient breathing room air, the
alveolar gas equation can be simplified to:

PAO2 ¼ 0:21� ð760� 47Þ � 1:25� ðPaCO2Þw100 mm Hg

The difference between alveolar and arterial oxygen tensions, P(A�a)O2,
takes account of alveolar CO2 tension and therefore eliminates hypercapnia

Fig. 1. Relationship of blood oxygen saturation (SaO2) to blood oxygen tension (PaO2) with

the normal curve having a sigmoidal shape. The upper plateau of the relationship (90% satu-

ration) reached at a PaO2 of approximately 55 to 60 mm Hg.
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from consideration as the sole cause of hypoxemia. The P(A�a)O2 ranges
from w10 mm Hg (on room air) to w100 mm Hg (on FiO2 of 1.0), and
changes nonlinearly with respect to FiO2 as the extent of V/Q mismatch
increases. Finally, the P(A�a)O2 may be influenced by fluctuations in
venous oxygen content. The O2 content of mixed venous blood (SvO2) exerts
an increasingly important effect on SaO2, as ventilation/perfusion inequality
or shunting develop [12–14]. Online measurements of SvO2 with a fiber-
optic Swan-Ganz catheter enable venous admixture (Qs/Qt) to be computed
with relative ease. In the steady state:

Qs=Qt ¼ ðCAO2 � CaO2Þ=ðCAO2 � CvO2Þ

where the oxygen content of alveolar capillary blood (CAO2), arterial blood
(CaO2), or mixed venous blood (CvO2), are expressed in mL of O2 per 100
mL of blood. Like P(A�a)O2, the Qs/Qt is also influenced by variations in
V/Q mismatching and by fluctuations in SvO2 and FiO2. If Qs/Qt is abnor-
mally high but all alveoli are patent, calculated admixture will diminish to-
ward the normal physiologic value (w5%) as FiO2 increases. Conversely, if
the Qs/Qt abnormality results from blood bypassing patent alveoli through
intrapulmonary communications or through an intracardiac defect, there
will be no change in Qs/Qt, as FiO2 increases (true shunt).

Several pragmatic approaches have been taken to simplify bedside assess-
ment of O2 exchange efficiency. The first is to quantify P(A�a)O2 during the
administration of pure O2. So, after a suitable wash-in time (5 to 10 min-
utes), pure shunt accounts for the entire P(A�a)O2. Furthermore, if the
hemoglobin is fully saturated with O2, dividing the P(A�a)O2 by 20 approx-
imates shunt percentage (at FiO2¼ 1.0). The PaO2/FiO2 ratio is a convenient
and widely used bedside index of oxygen exchange that attempts to adjust
for fluctuating FiO2. However, this simple ratio is affected by changes in
SvO2 and does not remain equally sensitive across the entire range of
FiO2, especially when shunt is the cause of admixture. The PaO2/PAO2 ratio
is another easily calculated index, which does not require blood sampling
from the central circulation, but in the same way loses reliability in propor-
tion to the degree of shunting. All of these indices fail to account for
changes in the functional status of the lung that result from alterations in
PEEP, auto-PEEP, or changes in patient’s position and ventilator settings.
When measured under conditions of controlled ventilation, the oxygenation
index:

PaO2=ðFiO2 �mean PawÞ

reflects the influence of average lung volume as well as oxygen supplemen-
tation and has gained widespread popularity in neonatal and pediatric prac-
tice. Despite this rationale, this indicator is not (as yet) widely used in adult
critical care.
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Monitoring ventilation and carbon dioxide

Carbon dioxide production and exchange
Carbon dioxide stores (w120 L of CO2) are held in several forms (dis-

solved, bound to protein, fixed as bicarbonate) and distributed in compart-
ments that differ in their volumetric capacity and ability to exchange CO2

rapidly with the blood. Well-perfused organs constitute a small reservoir
for CO2 that is capable of quick turnover. The existence of large CO2 reser-
voirs with different capacities and time constants of filling and emptying
means that equilibration to a new steady-state PaCO2 after a step-change
in ventilation takes longer than generally appreciateddespecially for step
reductions in alveolar ventilation. With such a large capacity and only
a modest rate of metabolic CO2 production, the CO2 reservoir fills rather
slowly, so that PaCO2 raises only 6 to 9 mm Hg during the first minute of
apnea and 3 to 6 mm Hg each minute thereafter [15,16]. Measurements of
CO2 excretion are valuable for metabolic assessment, computations of dead-
space ventilation, and evaluation of hyperpnea. The rate of CO2 elimination
is a product of minute ventilation (VE) and the expired fraction of CO2

in the expelled gas. This value represents metabolic CO2 production only
if the patient remains metabolically stable during the period of gas collec-
tion. The quantity of CO2 generated per minute depends on acid-base fluc-
tuations, perfusion adequacy, and ventilation status with respect to
metabolic needs. The rate of CO2 production falls to negligible values dur-
ing circulatory arrest. Based on the linkage between lung perfusion and CO2

discharge, partial rebreathing techniques have been developed to monitor
cardiac output noninvasively.

The volume of CO2 produced by the body tissues varies with metabolic
rate (fever, pain, agitation, sepsis, and so forth). The PaCO2 must be inter-
preted in conjunction with the VE, especially in mechanically ventilated
patients. Many vagaries of CO2 flux can be eliminated by controlling
ventilation and muscular activity.

Deadspace and deadspace fraction
The physiologic deadspace (VD) refers to the ‘‘wasted’’ portion of the

tidal breath that fails to participate in CO2 exchange. A breath can fail to
accomplish CO2 elimination either because fresh (CO2-free) gas is not
brought to the alveoli or because fresh gas fails to contact systemic venous
blood. A portion of tidal ventilation is wasted when CO2-laden gas is re-
cycled to the alveoli with the next tidal breath, as when tidal breaths are
very small. Deadspace also rises when fresh gas distributes to inadequately
perfused alveoli, so that CO2-poor gas is exhausted during exhalation.
Wasted ventilation is characterized as the sum of the ‘‘anatomic’’ deadspace
and the ‘‘alveolar’’ deadspace. Because the airways fill with CO2-containing
alveolar gas at the end of the tidal breath, the physical volume of the airways
corresponds rather closely to their contribution to wasted ventilation. When
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the parenchyma is well aerated and well perfused, the anatomic deadspace
of a breath of normal size is relatively fixed at approximately 1 mL per
pound of body weight and predominates over the alveolar component.
Quite the opposite happens in patients with most lung diseases, in whom
alveolar deadspace predominates. Here, the lung is composed of well and
poorly perfused units, so that the mixed alveolar gas within the airways at
end exhalation has a CO2 concentration lower than that of pulmonary arte-
rial blood. Deadspace increases with advancing age and body size and is
reduced modestly by recumbency, extended breath holding, and decelerating
inspiratory flow patterns. Supine position reduces deadspace by decreasing
the average size of the lungs, thereby increasing the number of well-perfused
lung units. An external apparatus attached to the airway may add to the
series deadspace, whereas tracheostomy reduces it. Diseases that increase
VD include low output circulatory failure, pulmonary embolism, pulmonary
vasoconstriction, vascular compression, mechanical ventilation with high
tidal volume or PEEP, and diseases that destroy either the number or func-
tion of alveoli.

Except at very small tidal volumes, the fraction of wasted ventilation
(VD/VT) tends to remain relatively constant as the depth of the breath varies
[17,18]. The deadspace fraction can be estimated from analyzed specimens
of arterial blood and mixed expired (PECO2) gas:

ðVD=VTÞ ¼ ðPaCO2 � PECO2Þ=PaCO2

where PECO2 is the CO2 concentration in mixed expired gas, which can be
determined on a breath-by-breath basis if exhaled volume is measured
simultaneously. In healthy persons, the normal VD/VT during spontaneous
breathing varies from w0.35 to 0.15 depending on factors noted earlier (po-
sition, exercise, age, and so forth) [19,20]. In the settings of critical illness, it
is not uncommon for VD/VT to rise to values that exceed 0.7 [21,22]. Dead-
space accounts for most of the increase in the VE requirement and CO2

retention that occur in the terminal phase of acute hypoxemic respiratory
failure. In addition, changes in VD/VT occur during periods of hypovolemia
or overdistention by high airway pressures, especially when progressive
levels of PEEP are applied to support oxygenation [23–25]. Examination
of the airway pressure tracing under conditions of controlled, constant
inspiratory flow ventilation may demonstrate concavity or a clear point of
upward inflection, indicating overdistention, accelerated deadspace forma-
tion, and escalating risk of barotrauma. Small reductions in PEEP or tidal
volume may then dramatically reduce peak cycling pressure and VD/VT.

Monitoring of exhaled gas
Capnography analyzes the CO2 concentration of the expiratory air

stream, plotting CO2 concentration against time or against exhaled volume,
a display that provides more clinical information. After anatomic deadspace
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has been cleared, the CO2 rises progressively to its maximal value at end-
exhalation, a number that reflects the CO2 tension of mixed alveolar gas.
When ventilation and perfusion are evenly distributed, as they are in healthy
subjects, end-tidal PCO2 (PETCO2) closely approximates PaCO2. Normally
PETCO2 underestimates PaCO2 by 1 to 3 mm Hg, a gap that widens when
ventilation and perfusion are matched suboptimally, as when alveolar dead-
space admixes with CO2-rich gas from well-perfused alveoli. Plotting CO2

concentration against exhaled volume can yield estimates for the anatomic
deadspace, as well as for the end tidal and mixed expired CO2 concentra-
tions (Fig. 2). The latter can be used to determine CO2 production when
mixed expired PCO2, expressed as a percentage of barometric pressure, is
multiplied by the minute volume.

While the normal capnogram is composed of an ascending portion, a pla-
teau, a descending portion, and a baseline, in disease these sharp distinctions
are blurred by differences of ventilation and perfusion (Fig. 3). Failure of the
airway gas to equilibrate with gas from well-perfused alveoli invalidates
PETCO2 as a reflection of PaCO2. Abrupt changes in PETCO2 may reflect
such acute processes as aspiration or pulmonary embolism, especially
when VE and breathing pattern remain unchanged.

The capnogram also provides an excellent monitor of breathing rhythm.
Close examination of the tracing contour and comparison with earlier wave-
forms may give helpful indications of circuit leaks, patient ventilator

Fig. 2. Information available from an expiratory capnogram plotting PCO2 concentration

against exhaled volume. The slope of the alveolar plateau is a measure of ventilation heteroge-

neity. End-tidal PCO2 (PETCO2) reflects the concentration of CO2 within the alveolar units that

are last to empty. Although this value may parallel PaCO2 in normal individuals, it is less

reliable in disease. The Fowler deadspace (DS) is a close correlate of anatomic deadspace.
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dyssynchrony, equipment malfunctions, secretion retention, and changes in
underlying pathophysiology. In evaluating the PETCO2 it is essential to
record and examine the entire capnographic tracing (not only the digital
output). Breathing pattern can vary when gas flow is inhomogeneously
distributed, as in airflow obstruction. Failure of the tracing to achieve
a true plateau can occur because the sampling technique is inappropriate,
exhalation is too brief, or ventilation is inhomogeneously distributed. The
arterial to end-tidal CO2 difference is minimized when perfused alveoli are
recruited maximally [26]. On this basis, the (PaCO2 � PETCO2) difference
has been suggested as helpful in identifying ‘‘best PEEP’’ [27–29].

Monitoring lung and chest wall mechanics

Mechanics of breathing

During mechanical ventilation the clinician must become familiar with all
those properties of the lung and chest wall that determine the ease of chest
expansion [30]. Certain of these properties can be assessed only under pas-
sive conditions (eg, compliance), others require active breathing effort (eg,
maximal inspiratory pressure), while others can be determined with or with-
out active breathing effort (eg, lung’s impedance properties). Finally, to sep-
arate static from dynamic variables, points of zero flow within the tidal cycle
must be determined.

Pressure-volume relationships
Because the lung is a flexible and passive structure, gas flows to and from

the alveoli driven by differences between airway and alveolar pressures. The

Fig. 3. Expired CO2 (PECO2) as a function of time. Expired CO2 tension varies markedly dur-

ing a breathing cycle in four phases. AB, inhalation; BC, initial expiration phase; CD, expira-

tion plateau; DE, initial inspiration phase.
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total pressure gradient expanding the respiratory system is accounted for in
two ways: (1) in driving gas between the airway opening and the alveolus
and (2) in expanding the alveoli against the recoil forces of the lung and
chest wall. The pressure required for inspiratory flow dissipates against fric-
tion, while the elastic pressure that expands the respiratory system is stored
temporarily in elastic tissues and is dissipated in driving expiratory flow [31].

The nonelastic impedance to airflow offered by friction and movement of
the lung and the chest wall is termed ‘‘Resistance.’’ The elastic pressure these
structures offer in opposing inflation is termed ‘‘Elastance,’’ and its inverse is
termed ‘‘Compliance.’’ The normal airway resistance of a healthy adult is
less than 4.0 cm H2O per liter per second when breathing spontaneously
and rises approximately twofold when orally intubated with an endotracheal
tube of standard size and length. The elastance of the lungs (EL) and the
chest wall (ECW) add in series to comprise that of the respiratory system:
ERS ¼ EL þ ECW; compliances add in parallel. At end-expiration, compli-
ance values for the lung, chest wall, and integrated respiratory system of
a spontaneously breathing, healthy adult patient of normal size and weight
in the supine position are approximately 200, 150, and 85 mL/cm H2O,
respectively.

Increasing the pressure applied across the normal lungs and chest wall
increases lung volume, but the incremental relationship between pressure
and volume varies markedly over the vital capacity range. Over a small seg-
ment, this relationship can be considered approximately linear over most
regions of the pressure-volume curve. Therefore, assuming linearity, the
elastic properties of the lung, chest wall, and integrated respiratory system
can be described by single values for chord elastance (DP/DV) or its inverse,
the chord compliance (DV/DP).

The same DP will result in a different DV for two lungs of identical tissue
properties but different sizes. Examination of the pressure-volume relation-
ship indicates that chord compliance differs according to the segment over
which it is computed. That difference could result from a position shift along
the pressure-volume relationship, an alteration of tissue elastic properties, or
a variation in the ventilated capacity of the lung.

Respiratory system compliance and elastance
The pressure difference (DP) required to expand the lung by a certain

volume (DV) is the corresponding change in transpulmonary pressure
PL¼ (Palv � Ppl), where Palv ¼ alveolar pressure and Ppl ¼ pleural pres-
sure. The lung elastance (EL ¼ DPL/DV) is the pressure per unit of inflation
volume required to keep the lung expanded under no flow (static) condi-
tions, and the inverse of elastance is referred to as lung compliance (CL ¼
1/EL ¼ DV/DPL). The slope of the static pressure-volume relationship for
the total respiratory system is CRS (CRS ¼ DV/DPalv). In ventilator-derived
calculations of compliance, DV must be measured at the endotracheal tube
or expired volume must be adjusted for the volume stored during
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pressurized inflation in compressible circuit elements (with disposable exter-
nal tubing and a low deadspace humidifier, approximately 3 mL of volume
are stored per cm H2O of peak cycling pressure). However, this figure may
vary markedly, depending on the peak cycling pressure.

Compliance measurements obtained under passive conditions may have
therapeutic and prognostic value for patients with arterial desaturation.
When PEEP is applied incrementally, CL and CRS tend to reach their highest
values when lung units are recruited maximally without overstretching. This
region also tends to be that associated with minimal ventilatory deadspace
and shunt fraction and often coincides with maximal oxygen delivery
[32,33]. Different tidal volumes may be associated with different ‘‘optimal
PEEP’’ values. Although this guideline does not always apply, it is a good
rule to avoid using values of end-expiratory pressure or tidal volume that
depress thoracic compliancedunless objective evidence of significantly
improved oxygen delivery is available and safe plateau pressure is not
exceeded. Severe disease is implied when tidal compliance falls to less
than 25 mL/cm H2O. Maximal depression of CRS often requires 1 to 2 weeks
to develop in the setting of acute lung injury [34,35]. Although CRS provides
useful information regarding the difficulty of chest expansion, CRS does not
necessarily reflect underlying tissue elastance. Ideally, compliance is refer-
enced to a measure of absolute lung volume, such as functional residual
capacity (FRC) or total lung capacity (TLC). CRS may differ greatly at
the extremes of the vital capacity range, even in the same individual.
Although lung and chest wall elastance values add in series (ERS ¼ EL þ
ECW), their corresponding compliances add in parallel, so that respiratory
system compliance bears a complex relationship to the individual compli-
ances of the lung and chest wall:

CRS ¼ ðCL � CWÞ=ðCW þ CLÞ:

The fraction of expiratory airway pressure (PEEP) transmitted to the
pleural space depends on the relative compliances of the lung and chest wall:

DPpl ¼ PEEP� ½CL=ðCL þ CWÞ�:

Chest wall compliance
For critically ill patients, chest wall distensibility may be reduced by

abdominal distention, pleural effusions, ascites, muscular tone, recent sur-
gery, position, binders, and braces (Fig. 4). For a given lung volume, such
reductions cause an increase in PPL. In turn, PPL influences venous return,
hemodynamic data, and calculations of chest mechanics based on airway
pressure. An appropriate interpretation of tidal airway pressures depends
on a valid assessment of intrapleural pressure. Specific values for peak air-
way pressure and CRS have different prognostic importance and therapeutic



587MONITORING THE MECHANICALLY VENTILATED PATIENT
significance as well, depending on whether the lung or chest wall accounts
for the stiffness.

Clinical utility of the pressure-volume curve
In the setting of acute lung injury, perhaps only 20% to 30% of alveoli

remain patent, while the others are atelectatic or occluded by lung edema,
cellular infiltrate, or inflammatory debris [36]. Moreover, the mechanical
properties of the lung differ in dependent and nondependent regions. For
a supine patient, atelectasis predominates in dorsal sectors, where lung units
tend to collapse under the influence of regionally increased pleural pressure
and the weight of the overlying lung [37,38]. In this surfactant-deficient lung,
there are tendencies for persisting collapse of dependent alveoli and/or tidal
reopening and recollapse of lung units in the middle and dependent zones.
The latter process subjects injured tissue to damaging shear forces when
high inflation pressures are used [39]. According to current thinking, both
persisting collapse of inflamed tissue and the tidal collapse cycle must be
avoided. To aid in healing, the objective is to ‘‘open the lung and keep it
open’’ without causing overdistention. Nondependent alveoli remain open
and relatively compliant but are subject to overdistention by high peak tidal
pressures (Fig. 5) [40]. Defining the pressure-volume relationship may help
guide the ventilator settings needed to avoid the damaging effect of both
tidal collapse and alveolar overdistention [41–43]. The PV curve is a compos-
ite of information from myriad lung units, and its contours are shaped by
the relative proportion of units at various stages of distension. Many

Fig. 4. The effect of PEEP (20 cm H2O, in this example) on lung volume is influenced by the

compliance of the chest wall. Distending force across the lung is 25 cm H2O with a normal chest

wall, but only 15 cm H2O with a stiff chest wall. A patient with stiff chest wall requires a higher

PEEP to achieve the same distending force across the lung.



588 BEKOS & MARINI
investigators of barotrauma believe that sufficient end-expiratory alveolar
pressure, PEEPTOT, (ie, the sum of auto-PEEP and extrinsic PEEP) should
be maintained to surpass the lower inflection point of the inspiratory PV
curve when high end-inspiratory (plateau) pressures are in use [44–48].
The PEEP requirement varies with body size, stage and severity of lung in-
jury, and chest wall compliance. At the same time, peak tidal alveolar pres-
sure should not encroach on the upper deflection zone that signals
widespread alveolar overdistention. A few sustained inflations to high static
pressure may be necessary to open the lung in the initial stages of acute lung
injury and periodic ‘‘recruiting breaths’’ may be needed when very small
tidal volumes are used. The relevant pressure here, to achieve near-total
recruitment, may be as low as 25 cm H2O in some patients and as high as
60 cm H2O in others, influenced heavily by the type and duration of lung
injury and by chest wall characteristics.

Construction of the PV curve
There is no simple rule for choosing optimal PEEP that applies to all pa-

tients. Not only does the compliance of the lung and chest wall differ among
patients, but so does the recruitability of the lung on which optimal PEEP
depends [49]. Attempting to construct a PV curve by the traditional super
syringe method involves disconnection of the patient from the ventilator,
which may cause marked drops in mean and end-expiratory transalveolar
pressures. This in turn may cause hypoxemia, bradycardia, arrhythmia,

Fig. 5. Dependent alveoli at the base of the lung may remain collapsed at airway pressures that

threaten to overdistend those in nondependent regions. To counterbalance this heterogeneity,

higher regional PEEP in dependent areas or modified chest wall compliance in nondependent

regions would be needed to improve the uniformity of distention and ventilation.
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and/or flooding of the airway with edema fluid. The process that has
been followed in recent years is to apply a slow inflation at constant flow
(w2 L/min) delivered by the ventilator. Such curves may begin from relaxed
FRC or PEEP. Construction of an expiratory PV curve has more theoretical
appeal as ameans of setting PEEP, as its contours aremore directly influenced
by the expiratory collapse that PEEP is intended to prevent (Fig. 6). Assuming
that tidal volume has already been selected, tracking tidal compliance during
decrements of PEEP from total lung capacity (proceeding from higher to
lower values) has logical appeal for setting PEEP’s optimal value.

Calculation of CRS and RAW during mechanical ventilation

Inspiratory resistance
When a mechanical ventilator expands the chest of a passive subject,

inspiratory PAW furnishes the entire force accomplishing ventilation. Be-
cause the pressure-volume relationships of the lung and chest wall are
approximately linear over the tidal volume range and because the increment
in the PAW necessary to drive gas flow is nearly unchanging under constant
flow conditions, the corresponding PAW waveform resembles a trapezoid
during inspiration, a shape composed of a triangle of elastic pressure and
a parallelogram of resistive pressure (Fig. 7). The mechanically ventilated
respiratory system can be described by inspiratory resistance and compli-
ance, data that in daily clinical practice can be estimated from PAW, during
volume cycled, constant flow ventilation with an applied end-inspiratory
pause. It should be emphasized, however, that the calculations of CRS and

Fig. 6. Pressure-volume curve of the respiratory system. Cstart, starting compliance, computed

as the ratio between the first 100 mL inflation and the corresponding pressure; LIP, lower

inflection point; Cinf, inflation compliance, computed as the slope of the PV curve during inflation

in its most linear portion; UIP, upper inflection point; Cfinal, final compliance. (Data from

Rajkumar A, Karmarkar A, Knott J. Pulse oximetry: an overview. J Perioper Pract 2006;16(10):

502–4; and Gattinoni L, Eleonora C, Caironi P. Monitoring of pulmonary mechanics in acute

respiratory distress syndrome to titrate therapy. Curr Opin Crit Care 2005;11(3):252–8.)
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resistance from PAW can be made only when inflation is passive. When gas is
prevented from exiting the lung at the end of tidal inspiration,
PAW falls quickly to a plateau value. If this end-inspiratory ‘‘stop-flow,’’
‘‘plateau,’’ or ‘‘peak static’’ (Ps) pressure is referenced to the end-expiratory
alveolar pressure (total PEEP), the difference determines the component of
end-inspiratory pressure necessary to overcome the elastic forces of inflating
the chest with the delivered tidal volume. Total PEEP (PEEPTOT) is the sum
of applied PEEP and auto-PEEP. Effective compliance (Ceff) can be
computed as follows:

Ceff ¼ VTc=ðPs� PEEPTOTÞ

where the VTc is the corrected VT.
During inflation with a constant flow profile, the PD (peak dynamic pres-

sure) is the maximal pressure achieved just before the end of gas delivery,
which drives gas to the alveolar level at the selected flow rate and expands
lungs and chest wall by a full VT. The difference between PD and Ps quantifies
the gradient driving gas flow (V) at end-inspiration and varies with the resis-
tance of the patient and endotracheal tube as well as with inspiratory gas flow
setting. Under conditions of passive inspiration with constant inspiratory
flow, the ratio of (PD � PS)/Vend � insp is the airway resistance (RAW).
The ratio of the delivered tidal volume (corrected for the compression vol-
ume of the external circuit) to (PD � PEEPTOT) reflects the overall difficulty
of chest expansion, if VT and inspiratory flow settings do not change, during
passive inflation. This index had been termed ‘‘dynamic characteristic’’:

DC ¼ VTcorr=ðPD � PEEPTOTÞ:

Fig. 7. PAW trapezoid waveform composed of a triangle of elastic pressure and a parallelogram

of resistive pressure. PD represents an end-inspiration airway pressure under dynamic condition.

Tidal compliance is the quotient of tidal volume and the difference between static plateau pres-

sure (PS) (equivalent to alveolar pressure, Palv) and the total PEEP. The slope of the airway

pressure tracing at the end-inspiration obtained under constant flow conditions reflects

elastance of the respiratory system (1/CRS).
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Because PD is influenced both by the frictional and elastic properties of
the thorax, in a patient receiving the same VT and inspiratory flow, it may
be considered a simple indicator of bronchodilator response under passive
conditions. During controlled inflation with constant square wave inspira-
tory flow and stable airway resistance (RAW), the slope of inspiratory pres-
sure ramp should reflect CRS. However, an estimate of CRS made by this
technique is inappropriately low, unless auto-PEEP is taken into account.
When there is occult positive end-expiratory pressure (auto-PEEP) at
the onset of inspiration, the relevant pressure for chest expansion is
(PS � PEEPTOT), not PS � PEEP.

Expiratory resistance
For the same average flow rate, expiratory resistance routinely exceeds

inspiratory resistance, even in the normal airway. For the patient connected
to a mechanical ventilator, expiratory resistance arises in the endotracheal
tube and exhalation valve as well as in the native airway. While the resis-
tance across the exhalation valve and external tubing can be monitored eas-
ily, the total expiratory resistance (the quotient of the difference between
alveolar pressure and pressure at the airway opening and the expiratory
flow) is difficult to measure directly. However, it can be estimated knowing
expiratory flow just before an occlusion of the airway opening and the
‘‘stop-flow’’ pressure (as an estimation of alveolar pressure). Alternatively,
the expiratory resistance is the quotient of the time constant (the time re-
quired to expel 63% of the tidal volume during uniexponential deflation,
also equal to the product of Resistance and Compliance) and respiratory
system compliance. Modern equipment can provide the requisite display
of exhaled volume against time.

Expiratory resistance has important consequences, giving rise to auto-
PEEP, dyspnea, and differences between mean airway pressure and the
mean alveolar pressure that actually determines average respiratory system
distension under passive conditions. Average expiratory flow and expiratory
resistance increase as VE rises and the I:E ratio extends, reducing the time
available for expiration and boosting average expiratory flow. Except
when very mild, the patient must contend with the effects of expiratory re-
sistance by allowing dynamic hyperinflation or by increasing expiratory
muscle pressure. New generation ventilators employ techniques to minimize
the expiratory resistance of the circuitry.

Depending on its nature, length, diameter, patency, and angulations, the
endotracheal tube contributes greatly to RAW. The turbulent flow developing
in a narrow or partially occluded tube is the reason for its flow-dependent
resistance. If endogenous bronchial resistance is the variable of interest,
PAW should be sensed at or beyond the carinal tip of the endotracheal tube.
This can be accomplished with an intraluminar catheter or by using a tube
specially designed for measuring pressures at this site.
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Value of continuously monitoring PAW and flow

Flow tracing
Modern ventilators offer the option of displaying both airway pressure and

airflow or montages of one variable against the other. When used in conjunc-
tion with a simultaneously recorded airway pressure, the flow tracing is an in-
valuable aid in determining a number of parameters of clinical interest. A
glance at the flow tracing usually is sufficient to determine the inspiratory
modeof the ventilator andmay yield clues in detecting patient-ventilator asyn-
chrony. Flow must be known to compute airway resistance and the work of
breathing, as well to detect auto-PEEP. A linear, biphasic flow profile, rather
than a uniexponential one, may give a clear indication of expiration flow lim-
itation. A rippling inspiratory flow tracing indicates secretion retentionwithin
the central airways. A proto-expiratory ‘‘stutter step’’ suggests central airway
occlusion (Fig. 8) [50]. The ‘‘zero flow’’ points of the airway and esophageal
pressure tracings define the dynamicmechanical limits of the respiratory cycle,
which are required in computations of mouth occlusion pressure (P0.1), mini-
mum airway resistance, and auto-PEEP. The flow tracing is also helpful when

Fig. 8. (I) Before bronchoscopy. Simultaneous airway pressure and flow tracings recorded dur-

ing mandatory constant flow machine cycles. A single protoexpiratory flow ‘‘stutter step’’

(arrow A) is followed by a uniexponential flow profile on each deflation, except for the one

that follows the end-inspiratory pause (arrow B). Note the rising (inverted) plateau on the air-

way pressure tracing during the pause maneuver (arrow C) that could be accounted for the early

decompression of the less-obstructed peripheral airways, followed by contribution of the more

severely obstructed lung units. (II) After bronchoscopy. Airway pressure and flow tracings dur-

ing triggered pressure control ventilation. Note (1) attenuated stutter step of the first exhalation

(arrow A) that disappears after the application of the end-inspiratory pause on the next breath;

(2) absence of the inverted plateau during the pause (arrow C, compare with panel A). (Adapted

from Gattinoni L, Eleonora C, Caironi P. Monitoring of pulmonary mechanics in acute respi-

ratory distress syndrome to titrate therapy. Curr Opin Crit Care 2005;11(3):252–8; with

permission.)
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adjusting the inspiratory period during pressure-controlled ventilation to
maximize inspiratory tidal volume and avoiding unintended end-inspiratory
pause and excessive auto-PEEP.

Airway pressure tracing
The continuous tracing of PAW provides equally useful information. Apart

from enabling estimation of RAW and CRS, the waveform of inspiratory air-
way pressure traced during a controlled machine cycle provides graphic evi-
dence of the inflation work performed by the ventilator at the particular
combination of tidal volume and flow settings in use. When inflation occurs
passively during constant flow, the area under the pressure-time curve is pro-
portionate to the work performed by the machine to inflate the chest, and the
pressure measured half-way through inspiration (P) is the work per liter of
ventilation under those conditions. When average flow and tidal volume are
matched to spontaneous values, P is a good estimate of the pressure needed
to ventilate the patient during pressure-support ventilation [51,52].

Also, the shape of airway pressure tracing provides information of
clinical interest. Using constant inspiratory flow, concavity of the airway
pressure ramp reflects patient effort during triggered cycles. An upward in-
flection of the terminal portion of the inspiratory airway pressure tracing
during passive inflation, suggests that the combination of end-expiratory
pressure and the specific tidal volume generates pressures that risk overdis-
tention and barotrauma. Conversely, convexity of the PAW tracing indicates
that inflation is becoming easier as the breath proceeds. Such a profile can be
seen when volume is alternately recruited and derecruited during the breath-
ing cycle, when auto-PEEP is present, or when resistance is highly volume
dependent. Last, variations in the peak dynamic pressure of the machine-
aided breaths suggest asynchrony between the respiratory rhythms of the
patient and ventilator.

Mean airway pressure
The mean airway pressure (mPAW) recorded under passive conditions is

the only measurable analog of the mean alveolar pressure and relates inti-
mately to the forces that drive ventilation and hold the lung distended
(Fig. 9). The mean airway pressure is the average pressure that distends
the alveolus and passive chest wall and therefore correlates with alveolar
size and recruitment, as well as with mean intrapleural pressure. It is also
the average pressure available to drive expiratory flow. When mean airway
pressure (mPAW) is measured without patient effort, it correlates directly
with arterial oxygenation in the setting of pulmonary edema and lung injury,
with back pressure to venous return, as well as with minute ventilation.
Mean airway pressure can be raised by increasing VE, PEEP, or by extend-
ing the inspiratory time fraction. It is therefore a crucial variable to monitor
when the clinician changes ventilatory parameters.
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The actual relationship between mPAW and mPalv can be expressed as:

MPalv ¼ mPAW þ VEðREX �RINÞ

where the REX � RIN is the calculated difference between expiratory and in-
spiratory resistances [53,54]. This mean pressure difference tends to be pos-
itive and may be impressively large in severe airway obstruction, high
ventilation requirements, or inverse ratio ventilation.

Auto-PEEP effect

Considerable confusion has arisen regarding the terms ‘‘auto-PEEP’’ or
‘‘intrinsic PEEP.’’ The pressure applied to the airways by the clinician is
termed PEEP or ‘‘extrinsic PEEP.’’ The pressure measured when all airflow
is stopped is termed ‘‘Total PEEP.’’ ‘‘Auto-PEEP’’ is the difference between
total PEEP and extrinsic PEEP (the prefix ‘‘auto’’ derives from the Greek
term ‘‘self’’).

Hyperinflation may occur in the setting of high levels of ventilation when
insufficient time elapses between inflation cycles to reestablish the equilib-
rium (resting) position of the respiratory system. That usually happens in
the presence of increased airway resistance and a lengthy exhalation time
constant. Auto-PEEP does not necessarily indicate dynamic hyperinflation,
unless expiration occurs passively. Even under passive conditions, the extent
of dynamic hyperinflation that results from auto-PEEP is a function of
respiratory compliance. Auto-PEEP does not necessarily signify airflow ob-
struction, because it develops any time that VE is high enough and/or the
combination of frequency and I/E ratio leaves insufficient expiratory time
for decompression to relaxed FRC. Moreover, auto-PEEP varies markedly
from one site to another within the obstructed lung (tending to be greatest in
the dependent lung regions), and this distribution changes with variations of

Fig. 9. Relationship of mean airway pressure to mean alveolar pressure. In an airway in which

inspiratory (RI) and expiratory (RE) resistive pressures losses are equivalent, the mean pressure

averaged over the entire ventilatory cycle should be equivalent under identical conditions at

every point along the path, including airway opening and alveolus.
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body position. The dynamic hyperinflation associated with auto-PEEP may
hold adverse consequences for hemodynamics, respiratory muscle function,
and lung mechanics. Barotrauma is an obvious risk of serious hyperinflation
[55]. Unlike restrictive lung disease, obstructive lung disease allows excellent
transmission of the alveolar pressure to the pleural space. Thus, the hemo-
dynamic consequences of the auto-PEEP effect may be more severe than
those incurred by a similar level of PEEP intentionally applied to a patient
with adult respiratory distress syndrome (ARDS). Immediately after intuba-
tion, cardiac output tends to drop as the auto-PEEP impedes venous return
during passive inflation. This adverse effect of auto-PEEP is particularly im-
portant to keep in mind during cardiopulmonary resuscitation, when gas-
trapping secondary to vigorous ventilation further compromises marginally
adequate blood flow.

During active breathing efforts, auto-PEEP dramatically increases the
work of breathing, presenting an increased threshold load to inspiration,
impairs the strength of the inspiration muscles, and depresses the effective
triggering sensitivity of the ventilator. For cases in which expiration is
flow limited during tidal breathing, the addition of low levels of PEEP,
less than the original auto-PEEP, replaces auto-PEEP effectively and there-
fore improves subject comfort and work of breathing, without substantially
increasing lung volume or peak cycling pressure (in patients in whom expi-
ration is not flow limited, PEEP raises both) [56]. At the bedside, total PEEP
can be quantified by occluding the expiratory port of the ventilator at the
end of the period allowed for exhalation between mechanical breaths. On
modern machines this is an automated function. The auto-PEEP so mea-
sured, however, only characterizes the volume-weighted average value of
those channels that remain patent at end-expiration.

Variability of auto-PEEP
Pleural pressure follows a gravitational gradient, so transpulmonary

pressure and alveolar dimensions are least and the tendency for airway clo-
sure greatest in the most dependent regions [57]. Therefore, even if the time
constants were otherwise perfectly uniform throughout the lung, there
would be a tendency for those units in dependent areas to trap more gas
than those located above them.

Minute ventilation is a powerful determinant of auto-PEEP [58]. In a per-
fectly uniform lung with a single time-constant, variations in f and VT that
do not change minute ventilation have only a modest effect on the observed
auto-PEEP. In the diseased lung, however, regional time constants vary
widely. While auto-PEEP still remains highly dependent on total ventilation
in the great majority of severely obstructed patients, end-expiratory flows
from the slowest compartments are so small in some patients that changing
the cycling frequency (and therefore the minute ventilation) may have only
limited effects on gas trapping. For the same minute ventilation, variations
in retained secretions, bronchospasm, apparatus resistance, tissue edema,
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body position, and muscle tone alter the deflation time constant and the
extent of gas trapping encountered at an unchanging VE.

Methods for determining auto-PEEP
The presence of auto-PEEP should be suspected whenever detectable flow

persists to the very end of tidal expiration. Such flow often is audible with
a stethoscope positioned over the trachea or if wheezing persists to the very
end of the expiratory cycle. This flow can be transduced and displayed graph-
ically on the bedside monitor; however, the magnitude of expiratory flow does
not correlate with the magnitude of auto-PEEP. End-expiratory flow for ex-
ample may result from widespread severe obstruction, or moderate obstruc-
tions confined to a smaller subpopulation of alveoli [59]. Finally, auto-PEEP
may lurk behind airways that have been sealed completely by mucus plugs.

Because auto-PEEP varies on a breath-by-breath basis during spontaneous
breathing, it cannot be quantified precisely under these conditions. If passive
conditions are established, an estimate of auto-PEEP can be determined by
a variety of methods [60]. Twomethods are based on the principle of counter-
balancing auto-PEEP, either by end-expiratory occlusion or by the dynamic
airway pressure needed to initiate inspiratory flow (Fig. 10). Plateau pressure
reflects the degree of dynamic hyperinflation of all open lung units more faith-
fully than does direct measurement of auto-PEEP itself, which gives an aver-
age of the auto-PEEP values from only those units that remain in
communication with airway opening. With tidal volume and extrinsic PEEP
unchanging, the discrepancy in plateau pressure encountered during an ex-
tended expiratory cycle (comparedwith the ordinary tidal cycles that preceded
it) reflects ‘‘measurable’’ auto-PEEP. Two of the most important effects of

Fig. 10. Simultaneous tracings of airway pressure (PAW) and airflow during controlled volume-

cycled ventilation with constant inspiration flow in a patient with airflow obstruction. PD rep-

resents an end-inspiration airway pressure under a dynamic condition, PZ at the point of flow

cessation, and PS after complete equilibration among all alveolar and airway pressures. Alveo-

lar pressure can be estimated by the stop-flow technique in midexpiration or at end-exhalation

(AP1). Auto-PEEP also can be estimated under dynamic conditions as the airway pressure

above the set PEEP value that is needed to counterbalance elastic recoil and stop expiratory

airflow (AP2).
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auto-PEEP, those on hemodynamics and work of breathing, are mediated by
pleural pressure, which can bemeasured directly as esophageal pressure (Pes).

Esophageal pressure

Knowledge of intrapleural pressure often facilitates clinical decision
making. A thin esophageal catheter (w2 mm diameter) inflated with 1 mL
of air in the 10-cm-long balloon is inserted through the esophagus into
the stomach and then carefully withdrawn to a point just above the position
where negative pressure deflections are initially observed during spontane-
ous inspiration efforts. Because no significant change of transpulmonary
pressure can occur without a change in lung volume, good balloon position
is indicated by nearly identical deflections of esophageal and airway
pressures during an occluded spontaneous breath.

In the upright position, Pes reflects the absolute value of global intratho-
racic pressure with acceptable accuracy, but Pes overestimates average
resting intrathoracic pressure in the supine position and underestimates it
in the prone position. With the patient recumbent, Pes overestimates pleural
pressure, but changes in pleural pressure are tracked well. Useful graphics of
dynamic pressure-volume and flow-volume enable estimation of force
generation during all patient-initiated breaths (spontaneous or assisted)
and allow partitioning of transthoracic pressure into its lung and chest
wall components during passive inflation. Furthermore, Pes aids in inter-
preting pulmonary artery and wedge pressures under conditions of vigorous
hyperpnea or elevated alveolar pressure (PEEP, auto-PEEP). The Pes can be
used to compute the work of breathing across the lung and external circuitry
or to calculate the product of developed pressure and the duration of inspi-
ratory effort (pressure-time product). It has been suggested that fluctuations
in central venous pressure can serve a similar purpose, but the damped
vascular pressure tracing yields a low-range estimate of effort. This underes-
timation occurs because venous return tends to rise as intrathoracic pressure
falls and declines as intrathoracic pressure rises.

Transdiaphragmatic pressure

Transdiaphragmatic pressure (Pdi) is the difference between Pes and the
gastric pressure (Pga) [61]. Theoretically generated by a single inspiratory
muscle (the diaphragm) Pdi can be used to quantify its effective contractile
force. Clinically, the Pdi is rarely used. Occasionally it is measured in conjunc-
tion with phrenic nerve stimulation or voluntary efforts to investigate dia-
phragmatic paralysis.

Abdominal pressure

An increased intra-abdominal pressure (IAP) increases chest wall stiff-
ness. Abnormally high IAP values, as measured by bladder pressure, are
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found in many ICU patients. Very high IAP values are associated with
restrictive lung physiology and systemic acidosis.

Monitoring breathing efforts

Oxygen consumption of respiratory system

The oxygen consumed by the ventilator pump (VO2R) estimates respira-
tory muscular effort at its most basic level: cellular metabolism. Although
difficult to measure, the VO2R theoretically accounts for all factors that
tax the respiratory muscles, ie, the external workload (W) and the efficiency
(e) of the conversion between cellular energy and useful work (VO2R ¼
W/e). Two patients with different chest configurations, patterns of muscle
activation, or degrees of coordination between the muscles of inspiration
and expiration may perform identical external work (W) but consume vastly
different amounts of O2 in the process. Because VO2R cannot be measured
directly, total body oxygen consumption (VO2) is tracked as ventilatory
stresses are imposed or relieved, perturbing the respiratory system. Unfortu-
nately, VO2 is difficult to measure in unstable patients, so that other
measures of respiratory muscle effort usually are sought.

Direct measures of external mechanical output

External work of breathing
Work of breathing is a global measure of respiratory pump activity and re-

flects the imposed respiratory load. The mechanical work of breathing and
breathing effort are not synonymous terms. If breathing is inefficient, great
effort can be expended without developing forceful pressures or accomplish-
ingmeasurable external work.Mechanical work is accomplished when a pres-
sure gradient (P) moves the lung or relaxed chest wall through a volume
change. At any volume (V) above relaxed FRC, pressure resulting from
a flow (V) dissipates against frictional and elastic forces in the following way:

P ¼ RAWðVÞ þ V=Crs

Average developed pressure (P) for the tidal inflation (VT) during the
inspiratory period (ti) can be approximated as follows:

P ¼ RAWðVT=tiÞ þ VT=2CRS þ auto-PEEP

and is numerically equivalent to the work per liter of ventilation, while work
per tidal breath (Wb) can be quantified as the product of P and VT. Thus, if
RAW, CRS, ti, and VT are known for the spontaneously breathing subject,
the external work rate for inspiration can be computed easily. Exhalation
normally proceeds passively, dissipating elastic energy stored during the in-
spiratory half cycle.
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Bronchospasm, retained secretions, and mucosal edema are the primary
reversible factors that increase RAW. Lung edema and infiltration, high
lung volumes, pleural effusions, abdominal distention, and supine posture
reduce CRS. In the clinical setting, such computations serve to estimate
the pressure support level needed to achieve most ventilatory needs. When
the ventilator performs the entire workload for a passive patient, total infla-
tion pressure (P) is simply PAW, that is approximated by the inflation pres-
sure at midcycle (when inflation is achieved with a constant-flow waveform).
With pressures and volumes expressed in their customary units, a convenient
work unit is the joule or watt-second, 1 J ¼ 10 cm H2O � 1 L. Total inspi-
ratory mechanical work per minute is the product of P and minute ventila-
tion or Wb and f, the breathing frequency.

To accurately estimate the work rate of spontaneous breathing, flow
delivery during passive inflation must approximate the mean inspiratory
flow rate of spontaneous breathing, the tidal volume delivered must be sim-
ilar, and no inflation effort must occur. Unfortunately, such preconditions
often cannot be accomplished without deep sedation or paralysis.

Influence of auto-PEEP on work of breathing
Auto-PEEP imposes a threshold load on inspiration. The patient must

supply a pressure sufficient to counterbalance auto-PEEP before central
airway pressure falls sufficiently to trigger the ventilator or initiate a pres-
sure-supported breath. The threshold load imposed by auto-PEEP effectively
reduces the triggering sensitivity of the machine to a value equal to the sum of
auto-PEEP and the set trigger sensitivity value. When expiration is flow lim-
ited during tidal breathing, low levels of continuous positive airway pressure
(CPAP) or PEEP can help restore triggering sensitivity and reduce the work
of breathing. Moreover, during pressure-support ventilation, PEEP that
counterbalances auto-PEEP leaves a greater proportion of the inspiratory
pressure available to power inflation, often resulting in an increased tidal vol-
ume for the same value of pressure-support. Although low-level PEEP also
tends to improve the distribution of ventilation, PEEP should not be used
if it causes the peak dynamic cycling pressure to rise significantly.

Work measurements
Although the work of breathing can be estimated using the equation of

motion, an esophageal balloon is required to directly measure work during
spontaneous, machine-assisted, or pressure-supported breathing. During
spontaneous breathing cycles, the fluctuations in Pes reflect patient efforts
to overcome the impedance of the lung and external circuit. Inspiratory
inflections of the PAW waveform quantify the pressure needed to suck gas
through the inspiratory circuit to the point of pressure measurement. While
care must be taken to include any component attributable to auto-PEEP, it
must be understood that surreptitious or overt expiratory efforts may
contribute to the ‘‘inspiratory’’ work calculation. Inspiratory work can be



600 BEKOS & MARINI
quantified by electronically integrating the product of Pes and the flow or by
measuring the area within a plot of Pes against inspired volume. The work
done in expanding the chest wall cannot be directly measured during active
breathing. To exclude the resistance of the endotracheal tube, PAW must be
sampled between the tube tip and the carina, a site at which much deeper
pressure fluctuations may be seen during inspiration. The resistance of stan-
dard endotracheal tube often exceeds 10 cm H2O/L/sec and is commonly
offset during inspiration by pressure support.

During patient-initiated but machine-assisted breathing cycles, it is often
assumed that patient work becomes negligible. Indeed, the ventilator is fully
capable of performing the entire work of breathing if the patient were to cease
effort immediately after triggering inspiration. However, relaxation does not
occur abruptly once themachine cycle begins. Instead, patient effort continues
in direct proportion to the intensity of respiratory drive. When the ventilator
requirement or sense of dyspnea is high (eg, when the ventilator is poorly ad-
justed with respect to sensitivity, peak inspiratory flow rate, inspiration dura-
tion, or tidal volume), exertion levels may approach those of unsupported
breathing [62]. Interestingly, resistance and compliance do not influence the
work of breathing during triggered cycles, provided that themachine fully sat-
isfies the patient’s peak inspiratory flow demand (z 4�VE) [58]. However, if
the patient’s flow demand exceeds the delivery rate, the patient works against
the resistance of the endotracheal tube and the ventilatory circuitry, as well as
against the innate impedance characteristics of the chest. Clues to patient ex-
ertion during triggered machine cycles are provided by the airway pressure
tracing, as already described. Peak dynamic pressure itself may not be much
different from expected, in as much as inspiratory effort slackens near the
end of inflation. During Pressure-Support Cycles, inspiratory airway pressure
is maintained nearly constant by the machine at the pre-set level. Therefore,
patient effort can be gauged directly only from a Pes tracing.

Pressure-time product
Isometric components ofmuscle tension that consumeoxygenwithout con-

tributing to volume change fail to register as externally measured work, ac-
counting in large part for the lack of agreement between force generation
and Wb. A pressure-time product (PTP ¼ P � ti) parallels effort and VO2R
more closely than Wb because it includes the isometric component of muscle
pressure and is less influenced by the afterload to contraction. When average
inspiratory pressure (P, as computed earlier) is referenced to the maximal iso-
metric pressure that can be generated at FRC (Pmax) and inspiratory time (ti)
is expressed as a fraction of total cycle length (ttot), a useful effort index is
derived:

Pressure-time index ðPTIÞ ¼ P=Pmax� ti=ttot

Values of PTI that exceed 0.15 identify highly stressful breathing work-
loads that may not be sustainable [63,64].



601MONITORING THE MECHANICALLY VENTILATED PATIENT
Monitoring ventilatory drive and breathing pattern

Importance of assessing ventilatory drive

Considering that ventilatory drive is a primary correlate of dyspnea and
the ability to ventilate, it is remarkable that so little clinical attention has
been paid previously to drive measurement. Heightened ventilatory drive in-
creases work expenditure during triggered machine cycles and often signals
pain, sepsis, and important perturbations of the cardiopulmonary system.
During machine-assisted breathing, ventilatory drive plays a more impor-
tant role in determining the energy expenditure of the patient than any other
indicator of ventilatory mechanics. Derangements in ventilatory drive also
may furnish clues regarding the ability of the patient to wean from ventila-
tory support. Several recent clinical studies demonstrate that most patients
who failed to wean from mechanical ventilation have elevated drives to
breathe and limited ability of drive to respond to increases in ventilatory
loads (eg, increased PaCO2) [65,66].

Ventilatory drive indices

Several methods can be used to index drive. When respiratory mechanics
and strength reserves are normal, minute ventilation directly parallels the out-
put of the ventilatory control center. Unfortunately, such preconditions are
seldom met in the clinical setting. Minute ventilation can be viewed as the
product of mean inspiratory flow rate (the quotient of tidal volume and inspi-
ratory time, VT/ti) and the inspiratory time fraction or duty cycle (ti/ttot):

VE ¼ VT=ti� ti=ttot

Both components yield useful and largely ignored clinical information.
Mean inspiratory flow (VT/ti) provides a valid index of drive but its value
also depends on the mechanical properties of the ventilatory system. The
pressure generated against an airway surreptitiously occluded 100 msec after
the onset of inspiratory effort (the P0.1) is measured before the occlusion is
recognized consciously, so that the corresponding outflow from the respira-
tory center is representative of the unimpeded cycles that preceded it. As an
isometric measurement, the P0.1 is influenced by muscle strength and lung
volume but does not depend on respiratory mechanics.

Breathing pattern, frequency, and duty cycle

The breathing pattern also offers valuable information. When muscular
strength is limited, patients tend to meet VE requirements by increasing fre-
quency (f) without raising VT. Although smaller breaths require less effort,
the cost of rapid, shallow breathing may be increased deadspace ventilation
and the need for a higher VE to eliminate CO2. Thus, although work per
breath (Wb) is controlled by limiting tidal volume, total work (the product
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of f and Wb) per minute tends to increase when f exceeds some optimal
value. A very high and continuously rising frequency (to rates O30
breaths/minute) is generally accepted as a sign of ventilatory muscle decom-
pensation and impending fatigue. It should be noted, however, that some
patients increase f to a stable value of more than 35 breaths/minute and
remain compensated, especially when VE rises proportionally to the rise
in breathing frequency, or the patient has inherent restrictive physiology.

In recent years, considerable attention has focused on the f/VT ratio, or
rapid shallow rebreathing, index, a simply computed bedside parameter
that seems to indicate the ability or inability of mechanically ventilated
patients to breathe without mechanical assistance [67–70]. Discontinuation
of ventilator support is unlikely to prove successful if (f/VT) exceeds approx-
imately 105 breaths/minute liters within the first minute of a brief trial of
fully spontaneous breathing. Although hardly infallible, this simple guide
does seem to have clinical utility.

As the ventilatory muscles fatigue, the duty cycle (ti/ttot), the fraction of
each breathing cycle spent in inspiration, also changes. When there is
a breathing stress, the ti/ttot of spontaneous breathing normally increases
from about 0.35 to a value of 0.40 to 0.50. At the limits of compensation,
the ti/ttot fails to increase with further stress and may actually decline.

At times of maximal effort, noteworthy alterations may be observed in
the pattern of activation and coordination of the ventilatory muscle groups.
Although normally passive, expiratory muscles may be called into play
whenever the inspiratory muscles face a burden that is stressful in relation
to their capability (eg, during expiratory flow obstruction, when the patient
is anxious, when machine-controlled inspiration duration is excessive, and at
high level of VE). Visible use of the accessory muscles, especially the sterno-
cleidomastoid group, may also signal the approach to the limits of the
ventilatory compensation.

Asynchrony between the peak excursions of the chest and abdominal
compartments and paradoxical inward movement of the abdomen on inspi-
ration are two indicators of diaphragmatic dysfunction or fatigue [71]. These
motions also reflect the normal response of a compensated system to stress.
Asynchrony between the excursions of rib cage and abdomen may be a stage
in the development of full-blown abdominal paradox.

Inductance (impedance) plethysmography provides a noninvasive means
of monitoring f, VT, ti/ttot, and respiratory muscle coordination. With this
technique, loose elastic bands encircle the chest and abdomen. Changes in
compartmental volume create proportional changes in the cross-sectional
areas of the electrical inductance loops. Fluctuations of compartmental
motion can be summed to estimate overall tidal volume changes. The ratio
of maximal compartmental amplitude to tidal volume (the MCA/VT ratio)
correlates with ventilatory distress and provides tangible evidence of
mechanical inefficiency. Impedance plethysmography can also be used as
an apnea detector in nonintubated patients and may prove helpful in
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monitoring volume changes during pressure-cycled modes of ventilation (eg,
pressure support, pressure control).

Monitoring strength and muscle reserve

Strength measures

The two most common measures of respiratory muscle strength are the
vital capacity (VC) and the maximal inspiratory pressure (MIP) generated
against an occluded airway. Without full patient cooperation, it is question-
able that any measure of strength can reflect the full capability for pressure
development.

Vital capacity
In cooperative patients, VC tends to be well preserved relative to MIP

because small applied pressures achieve relatively large volume changes.
Vital capacity generally should be measured upright rather that supine, be-
cause certain conditions, such as diaphragmatic paralysis, may demonstrate
a positional reduction of more than 30%. A routine measurement of VC
involves a single forceful effort from residual volume to total lung capacity.
However, many weak patients fail to sustain inspiratory effort long enough
to achieve their potential maximum. Others simply refuse or cannot fully
cooperate with the testing. Thus, for critically ill patients, the VC has proven
to be a disappointing and unreliable measure of strength. A one-way valve
can be used to achieve a ‘‘stacked vital capacity’’ even when patients do not
cooperate fully with testing. An involuntary deep breath may also be
induced by stimulating cough and a crude estimate of inspiratory capacity
obtained from the recorded exhaled volume.

Maximal inspiratory pressure
Themaximal inspiratory pressure (MIP) is an isometric pressure optimally

measured in a totally occluded airway after 20 seconds or 10 breathing efforts.
A one-way valve directed toward expiration can ensure that inspiration ef-
forts begin from a lung volume low enough to achieve maximal mechanical
advantage. The PAW during the MIP maneuver should be measured continu-
ously, either with a needle gauge or by a pressure transducer linked to record-
ing apparatus. Ideally, the MIP effort is sustained for at least 1 second. It
should be kept in mind that the validity of MIP in uncooperative patients de-
pends on the strength of ventilatory drive. In a fully cooperative patient the
intensity of a voluntary effort is likely to exceed that elicited by simple airway
occlusion unless the stimulus is both sustained and strong [72,73].

Measures of endurance

Endurance is the ability of amuscle to sustain effort, determined by the bal-
ance between the supply and demand of muscular energy. Two simple indices
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of ventilatory power reservedthe ratio of VE requirement to maximal volun-
tary ventilation (MVV) and the VT/VC ratiod have long been used to predict
the outcome of machine withdrawal. On empirical grounds, it has been sug-
gested that ratios higher than 50% portend weaning failure. Interestingly,
newer laboratory data confirm that only about 50% to 60% of the MVV
can be sustained longer than 15 minutes without ventilatory fatigue [69].

Pressure-time index
Measured accurately, the MIP can be used in conjunction with P to judge

endurance and the likelihood of weaning success. In the laboratory setting,
a diaphragmatic P/Pmax ratio higher than 40% (with ti/ttot ¼ 0.40) or
a pressure-time index (PTI ¼ P/Pmax � ti/ttot) greater than 0.15 predicts
the inability to indefinitely sustain a target workload. No confirmatory
data are available yet for the specific clinical setting of the weaning trial.

Sequential measurements of drive
A practical indication of declining power reserve may also be provided by

a comparison of drive indices (such as the P0.1) measured sequentially during
the stress period. Patients who fail to increase ventilatory drive in response
to increased PaCO2 are prone to alveolar hypoventilation and weaning
failure. In the future, monitoring the response of such indices as P0.1 to
an imposed stress or CO2 loading may provide valuable clinical indications
of breathing reserve.

Patient-ventilator interaction

Specific problems: patient–endotracheal tube–ventilator circuit

Smooth interaction between the patient and the ventilator may be inter-
rupted by malfunctioning of the ventilator system, worsening of cardiopul-
monary mechanics, or by factors completely unrelated to ventilation.
Malfunctions of the ventilator system prevent adequate ventilation or oxy-
genation and usually present as altered states of consciousness, changes in
vital signs, or unexplained deterioration in blood gases. When a crisis
develops suddenly during mechanical ventilation, the patient should be
ventilated manually to distinguish if the problem is related to the patient
or to the ventilator. The difference between exhaled and set tidal volume
is crucial data. Checking the airway pressure profile and comparing the
peak dynamic (PD) and static (PS) pressure against previous values also
provides essential information. A large disparity between PD and PS sug-
gests a resistance problem in the tube or airways. Failure to generate or
hold pressure during circuit occlusion indicates a system leak.

An important distinction must be made between massive atelectasis and
tension pneumothorax. Note that a pneumothorax without tension may not
elevate peak pressure or reduce tidal volume noticeably. Nonpulmonary
causes of discomfort (distention of the bladder, pain, and so forth) should
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not be overlooked. When agitation develops, hypoxemia frequently occurs,
increasing both the drive to breathe and dyspnea. Increasing the FiO2 often
relieves hypoxemia and can undo the self-reinforcing process of agitation. In
fact, increasing FiO2 is a good first option whenever desaturation accom-
panies agitation.

Modern ventilators are equipped with audible alarms that sense excessive
or inadequate system pressure, failure to exhale a set minimum of tidal
volume, or disconnection of the patient from the machine. Endotracheal
tubes often kink, block with secretions, or become constricted by the teeth
of a biting patient [74–76]. Tubes that are poorly placed or secured may
migrate into the larynx, main bronchus, or rest on the carina, producing
cough and bronchospasm.

Poor coordination between breathing rhythms of patient and ventilator

Shortly after mechanical ventilation begins, attempts to ‘‘fight the ventila-
tor’’ are the rule in alert, awake and mildly obtunded patients [77–79]. In con-
ventional ventilation, the triggering variable may be pressure or flow [80–82].
Patient-ventilator asynchrony during the triggering process is expressed in
several forms: absence of inspiratory muscle contraction (autotriggering), de-
lay between the beginning of inspiratory effort and ventilatory triggering (ex-
cessive triggering delay), and inability of the patient’s inspiratory effort to
trigger the ventilator (ineffective efforts). Autotriggering may result from
random noise or presence of leaks or water in the circuit, and cardiogenic
oscillations. Autotriggering usually occurs in patients with low inspiratory
drive, low breathing frequency, relatively high stroke volume, and no dy-
namic hyperinflation [83,84]. Autotriggering is minimized by increasing
the threshold of flow or pressure triggering, augmenting the patient respi-
ratory drive, and elimination of the leaks or water in the circuit.

Excessive triggering delay and ineffective efforts to trigger the ventilator
are related to the machine’s functioning, as well as the characteristics of the
respiratory system. The main patient-related factors are dynamic hyperinfla-
tion, low respiratory drive, and weak inspiratory muscles. The most impor-
tant ventilator factors are related to events during the pressure delivery and
termination phases, such as the maximum pressure setting and expiratory
asynchrony in the form of delayed opening of the exhalation valve. The
strategies for decreasing the triggering delay and the number of ineffective
efforts are measures that decrease the magnitude of dynamic hyperinflation,
cessation of supplemental flows (eg, continuously aerosolized prostacyclin),
application of external end-expiratory pressure, decrease of the pressure and
the flow thresholds for triggering, and the use of new-generation ventilators
with more responsive triggers.

Patient-ventilator asynchrony during the pressure delivery and cycle off
phases is due to dissociation between the patient’s respiratory effort and
ventilator response in terms of timing (uncoupling between the end of
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mechanical and neural inspiration), and inadequate or excessive assist. In
addition, with pressure-support, the pressure rise time may influence the
synchronization between the patient and the ventilator.

Imaging of function and structural heterogeneitydthe future
To this point in the history ofmechanical ventilation, the primary database

from which monitored information derives has been limited to global mea-
sures of pressure and flow sampled from the airway opening. Yet it is now un-
derstood that the diseased lung, whether obstructed or acutely injured, is
composed of heterogeneous subunits with behaviors and risk susceptibilities
that vary considerably site to site. Poised to be introduced to clinical practice
are severalmethodologies designed tomonitor regional anatomyand function
and thereby help regulate therapy andmodify risk. Foremost among these are

Fig. 11. Electrical impedance tomography (EIT) device for monitoring regional lung ventila-

tion, based an the measurement of electrical voltages at the surface of the chest, resulting

from repeated applications of small electrical currents to the body and transformed the collected

data on two dimensional images of the distribution of electrical impedance in the chest. (Adapted

from Frerichs I, Hahn G, Schroder T, et al. Electrical impedance tomography in monitoring

experimental lung injury. Intensive Care Med 1998;24(8):829–36; and Frerich I, Hinz J, Herr-

mann P, et al. Detection of local lung air content by electrical impedance tomography compared

with electron beam CT. J Appl Physiol 2002;93(2):660–6; with permission.)
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electrical impedance tomography (EIT), acoustic monitoring, and pulmonary
ultrasound (Figs. 11 and 12) [85–95]. Although little clinical experience has yet
been accumulated, it seems clear from an expanding base of experimental and
observational studies that these ‘‘real time imaging’’ methodologies have the
potential to elevate respiratorymonitoring of the critically ill onto a newplane
of management better aligned with our understanding of underlying patho-
physiology and treatment goals.

Summary

Many options are currently available for monitoring respiratory function
in the critically ill patient. Most are obtained with little intrusion into the
patterns of ongoing care. Yet, the information secured is often of vital im-
portance in bedside decision making. To use it effectively, the clinician must
take an integrative approach based on mastery of the underlying physiology
and familiarity with the principles upon which these technologies are based.

Further readings

Marini JJ, Wheeler AP. Respiratory monitoring. In: Critical care medicine: the essentials. 3rd

edition. Philadelphia: Lippincott Williams & Wilkins; 2006. p. 78–106.

Marini JJ, Truwit J. Monitoring the respiratory system. In: Hall JB, Schmidt G, Wood LDH,

editors. Principles of critical care. 2nd edition. New York; 1998. p. 131–54.

Nahum A. Use of pressure and flow waveforms to monitor mechanically ventilated patients. In:

Yearbook of intensive care and emergency medicine. Berlin: Springer; 1995. p. 89–114.
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We are unaware of a monitoring technique that, in itself, has been shown
to improve outcomes of patients during weaning from mechanical ventila-
tion. However, it does not follow that monitoring physiologic parameters
is unnecessary or inappropriate. Some physiologic signs of distressd
extreme tachypnea, tachycardia, acute onset of pain, hypoxemiadare unac-
ceptable, and to conduct studies demonstrating efficacy of monitoring for
these would be unethical. For example, a patient who breathes 50 labored
breaths per minute during a spontaneous breathing trial (SBT) will not be
extubated to demonstrate that he or she requires reintubation at a very
high rate. Common sense tells us that humans will fatigue, rapidly, if sub-
jected to prolonged tachypnea. On the other hand, the precise threshold
of tachypnea that is unsustainable is not known, and likely varies substan-
tially from patient to patient. The ideal value for most patients may reside
somewhere between 25 and 35 per minute depending on the patient and
the progress and nature of his or her acute/chronic diseases. But to suggest
that there is one threshold that demarcates success and failure for all
patients with varying respiratory loads and neuromuscular capacity is coun-
terintuitive and antiphysiologic. Again, that doesn’t make respiratory rate
during an SBT a useless piece of information, but rather one of many mon-
itored factors to consider in the context of each patient’s specific conditions.

Weaning is not physics. It would be ideal to know with certainty the
earliest moment when a patient has recovered sufficiently to breathe indefi-
nitely without the ventilator and endotracheal tube so as to avoid both the
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complications of prolonged invasive ventilation [1] and the risks of failed
extubation [2,3]. However, because the number of variables that affect wean-
ing outcomes are vast, the process of liberating patients from ventilators and
then removing their endotracheal tubes will always be art guided but not
predicted entirely by science. Most experts on this subject accept that to
do the most good for the most patients, some extubation failures are not
only acceptable but expected. The exact rate of extubation failure that
correlates with serving the greatest number of patients is not known. How-
ever, most weanologists (or weaners, as you like) believe that if the extuba-
tion failure rate is 15% to 20%, the remaining 80% to 85% have likely been
served well by aggressive earlier extubation than would be the case if clini-
cians had delayed. The optimal trade-off associated with conducting SBTs
and trials of extubation on the first possible day to minimize ventilator
complications versus the possibly higher mortality associated with reintuba-
tion (ie, cause-effect has not been proven) has no scientifically right answer
[3].

Monitoring of physiologic variables gauges repair of the cardiorespira-
tory system and tolerance of the patient to breathe without the ventilator
and endotracheal tube. Whereas a multitude of variables have been exam-
ined [4–7], in this review we will concentrate mainly on how to use moni-
tored variables that are commonly and easily measured at bedsides of
critically ill patients. Although neither simple nor sophisticated methods
are proven efficacious, we believe there is an abundance of useful informa-
tion hidden in simple physiologic variables that can be applied to sharpen
the art of weaning.

Terminology

For the purpose of this article we will often distinguish between respi-
ratory failure and airway incompetence. Respiratory failure comes in two
pure forms: hypoxemic and hypercapnic [8]. Hypoxemic failure results
when patients develop hypoxemia resulting from shunt (ie, flooding or col-
lapsing of distal airspaces), to the point where they desaturate even while
inspiring high concentrations (eg, 100%) oxygen. Hypercapnic respiratory
failure results from insufficient neuromuscular capacity to meet the loads
(resistance, elastance, and minute ventilation) of breathing and generally
manifests as rapid shallow breathing that precedes frank hypercapnia
and respiratory acidosis/arrest. In the real world, these two ‘‘forms’’ co-
mingle so patients with pneumonia and hypoxemia also have increased
lung stiffness and minute ventilation requirements. Many patients experi-
ence varying degrees of both mechanisms. Notwithstanding, patients
who require mechanical ventilation, as distinguished from the necessity
for an artificial airway, are treated for their underlying diatheses and
each day, to minimize complications [1], clinicians seek to determine pa-
tients’ readiness to breathe: (a) without the ventilator, and (b) without
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the artificial airway. In this review, we will use the term ‘‘weaning’’ to
mean liberation from the ventilator and endotracheal extubation since
most studies have examined factors that contribute to failure and success
of these combined treatments. In reality, the factors that determine suc-
cessful liberation from the ventilator and those that determine successful
removal of the artificial airway are probably intimately intertwined. For
example, a patient with severe brain injury but no airway protective re-
flexes and abundant secretions might be able to breathe without the ma-
chine, but requires an artificial airway to allow caregivers to suction/
remove secretions. Other patients with brain injury and incompetent air-
ways may fail SBTs because of their neurologic abnormalities. Similarly,
patients who pass an SBT and then undergo a trial of extubation (TOE)
may fail because of airway incompetence (ie, they are aspirating but not
yet breathing rapidly and shallowly or developing worsening hypoxemia)
or because of primary respiratory failure (ie, hypoxemia due to developing
shunt as with atelectasis or pulmonary edema, or rapid shallow breathing
as occurs with increments in respiratory load). Airway incompetence and
true respiratory failure are often codependent. Patients with airway incom-
petence experience increased respiratory resistance from retained secre-
tions, atelectasis (causing increased elastance AND hypoxemia) when
secretions plug and prevent aeration of distal airspaces, and, often, in-
creased distress causing hyperventilation. Conversely, patients with rapid
shallow breathing are prone to dependent atelectasis that promotes hypox-
emia and escalating increments of respiratory elastance. The goal in any
patient with respiratory failure or endotracheal intubation because of air-
way incompetence is to define how the system has broken and to actuate
repairs as quickly as possible to reduce complications of mechanical ven-
tilation [1].

In theory, monitoring could be useful to:

1. Predict outcomes.
2. Guide decisions about when to initiate, continue, or discontinue SBTs

or TOEs.
3. Monitor and repair physiologic variables that contribute to ventilator

dependence.

Monitoring to predict outcomes

A huge literature examines the utility of monitoring techniques to predict
weaning outcomes. There is no use in reproducing the comprehensive evi-
dence-based review of the many physiologic parameters because none faith-
fully predicts with sufficient accuracy who will be successfully liberated/
extubated [4,6,7,9]. A consensus of experts analyzed the available data
and concluded that no ‘‘weaning parameter’’ should be used to preclude
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patients who were otherwise stable (from a cardiopulmonary perspective)
from performing an SBT [4,6,7]. Since extubation failure is associated
with excess mortality, it can be argued that predicting outcome is important
[2,3]. However, if no monitored parameter predicts extubation outcomes
well, and the reference standard for identifying readiness for a TOE is a suc-
cessful SBT [9], measuring/monitoring ‘‘weaning parameters’’ is only likely
to delay SBTs or preclude SBTs in patients who might otherwise be success-
fully extubated. Routinely requiring f/Vt (respiratory rate/tidal volume)
! 105/min/L to begin SBTs prolongs weaning. In 304 patients enrolled to
perform SBTs after achieving hemodynamic stability and PaO2/FiO2 R
150, weaning time was shorter (2 versus 3 days) compared with those who
performed SBTs after achieving the same criteria plus f/Vt % 105/min/L
[10]. Until a near-perfect predictor of extubation outcome is identified,
which is unlikely to happen, SBTs are the de facto litmus test for determin-
ing readiness to breathe without a ventilator (see Meade and colleagues [4]

Respiratory Failure and/or Airway Incompetence

Ventilator Support (complete vs. partial)

&

Repair

Screen daily for SBT readiness
No pressors or MI; P:F>120

Daily SBT

Until

SBT Success

Continue non-fatiguing
SBT(s) until airway competence

TOE

SBT failure

Fig. 1. Algorithm implied by ACCP evidence-based panel [9]. The text suggests a number

of studies that might provide evidence to refine this algorithm (which could then be used as

the control arm for future studies). SBT, spontaneous breathing trial; TOE, trial of extubation;

P:F, PaO2/FiO2. Evidence has suggested that SBTs of T-piece or pressure support %7 cmH2O

[24] are equivalent and that the duration of the first SBT need not be longer than 30 minutes

[23]. Airway competence is determined by ability of the patient to cough and follow simple

commands, and amount of endotracheal secretions [56].
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and Fig. 1). Weaning parameters should not be used to preclude hemody-
namically stable, sufficiently oxygenated patients from performing SBTs.

Monitoring to guide decisions about SBTs

Monitoring of cardiopulmonary and laboratory parameters is used
routinely to guide weaning management decisions. The algorithm in
Fig. 1 describes ‘‘best’’ weaning practice based on available data (April
2007). Monitoring is required for each step of the process. Unfortunately,
the discriminative utility of commonly monitored variables (eg, heart rate,
respiratory rate, blood pressure, oxygenation) has not been well studied.
A multitude of physiologic parameters and derived variables have been
examined during weaning. We could not hope to cover all here, but rather
will expend most of our effort describing the utility of monitored parameters
that are most commonly available. When appropriate, we will also suggest
study designs that may be performed in the future to help clarify how mon-
itoring might be used to positively impact patients’ outcomes. We specifi-
cally use the verb ‘‘clarify’’ versus ‘‘answer’’ definitively because,
considered pathophysiologically, no single threshold is likely to demarcate
perfectly success and failure in every patient.

Step 1: Identifying patients who are candidates for SBTs

Hemodynamic parameters
Nearly all studies and reviews published to date have suggested patients

should be ‘‘hemodynamically stable’’ before weaning [4–6,9]. Accordingly,
measures of hemodynamic stability including blood pressure and absence
of cardiac ischemia have been those most often cited as prerequisites for
studies and clinical guidelines.

Blood pressure: Are patients who require vasoactive medications candidates
for SBTs?. Shock is expected to increase the work of breathing (increased
CO2 production associated with lactic acidosis) while the respiratory
muscles are not receiving adequate substrate. During septic shock, for exam-
ple, more than 20% of oxygen consumption can be associated with the work
of breathing [11]. If shock cannot be reversed rapidly, and work of breathing
is excessive (eg, O30/min), it is theoretically reasonable to assume the work
of breathing for the patient by initiating mechanical ventilation to allow
a limited oxygen delivery to other shocked organs. Many patients with
shock develop airway incompetence that requires endotracheal intubation
for airway protection, and positive pressure ventilation follows whether or
not it is required. Nonetheless, most clinicians have treated patients with
hemodynamic instability requiring pressors, whose airway competence,
work of breathing, and oxygenation did not require mechanical ventilation;
NOT all patients who have shock require endotracheal intubation and pos-
itive pressure ventilation. Nearly all studies published to date examining
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patients’ outcomes during weaning have excluded patients with hypotension
or who required substantial vasoactive medications.

We could find only one published abstract [12] suggesting that the rate of
reintubation was 19% following extubation of patients recovering from
septic shock who received decreasing doses of norepinephrine (up to
a mean of 0.52 mg/kg/min). There was no control group, but this observed
rate is not substantially different from that observed in a multitude of pub-
lished studies of patients weaned on no vasoactive medications. This report
has yet to be published in final form, but if verified, it challenges the conven-
tional wisdom that weaning should not commence until cessation of vaso-
pressors. Until studies are conducted and published in final form, clinicians
should exercise caution in performing SBTs and TOEs in patients with shock.
If the trajectory of illness is one of rapid improvement and patients are on
modest and rapidly decreasing doses of vasoactive medications, SBTs might
be conducted with great care, after considering the relative risks (worsened
cardiopulmonary status) and benefits (earlier extubation).

Study needed to clarify. Randomize patients recovering from shock to the
current evidence-based algorithm (see Fig. 1) or to current algorithm modi-
fied to initiate SBTs while on low (and decreasing) doses of vasopressors.

Myocardial ischemia: Are patients with evolving or threatening myocardial
infarction or ischemia candidates for weaning?. Excess catecholamines [13]
and cardiac ischemia associated with weaning may exacerbate myocardial
ischemia [14]. Weaning failure was observed more commonly in patients
with ischemic changes on electrocardiograms [14], so an argument can be
made that it is not appropriate to commence weaning in patients with
already active ischemia. Clinically silent ischemia, however, occurs com-
monly in critically ill patients [15], and there are no data to prove that it
causes weaning failure or definitely harms patients. When ischemia is symp-
tomatic or already detected, it makes little sense not to treat it. The study
needed to answer this question (ie, randomizing those with detected
ischemia and/or evolving infarction to weaning or deferral until no ische-
mia), will never be performed for ethical reasons. Nonetheless, myocardial
ischemia should be considered as a possible cause of persistent weaning
failure in otherwise asymptomatic patients with coronary disease risk fac-
tors. Many bedside ICU monitors possess real-time ST-segment monitoring
capability. Ischemic ST-segment changes (eg, observed during monitoring of
1 anterior, 1 inferior, and 1 lateral lead) can be confirmed with 12-lead
ECGs. Appropriate medical or interventional therapies can be pursued until
SBTs are successful. Accordingly, electrocardiographic monitoring may be
useful in highly selected circumstances to diagnose unsuspected ischemia
that may promote weaning failure.

The optimal timing for SBTs following a documented myocardial infarc-
tion (MI) has never been studied. Most patients with acute MI do not
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require endotracheal intubation and mechanical ventilation, but those who
do are most often in shock or suffering severe left ventricular dysfunction pre-
cipitating congestive heart failure. This particularly ill subset begins SBTs
when myocardial ischemia and/or infarction are treated as evidenced by nor-
malization of the electrocardiogram and decreasing cardiac enzymes. In this
manner, monitoring of electrocardiograms and cardiac enzymes, coupled
with resolution of pulmonary edema to sufficient oxygenation (PaO2/FiO2

O 120), guides when to begin SBTs safely. Careful monitoring for patients’
symptoms and/or ST-segment changes either by bedside 3-lead monitors or
12-lead electrocardiogram is suggested.While greater caution and preemptive
medical management may be warranted, asymptomatic ST-changes have not
been shown to predict extubation failure during recovery following acuteMI.

Study needed to clarify. Randomize patients recovering from myocardial
ischemia/infarction to the current evidence-based algorithm (see Fig. 1) or
to the same algorithm modified to initiate SBTs only after no chest pain,
decreasing cardiac enzymes, and quiescent electrocardiogram.

Heart rate: Is there any maximal or minimal heart rate threshold for perform-
ing SBTs? Studies that have examined weaning outcomes were not designed
to test whether heart rate during full ventilatory support affected weaning
outcomes. Nonetheless, there are common sense rules that are the standard
of care and are unlikely to be tested prospectively. SBTs are not performed
on patients with (1) bradycardia requiring pacemaker placement (eg, com-
plete heart block), (2) sinus tachycardia O140/min, or (3) sustained tachy-
arrhythmia. Nearly all clinicians are likely to agree that these three
situations are potentially life threatening and the augmentation of
catecholamines during weaning and/or risks of cardiac arrest outweigh
potential benefits associated with earlier extubation.

Whether it is appropriate to perform SBTs on patients whose fully
ventilated heart rate is 100 to 140/min is unknown. Published studies have
used varyingheart rate thresholds to commenceSBTs, but nearly all have stud-
ied patients with heart rates!140/min [16,17]. Tachycardia is a clinical sign of
catecholamine excess and/or electrical excitability of the heart. Accordingly,
weaning, which often augments catecholamines, is only likely to exacerbate
tachycardias with associated risks of hypotension and heart failure. One au-
thor (C.A.M.) must admit that he rarely if ever begins SBTs until a patient’s
heart rate during full support is less than 110/min, reasoning, without data,
that sinus tachycardia connotes stress that will only be exacerbatedwithwean-
ing. However, in some patients that stress could be distress associated with the
patient-ventilator interaction; so towait until complete resolution of tachycar-
dia may unnecessarily extend the duration of mechanical ventilation.

Study needed to clarify. Randomize patients with tachycardia (100 to
140/min) to the current evidence-based algorithm (see Fig. 1) or to the
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same algorithm modified to initiate SBTs when resting, fully supported
heart rate is !100/min.

Respiratory parameters
The landmark study on weaning parameters, published by Yang and

Tobin [18], examined whether a number of respiratory parameters mea-
sured during 1 to 2 minutes of unsupported breathing, including respira-
tory rate, tidal volume, minute volume respiratory mechanics,
oxygenation, and f/Vt, predicted weaning outcomes. Since not all patients
were extubated (ie, failure was defined as either failed SBT or failed TOE),
this study suffers from the ethical conundrum faced by all weaning studies,
which is the inability to test TOE in those who failed the SBT. It is not
unreasonable to assume that the majority would have continued to fail un-
assisted breathing even without the endotracheal tube. In this landmark
study, no variable identified with sufficient reliability (eg, specificity
O90%) patients who would be successful. Three variables predicted failure
very well: tidal volume !325 mL (negative predictive value [NPV] ¼
94%), negative inspired pressure O�15 cmH2O (NPV ¼ 100%), f/Vt O
105/min/L (NPV ¼ 95%). These variables and thresholds were also
most often associated with statistically significant odds of failure in
a meta-analysis of the Health Services/Technology Assessment Text
(HSTAT) used in the American College of Chest Physicians’ Guidelines
[4,6]. The f/Vt was most consistently and powerfully predictive of both
SBT and extubation outcomes. More sophisticated measures of respiratory
mechanics (eg, respiratory compliance, resistance, and integrated indices)
are less reliably associated with weaning outcomes.

While the data do not substantiate the use of respiratory mechanics to
gate SBTs in all comers, subcohorts have not been well studied. Common
sense should permit caveats. For example, a patient with severe status
asthmaticus and airway resistance of 50 cmH2O/L/s might remain hemody-
namically stable, with PaO2/FiO2 O 120 and thus otherwise qualify for an
SBT (see Fig. 1). To subject such a patient, with life-threatening asthma, to
awakening and an SBT risks promoting greater bronchospasm with little
chance of successful extubation. The bronchospasm that caused respiratory
failure has not remitted. Some may suggest that integrated indices have sta-
tistically significant predictive utility (eg, the CROP [compliance, rate, oxy-
genation, pressure-max] and P0.1/Pimax [pressure-at-0.1 s/pressure-max]), but
these have been studied in a smaller number of studies. Accordingly, clini-
cians should only circumvent the algorithm of Fig. 1, which amounts to
daily SBTs for patients who are hemodynamically stable and with PaO2/
FiO2 O 120, in similar exceptional cases.

Rare caveats aside, no respiratory parameter or threshold, within the
ethical envelope examined in most studies, absolutely predicts failure in
all patients. However, the HSTAT analysis suggests that the optimal thresh-
old value separating weaning successes from failures measured during a brief
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trial (1 to 2 minutes) of unassisted breathing is between 30 and 38 breaths
per minute. Tidal volume of !325 mL was also significantly predictive of
failure. The integrated ‘‘rapid shallow breathing index,’’ f/Vt, was a more
powerful predictor than either component alone. Irrespective, the recent
study by Tanios and colleagues [10] demonstrates convincingly that when
the f/Vt is monitored and used to initiate SBTs, outcomes are not better
than when patients simply begin SBTs when they are hemodynamically sta-
ble and adequately oxygenated. It is obvious why this is so: because every
patient is different, with widely varying acute and chronic diseases that
define their ability to sustain unassisted respirations.

Indices of oxygenation have been less well studied. Yang and Tobin
[18] indexed oxygenation by the PaO2/PAO2 (threshold of 0.35), but it
did not reliably identify success versus failure. Many large studies that
have examined weaning from mechanical ventilation did not include pa-
tients with PaO2/FiO2 ! 200 [16,17]. Nonetheless, Khamiees and col-
leagues [19] demonstrated that in the small number of patients who
were otherwise improving clinically with PaO2/FiO2 of 120 to 200, rates
of extubation failure were not different than patients with PaO2/FiO2

O 200 (10.5% versus 19.8%, P ¼ .35). There are very few other data
to support that PaO2/FiO2 ¼ 120 to 200 is unsafe or associated with
an inordinately high failure rate simply because very few studies have be-
gun weaning at the 120 threshold. In the absence of good data, the
ACCP Guidelines panel offered ‘‘adequate oxygenation‘‘ to begin SBTs
as PaO2/FiO2 ¼ 150 to 200.

Study needed to clarify. Randomize patients with PaO2/FiO2 ¼ 120 to 200
to the current evidence-based algorithm (see Fig. 1) or to same algorithm
modified to initiate SBTs when PaO2/FiO2 R 200.

Is there a body temperature above which SBTs should not be performed?
Some large weaning trials (eg, Esteban and colleagues [16], Brochard and
colleagues [20]) have precluded patients from commencing SBTs until their
body temperature was !38� or 38.5�C. It should be noted that two thirds
of patients in these studies were successfully extubated on the first day of
SBTs suggesting that they had been delayed inordinately in beginning their
SBTs by overly stringent criteria. The central message of the past decade’s
weaning research is that clinicians created many plausible but unproven
prerequisites for commencing SBTs, thus binding patients unnecessarily
to ventilators. And since unnecessarily prolonged ventilation promotes un-
necessary complications, physicians’ unsubstantiated practices contributed
to patient harm. There are no data suggesting that body temperature in it-
self (ie, not accompanied by other signs of sepsis) precludes successful wean-
ing. In fact, in a study we conducted of septic patients on their first day of
weaning, 26% (6 of 23) of those with maximal temperatures O38.3�C in the
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previous 24 hours were successfully extubated [21]. Accordingly, hyperther-
mia by itself should not be used to preclude SBTs testing for readiness.

Study needed to clarify. Randomize patients with fever (O38�C) to the
current evidence-based algorithm (see Fig. 1) or to the same algorithm
modified to initiate SBTs when temperature !38�C.

Is there a hemoglobin below which SBTs should not be performed? The same
argument applies to studies that required a particular hemoglobin (Hgb) con-
centration before commencing SBTs. Although data supporting that anemia
negatively impacts weaning outcomes are sparse, we found that patients with
Hgb %10 g/dL were five times as likely to fail to wean successfully compared
with those O10 g/dL [19]. This finding has not been confirmed, and in light of
strong data to suggest that transfusion to Hgb ¼ 10 g/dL arbitrarily does
NOT improve general clinical outcomes [22], it is not appropriate to gate
SBTs based on circulating hemoglobin concentration.

Study needed to clarify. Randomize patients with anemia (Hgb ! 8 g/dL)
to the current evidence-based algorithm (see Fig. 1) or to the same algorithm
modified to initiate SBTs when Hgb O 8 g/dL.

Step 2: Monitoring during SBTs

Nearly every study that has examined weaning outcomes has included
time-honored, common sense, but unproven thresholds designating failure
of SBTs. If SBTs are stopped, based on medical ethics and physicians’
fear of causing harm, when respiratory rates exceed 35 per minute, tachycar-
dia (O a 20% increase or an absolute rate O 140/min), hypertension (O180,
!90 mm Hg) we cannot know whether some small fraction of such ‘‘fail-
ures’’ would have been successful if extubated. Since SBT failure (the depen-
dent variable) is being defined by tachycardia and tachypnea in many
studies, there is codependence of variables; ideally tachycardia and tachyp-
nea should be entirely independent variables to assess whether they predict
outcomes. But in theory, outside-the-envelope values could result from
causes other than true task failure. A minority of such patients may reach
these thresholds because of anxiety and/or mechanical exigencies of the
SBT (eg, ‘‘sticky demand valve,’’ discomfort with the specific inspiratory
flow regime of pressure support) and not as a result of true respiratory fail-
ure. We have seen numerous examples, usually of patients with severe re-
strictive disease, fail pressure support trials of up to 20 cmH2O, but pass
a subsequent T-piece on the same day without difficulty.

Some studies have demonstrated associations of monitored variables with
extubation outcomes within what most would deem ethically acceptable
envelopes, but most have NOT studied trends/changes over the course of
the SBT. Physiologic variables measured during a minute or two of
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unassisted breathing to predict readiness [4] have not been as well studied
over the course of the SBT to predict extubation outcomes. When patients
develop subjective distress that is not allayed with bedside coaching, sus-
tained hypertension, tachycardia, or tachypnea during SBTs, the trial is
abandoned BEFORE the patient fatigues and/or experiences cardiorespira-
tory collapse associated with acidemia and/or hypoxemia in the late stages
of failure. However, many patients make it to the end of the SBT without
reaching edges of the ethical envelopedwith lesser increments in these phys-
iologic parameters. If their airway competence is monitored and considered
sufficient for a TOE, then extubated breathing tests their ability to sustain
unassisted ventilation, oxygenation, and airway protection. Extubation fail-
ure can occur because of recurrent respiratory failure and/or airway incom-
petence, but it is NOT well known whether subtle changes in monitored
variables during SBTs predict reliably patients at increased risk of postextu-
bation respiratory failure.

Hemodynamic parameters
Can heart rate and blood pressure be used reliably to designate SBT failure?
There are not sufficient data to answer this question. Sinus tachycardia
and tachyarrhythmias designate stress and, theoretically, a higher risk of ex-
tubation failure. A higher heart rate has been noted in patients who fail
SBTs compared with those who are successful (Fig. 2) [23,24], but that
may be because excess tachycardia (O140/min) was a criterion for SBT fail-
ure. It is not known whether:

1. Specific heart rates (and rhythms) highly predict extubation failure,
2. Specific increments of heart rate or blood pressure during the SBT

highly predict extubation failure,
3. Specific reductions in heart rate variability predict extubation failure [25]

As mentioned above, clinical studies must not require patients’ parameters
to exceed acceptable ethical envelopes. However, researchers could ‘‘sneak
up’’ on these questions by designing studies that first established whether
there were strong associations of threshold values or patterns of response
with extubation outcomes and then testing by prospectively extubating
groups at the differing thresholds/patterns but remaining within the ethical
envelope of values. Since extubation may or may not have occurred previ-
ously in the more stressed group (ie, no data to guide definitively), true equi-
poise is possible. For example:

Studies needed to clarify.
1. Randomize patients with heart rates of 100 to 140/min during otherwise

successful SBTs and competent airway to be extubated when heart rate
is !140/min versus !100/min.

2. Randomize patients with increments of heart rate or systolic blood pres-
sure of 20 to 40 during otherwise successful SBTs and competent airway
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to be extubated when SBT heart rate or blood pressure increment is 20
to 40 versus !20.

3. Randomize patients who have otherwise passed SBTs per algorithm and
whose airway is competent, but whose heart rate variability is low to ex-
tubation versus waiting until increased SBT heart rate variability.

Because there are so many variables that likely impact the outcomes of
TOEs, we will never find a perfect tool. However, to date, the discriminative
value of commonly monitored physiologic parameters during SBTs is un-
known. We simply observe ‘‘norms’’ established by common sense, and
the insufficient available evidence. Common sense is most often right, but
medical history is littered with ideas that seemed like common sense but
were discounted when tested scientifically. And interestingly, two studies
by Esteban and colleagues [23,24] suggest that heart rate and blood pressure
during SBTs do not discriminate extubation success from failure in patients
who pass the SBT.

Can other hemodynamic parameters be used to improve SBT outcomes? The
total cardiovascular response during weaning has been investigated using
pulmonary artery catheterization (PAC). An initial investigation suggested
that patients who pass an SBT have increased cardiac output and stable
mixed venous oxygenation (SvO2) and those who fail have a decreased
SvO2 as a result of increased peripheral O2-extraction but unchanged car-
diac output [26]. Interestingly, none of the patients in this study significantly
demonstrated augmented oxygen consumption (VO2) during weaning. A
more recent study suggested that patients whose SvO2 decreased, as a result
of increased consumption, were more likely to have an inadequate cardio-
vascular response to the oxygen cost of breathing. These patients were
more likely to fail and some had an increase in their arterial lactate support-
ive of insufficient oxygen delivery to meet demands of weaning [27]. Pulmo-
nary artery catheterization is impractical and of unproven benefit. However,
using noninvasive Fick rebreathing inference of cardiac output, Frazier and
colleagues [28] showed that patients who successfully weaned had

Fig. 2. Physiologic variables, monitored during SBTs, of patients who experienced SBT failure,

SBT success but TOE failure, and successful extubation. Values are listed as medians with 25th

and 75th percentiles. (A, B) Comparison of physiologic variables during spontaneous breathing

trials. Patients with SBT failure had higher respiratory frequency, heart rate, and systolic blood

pressure with lower oxygen saturation compared with those who passed their SBTs. (A) (Repro-

duced from Esteban A, Alia I, Tobin MJ, et al. Effect of spontaneous breathing trial duration on

outcome of attempts to discontinue mechanical ventilation. Spanish Lung Failure Collaborative

Group. Am J Respir Crit Care Med 1999;159(2):512–8; with permission.) (B) (Reproduced from

Esteban A, Alia I, Gordo F, et al. Extubation outcome after spontaneous breathing trials with

T-tube or pressure support ventilation. The Spanish Lung Failure Collaborative Group. Am J

Respir Crit Care Med 1997;156(2 Pt 1):459–65; with permission.)

;
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significantly increased stroke volume during SBTs, whereas those who failed
did not. Despite differing results, the data to date suggest that successful
weaning is marked by stable or increased cardiac output and that failure
to augment cardiac output during SBTs is associated with ventilator depen-
dence. Although these data are interesting and physiologically plausible,
they are as yet of no practical utility in improving weaning outcomes.

Gastric intramural pH (gastric tonometry) has been promoted as provid-
ing information about the adequacy of vital organ perfusion [29]. Patients
with low gastric pH (elevated mucosal PCO2) at baseline were at much
higher risk of weaning failure. Comparison of gastric-arterial PCO2 to the
f/Vt showed comparable sensitivity and specificity in predicting successful
extubation in some but not all studies but its use remains experimental
[30–32].

Although serial measurements of troponin I do not appear to provide
additional information regarding weaning outcomes, brain naturetic peptide
(BNP) may hold some promise [12]. Patients with elevated BNP levels
before weaning had higher rates of weaning failure and those who had
developed significant left ventricular dysfunction had significantly increased
levels above their baseline after SBT [33,34]. It remains to be determined
whether BNP levels can be used to enhance outcomes, perhaps to signal
the need for diuresis of vulnerable patients who fail initial SBTs (see below).

Discontinuation from mechanical ventilation (ie, SBT) presents many
challenges to the cardiovascular system including increased afterload,
increased preload, and increased work of breathing (WOB) [35]. Evidence
of active cardiac ischemia may be present even in patients who are not
actively weaning although the true incidence likely depends on the ICU pop-
ulation being evaluated [36,37]. Ischemia is associated with risk of failure
during SBT, however its contribution to causing failure probably depends
on the patient population [36–38]. Although routine ST-monitoring, avail-
able at no extra cost on many newer-generation bedside monitors, of all
patients for ischemia is not warranted, it may have a role for identifying
and treating patients with coronary disease and new ischemia during failed
SBTs.

Respiratory parameters
Because patients with respiratory rates higher than 35 per minute during

SBTs are deemed failures in most clinical trials, the TOE failure rate follow-
ing extubation of patients breathing above this ethical envelope is unknown.
Some studies have demonstrated higher respiratory rates in patients with
SBT failure (see Fig. 2) [23,24] but with the caveat that failure occurred
by definition at higher respiratory rates (O35/min). Based on available
data, the appropriate threshold demarcating extubation success and failure
is likely to be between 28 and 38 per minute depending on the patient. The
patient-specific acute and chronic diseases and pace of improvement all
likely contribute to what observed respiratory rate during the SBT is likely
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to yield a successful TOE. For example, if the patient is otherwise young and
healthy and the trajectory of illness is rapidly improving, a higher threshold
respiratory rate may be more acceptable because with more time, respira-
tory loads will decrease and neuromuscular capacity will increase. For
more chronically ill, debilitated patients whose respiratory loads are high
and unlikely to decrease much more, an extubation threshold of closer to
28 to 30 per minute may be more prudent. To assert a single threshold
applicable to all patients denies the unique pathophysiology of each patient.
Esteban’s studies [23,24] also demonstrated no significant difference of res-
piratory frequency in extubation successes versus failures at the end of
successful SBTs. Although an observational study suggests that 30 per min-
ute is too low a threshold (yielding excessive false negatives) for trauma pa-
tients subjected to a room air SBT [39], it is not clear these findings can be
generalized to chronically ill medical patients.

The same can be said of tidal volume during SBTs. Most studies have
allowed clinicians to terminate SBTs or reintubate based on ‘‘clinical crite-
ria’’ that include shallow breathing. Ultimately, prolonged shallow breath-
ing is most often a sign of insufficient capacity to meet loads and will
eventuate in atelectasis that further stiffens (loads) the system and promotes
hypoxemia, and trial failure. Persistent tidal volumes less than 325 mL in
adults are not favorable for long-term success [6,9] except perhaps in very
small adults or children. Fewer studies have indexed tidal volumes for
body mass; it may be just slightly less useful than the f/Vt.

The f/Vt has been the most reliable, albeit integrated, monitored value
associated with extubation outcomes. Although this index was originally
validated for predicting outcomes measured after only 1 to 2 minutes of un-
assisted breathing, there are some data to suggest that changes in f/Vt
during SBTs may yield greater discriminative value. It is physiologically
plausible that the f/Vt will change in some patients during trials. First, at
the beginning of SBTs some patients may still have hangover effects of sed-
atives that are known to cause rapid shallow breathing [40]. Second, some
patients may experience dynamic hyperinflation during SBTs [41], for which
rapid shallow breathing is more energetically efficient preceding full-blown
muscle fatigue/failure. In patients with significant neuromuscular weakness,
fatigue may ensue even without changes in dynamic respiratory loads. We
demonstrated that the predictive utility of the f/Vt after 30 minutes of an
SBT was markedly better than measured in the first 2 minutes of the SBT
(area under receiver operator curve ¼ 92% versus 74%) [42]. Others have
reported similar observations [43]. It is worth mentioning that in our study
only 1 of 100 patients was successfully extubated with initial f/Vt O 125/
min/L [42]. More recently, Frutos-Vivar and colleagues [44] demonstrated
that the f/Vt measured at the end of SBTs is associated with improved out-
comes. However, relatively few patients had f/Vt O 100/min/L and there
was no value of f/Vt in this or any other study that well (eg, with O90%
certainty) demarcated successes and failures. And so we have yet to learn



628 SINER & MANTHOUS
how to use even this most promising monitored parameter to improve
patients’ outcomes [10].

Variability of tidal volumes during SBTs has also been associated with
outcomes (ie, low variability is associated with weaning failure) [45,46],
although even less is known about predictive utility of this monitored vari-
able. Similarly, very little is known about changes in the PaO2/FiO2 ratio
during SBTs, although patients who fail have lower oxygen saturation
during trials (see Fig. 2) [23,24]. One might hypothesize that significant dec-
rements during a trial (usually due to atelectasis or pulmonary edema) may
mark the beginning of a process that will eventually ‘‘catch up’’ with the
patient following extubation. But we are aware of no study that examined
the effect on outcomes of changing PaO2/FiO2 during SBTs.

Studies needed to clarify.
1. Randomize patients with respiratory rates of 30 to 35 per minute during

otherwise successful SBTs and competent airway to be extubated when
SBT respiratory rate is less than 35 per minute versus less than 30 per
minute.

2. Randomize patients with Vt of 250 to 300 mL during otherwise success-
ful SBTs and competent airway to be extubated when Vt ¼ 250–325 mL
versus Vt O 325 mL.

3. Randomize patients with f/Vt ¼ 105–125/min/L during otherwise
successful SBTs and competent airway to be extubated when f/Vt ¼
105–125/min/L versus f/Vt ! 105/min/L.

4. Randomize patients with low respiratory variability during otherwise
successful SBTs and competent airway to be extubated versus delaying
extubation until SBT respiratory variability increases.

5. Randomize patients with PaO2/FiO2 decrement greater than 20 (but
ratio remains O120) during otherwise successful SBTs and competent
airway to be extubated versus waiting until decrement is less than 20
during SBT. (An alternative would be to randomize those with a change
of O2-saturation on a fixed concentration of inspired oxygen.)

Miscellaneous respiratory variables. Arterial blood gases (ABGs) are used
routinely to assess precisely oxygenation and CO2 elimination during wean-
ing yet surprisingly little is known about their appropriate role during SBTs.
Beyond routine bedside monitoring (of heart rate, respiratory rate, blood
pressure and subjective parameters), ABGs affect decision making infre-
quently and may not necessarily lead to a correct decision [47].

End-tidal CO2 (EtCO2; capnography) can be monitored continuously
and is used commonly by anesthesiologists to confirm correct tube place-
ment during endotracheal intubation. It can also be helpful in monitoring
dead space in mechanically ventilated patients. Unfortunately, it may be
insufficiently sensitive to detect episodes of hypercapnia [48]. Some data
suggest poor sensitivity detecting less than 10 mm Hg increments of
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PaCO2, but greater sensitivity for increases of 10 mm Hg or more [49]. But
accuracy is reduced in patients with parenchymal lung disease, which
comprise a majority of medically ill patients [49]. False positives (ie, incre-
ments of EtCO2 without significant increments in PaCO2) may also contrib-
ute to unnecessary ABGs [50]. Accordingly, there is no proven role for
capnography for weaning.

Minute ventilation recovery time has been proposed as a novel method of
predicting extubation outcomes. Minute ventilation is measured just before
SBTs; the minute ventilation recovery time is the time to return to the pre-
SBT value following an SBT. This variable is thought to reflect respiratory
reserve and initial studies suggest it may be more predictive than f/Vt or
PaCO2 [51,52].

Step 3: Identifying patients who have passed SBT who are candidates
for a trial of extubation (TOE)

Once a patient has ‘‘passed’’ an SBT, again determined by the parameters
monitored and described above, clinicians must determine whether patients
require the endotracheal tube. ‘‘Airway competence’’ infers sufficient airway
reflexes (eg, cough, gag) to (1) prevent secretions from above the glottis from
dripping continually into the trachea, and (2) clear secretions that have
dripped down from above or been produced below the glottis to above
the glottis so they can be swallowed or suctioned. Upper and lower airway
reflexes are a complex symphony of neurologic inputs to coordinate muscles
that gag, cough, and swallow. In addition, intact sensory pathways are
requireddexcessive secretions either rattling above the glottis or in the tra-
chea are sensed and coughed to above the glottis and swallowed. Global
neurologic condition may also be germane, so that patients who do not
sense their secretions can be instructed to cough, or to sigh and combat
atelectasis on command. The amount of airway secretions is the final impor-
tant variable, since excessive or tenacious secretions may overwhelm
competent airways. All of these factors can be monitored and quantified
[19,53–56]. Some data suggest that decisions based on monitored variables
might impact outcomes. Our work suggested that the post-test probability
of extubation failure was nearly 50% in patients who had passed an SBT
but who had two of three negative prognostic signs: excessive secretions
(O2.5 mL/H), weak cough (%60 L/min), or gross neurologic dysfunction
(Fig. 3) [56]. However, to date, no prospective study has demonstrated
that use of airway or neurologic monitored variables to guide extubation
decisions affects outcomes.

Study needed to clarify
Randomize patients who have passed SBTs per algorithm to extubation

only after satisfying quantitative airway and/or neurologic criteria or as per
best judgment of bedside staff.
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Although the scientific purist might prefer to see the prospective random-
ized studies described above to help clarify physiologic values to demarcate
weaning success and failure, the assumption is that heterogeneous patients
will act similarly. Owing to the multitude of variables that contribute to
weaning success versus failure, we doubt that even the best studies can iden-
tify perfect tools to improve weaning outcomes. Refine weaning? Perhaps.
Perfect it? Unlikely. How much better can we get? Thanks to the contribu-
tions of leaders like Andres Esteban, Scott Epstein, Martin Tobin, and Wes
Ely, we may have harvested our biggest scientific gains and future studies
will yield diminishing marginal returns.

Monitoring to aid in effecting repairs to expedite successful liberation

Perhaps the most neglected area in weaning research is how to identify
components of the cardiopulmonary system that have initiated or led to
continued need of mechanical ventilation. One important study by Smyrnios
and colleagues [57] examined the efficacy of a combined intervention to de-
fine readiness through daily interrogation (with SBTs) and an algorithmic
approach to identifying and repairing reversible causes of respiratory fail-
ure. Mortality was nearly lower (28% versus 32%; P ¼ .06) despite higher
APACHE II scores. ICU length of stay decreased markedly (from 30.5 to
20.3 days), patient ventilator-days decreased (23.9 to 17.5 days) and over
$3 million was saved. The high mortality, length of stay, and duration of
ventilation relative to other hospitals makes this study difficult to generalize.
Nonetheless, the study suggests that outcomes are improved with daily sys-
tematic attention to reversible processes contributing to respiratory failure.
Since such a strategy depends entirely on monitored variables, the following
should be measured every day a patient remains on a ventilator to persevere
at identifying and repairing patients’ diatheses until they can breathe with-
out the ventilator and endotracheal tube. While only the above-cited study
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Fig. 3. Cumulative modifiable risks and risk of extubation failure [56]. Risk factors included

inability to perform all four simple tasks, cough peak flow % 60 L/min and secretions R2.5

mL/H. The accumulation of risks was additive. (Adapted from Salam A, Tilluckdharry L,

Amoateng-Adjepong Y, et al. Neurologic status, cough, secretions and extubation outcomes.

Intensive Care Med 2004;30(7):1334–9; with permission.)
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can be used to justify this approach, it is patient-focused [8] and has little or
no additional cost.

Assessment of ventilation: neuromuscular capacity versus loads

Total work of breathing consists of resistive and elastic pressure compo-
nents. So Ptot ¼ Ppeak ¼ Pr þ Pe, where Pr ¼ Flow*Resistance and Pe ¼
Elastance*Volume. Accordingly, during quiet volume-cycled breathing,
stiffness and resistance of breathing can be computed. Most new ventilators
can measure/compute these values without manipulation. However, they
can be performed manually by measuring with constant flow of 60 L/min
(1 L/s) so Ppeak (peak pressure) � Pplat (plateau pressure) ¼ Raw (airways
resistance) (since flow is 1 L/s), and compliance ¼ tidal volume/Pplat �
PEEP (¼ 1/elastance). Normal airway resistance in patients with size 7- to
8-mm endotracheal tubes is less than 15 cmH2O/L/s and normal respiratory
compliance around 50 mL/cmH2O. Minute ventilation, the third respiratory
load, is normally around 5 to 6 L/min. So every day a patient remains on the
ventilator clinicians should seek to quantify and treat reversible causes of
increased load. Increased resistance can be reduced by removing excessive se-
cretions and administering aerosolized bronchodilators. Systemic corticoste-
roids can be used in patients with acute exacerbations of obstructive lung
disease and/or when resistance remains high despite aerosolized medications.
Reversible causes of system hyperelastance include pulmonary edema, pneu-
monia, dynamic hyperinflation due to high resistance (each of which cause in-
creased lung elastance), and large effusions or ascites (each of which cause
increased chest wall elastance). The third load of breathing is minute ventila-
tiondnot a mechanical load in itself, but a higher minute ventilation requires
more mechanical work. Increased minute ventilation occurs when CO2 pro-
duction is excessive as in systemic inflammatory response syndromes/sepsis,
withdrawal syndromes and overfeeding, or when dead space is increased as
in alveolar hypertension, hypovolemia, pulmonary embolus, or emphysema.

Neuromuscular weakness can be identified and quantified by measuring
a maximal inspired pressure (should be !�30 cmH2O). Reasons for weak-
ness include neurologic problems that are usually syndromic (eg, excessive
sedatives, amyotrophic lateral sclerosis, polio, Guillain Barre, myasthenia)
or, more commonly, because of muscle dysfunction. Chronic overloading
of the muscles (monitor ventilator-induced fatigue with waveforms; see
paragraph on patient-ventilator interactions), sepsis (monitor with
white cell counts and fever curves), oversedation [58], corticosteroids, mag-
nesium and phosphorus depletion, malnutrition (monitor pre-albumin), and
deconditioning frequently contribute to prolonged ventilator dependence.
Neuromuscular disease associated with severe inflammation/sepsis/cortico-
steroids may also contribute to respiratory muscle weakness. Phrenic nerve
dysfunction and unilateral diaphragmatic dysfunction may also complicate
cardiac surgery.
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Box 1. Reversible contributors to ventilator dependenced
prioritized, roughly, in order of importance/frequency
as impediments to weaning success

Improve Neuromuscular Capacity
� Treat sepsis*
� Reduce sedatives and narcotics to least needed to awaken

rapidly without agitation (consider using ultra–short-acting
agents in anticipation of SBTs)

� Avoid exhausting breathing trials (stop trials or add more
support if frequency persistently >35/min)

� Eliminate excess work of breathing during fully supported
breathing (preferably by using ventilator mode and
settings – flow characteristics, tidal volume – that promote
synchrony/comfort)

� Nutritional support without overfeeding (aim to achieve
a normal prealbumin)

� Identify and treat cardiac ischemia in vulnerable patients (eg,
SBT failure with new wheezing)

� Replace K+, Mg2+, PO4
3� to normal

� Limit use of neuromuscular blocking drugs to only if absolutely
necessary (eg, ARDS with high PEEP or life-threatening status
asthmaticus)

� Consider stopping aminoglycosides and reducing
corticosteroids

� Consider rare causes including:
Neurologic disease/occult seizures
Hypothyroidism
Critical illness myopathy/polyneuropathy

Reduce Respiratory Load
Resistance
� Bronchodilators
� Remove excess airway secretions
� Corticosteroids only if aerosolized bronchodilators fail to

reduce Raw <20 cmH2O
� Treatment of upper airway obstruction due to edema

(eg, corticosteroids)

Elastance
� Treat pulmonary edema (proactively retrieve excess salt/water

with diuretics)
� Treat pneumonia
� Reduce intrinsic PEEP with bronchodilators and corticosteroids

if necessary
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It is also important to note that the patient-ventilator interaction may
adversely affect the patient on a number of levels. First, excessive sedation
administered to facilitate ventilation may inadvertently prolong ventilator
dependence [58], so monitoring the Ramsay or Richmond agitation sedation
scale (RASS) scores to provide the least sedative needed to maintain patient-
ventilator synchrony is essential. Daily awakenings are absolutely necessary
when constant infusions are used. We use intermittent bolus sedation
titrated to RASS of 0 in most of our patients to avoid overdosing. We
also suggest anticipating when a patient is going to begin SBTs and
exchange sedation to ultra–short-acting medications (eg, propofol) to obvi-
ate the hangover effect that can occur with benzodiazepines.

� Drain large pleural effusions
� Decompress abdominal distention and drain large ascites
� Evacuate pneumothoraces

Minute volume
� Treat sepsis*
� Antipyretics
� Correct metabolic acidosis
� Resuscitate shock and hypovolemia
� Reduce intrinsic PEEP (contributing to dead space) with

bronchodilators
� Maintain least PEEP possible
� Identify and treat pulmonary embolism
� Avoid overfeeding

Improve Oxygenation
� Attention to fluid balance and retrieval of fluid in recovery

phase of illness
� Identify and treat pneumonias early
� Identify and treat atelectasis (with sighs, tidal volumes

sufficient to recruit without overdistending; eg, tidal volume
yielding Pplat = 20–25 cmH2O; or intermittent positive pressure
breathing when atelectasis complicates extubation)

� Identify and treat cardiac ischemia if contributing to SBT failure

* Note that sepsis occurs on both sides of the capacity-load imbalance and is
the most serious and common impediment to weaning success. Sepsis potently
reduces neuromuscular capacity (regression of weaning progress may precede
fever, tachycardia, or leukocytosis) and increases loads through fever and hyper-
metabolism. Since sepsis is among the most common serious diatheses causing
or complicating critical illness, it should be identified early, through low index of
suspicion, and treated empirically pending results of microbiologic work-up.
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Those unfamiliar with patient-ventilator interactions often view the venti-
lator as de facto rest. Unfortunately, the ventilator can ‘‘whip’’ the patient
even in ‘‘rest’’ (eg, assist control) mode. Coughing and ‘‘bucking’’ breaths
(eg, patient attempts to inhale during ventilator exhalation phase) can be de-
tected simply by observing the patient at the bedside.More subtle signs of ven-
tilator-induced work of breathing may include large negative deflections of
intrathoracic pressure (on venous pressure monitors) during assisted
inspirations or abnormal pressure-volume loops in the ventilator mechanics
display [59]. Intrinsic PEEP that occurs commonly in patientswith obstructive
lung disease may cause excessive work of breathing through ‘‘trigger asyn-
chrony’’ and can be detected crudely by observing the patient for inspiratory
efforts not sensed by the ventilator (attempted breath against closed inspira-
tory valve). Kress and colleagues [60] identified an elegant physical examina-
tion technique for identification of intrinsic PEEP. Intrinsic PEEP is
sometimes detected on flow-time curves on ventilator displays (ie, expiratory
flow continues at initiation of subsequent breaths), which can then be quanti-
fied using expiratory hold maneuvers in appropriately relaxed patients.

The goal is to quantify loads and reasons for neuromuscular dysfunction
daily, and to systematically repair what is broken until the patient can
breathe without the ventilator. Rapid shallow breathing during an SBT is
the sign of capacity-load imbalance and requires meticulous measurements
of load and capacity, and systematic review for reversible contributors to
ventilator dependence.

Assessment of oxygenation

It is appropriate to monitor the PaO2/FiO2 daily to detect changes (good
or bad) that may require therapeutic responses. For example, a drop in the
PaO2/FiO2 with a new focal lung infiltrate and fever often points to pneumo-
nia, whereas diffuse infiltrates most often suggest pulmonary edema (cardio-
genic or noncardiogenic). Increasing evidence suggests that fluid balance may
impact duration of respiratory failure [44,61,62].Monitoring daily and cumu-
lative inputs and outputs may help clinicians to appreciate patients’ potential
for developing pulmonary edema during SBT. Cardiogenic pulmonary
edema is a common reason for failure [2,3] and occurs because during
SBTs venous return increases as mean systemic pressure increases and right
atrial pressure decreases. Both authors aggressively seek to retrieve salt/water
that has been administered during the resuscitation phase of illnessddiures-
ing patients during the recovery phase as tolerated by the kidneys (signaled by
increasing blood urea nitrogen). This approach has not been scientifically val-
idated, but is predicated upon common sense and recent data [60,63].

Airway competence

Common causes of increased airway secretions include pneumonia and
tracheobronchitis for purulent secretions and cardiogenic pulmonary edema
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for watery, sometimes lightly blood-tinged secretions. Weak cough may be
caused by neurologic injury (eg, stroke), medications (eg, sedatives, opioids),
or infections. Inability to follow simple commands most often results from
neurologic injury or medications.

This list of common causes of reversible contributors to respiratory failure
(Box 1) and airway incompetence is not exhaustive; however, it emphasizes
the point that in any given patient, a multitude of factors contribute to ven-
tilator dependence. Nearly all of these factors can be monitored either with
laboratories, ventilator measurements, or radiographs. Indeed there are not
sufficient data to prove that attention to these details will hasten recovery
from respiratory failure. However, common sense and the study by Smyrnios
and colleagues [57] suggest that systematic, vigorous repair and daily inter-
rogation of readiness is most likely to expedite successful liberation. Most
of these reversible factors are measured routinely in most ICUs and/or are
relatively easy and inexpensive to obtain. In the absence of data, common
sense should be enough justification to adopt such a strategy.

Summary

The reader may be struck by the ‘‘low-tech’’ nature of this review. Fancy
gadgetry and monitoring may defer attention from the patient to numbers.
Since no higher-tech monitoring has ever been shown to expedite patients’
liberation from mechanical ventilation, we believe in focusing on the patient.
After all, the patient, not the ventilator, is broken [64]. To the extent that we
have not even fully learned how to take advantage of the most elemental
aspects of monitoring to enhance patients’ outcomes, a minimalist approach
to monitoring is probably most appropriate until we learn how to use what
we’ve got or studies demonstrate a ‘‘magic bullet.’’ To be transfixed by fancy,
high-tech monitors misses the point. It behooves us to maintain our focus
and energies on reversing the pathophysiologic processes that bind patients
to the ventilator. And when they are sufficiently reversed, patients, who after
all have breathed for decades without assistance, will most often be success-
fully liberated. While future research suggested in this article may help refine
decision making, there will never be a perfect test or monitored variable that
predicts with certainty outcomes of TOEs. Nevertheless, bedside clinicians
can apply data as it becomes available to seek the unreachable holy grail
of weaning: to simultaneously minimize the duration of mechanical ventila-
tion and achieve TOE success rates approaching 100%. Two decades of
scholarship have validated the view of weaning, nay ‘‘liberation,’’ introduced
by Hall and Wood [64]. Institutionalization of those findings in the form of
hospital protocols and national standards of care for ventilator management
will certainly save lives and reduce complications. While the panoply of vari-
ables that contribute to determining outcomes will prevent realization of
a perfect monitored variable, clinical science is the best hope of improving
our decision making and enhancing the outcomes of our patients.
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The cost of providing critical care services increased from $19.1 billion to
$55.5 billion in the United States between 1985 and 2000 [1]. Federal, state,
and private health care insurers, professional organizations, and accredita-
tion agencies have started focusing on the quality of care provided to pa-
tients. Some states compare hospitals by publishing adverse events, often
without adjustment for hospital size or patients’ severity of illness. As a re-
sult of these pressures, it has become obsolete to practice medicine without
implementing process improvement measures and assessing clinical out-
come. However, performance measurements and the assessment of clinical
outcome require appropriate risk adjustment. The Joint Commission on Ac-
creditation of Healthcare Organizations (JCAHO) has proposed severity ad-
justed mortality rate as a specific measure that should be recorded [2]. Aside
from external pressures, monitoring and improvement of quality is impor-
tant to clinicians. The creation of a data collection and reporting system, us-
ing prognostic models, helps to provide accurate baseline data and to
document improvement [3]. In addition to their use for performance im-
provement, the ICU prognostic models have been used to measure the sever-
ity of illness and demonstrate equivalency of groups in trials of critically ill
patients for over 2 decades.

The first ICU model of disease severity, the Therapeutic Intervention
Scoring System (TISS), was proposed in 1974 [4]. During the past 25 years,
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several physiologic-based ICU prognostic models have emerged. Most of
the prognostic models focus on hospital mortality. In addition to the out-
come prediction models, there are several models that assess selected organ
functions. The main adult ICU severity-of-illness models are Acute Physiol-
ogy and Chronic Health Evaluation (APACHE), Simplified Acute Physiol-
ogy Score (SAPS), and Mortality Probability Model (MPM) (Table 1). The
main adult organ failure models are the Multiple System Organ Failure
(MSOF) score [5,6], Multiple Organ Dysfunction Score (MODS) [7], Se-
quential Organ Failure Assessment (SOFA) score [8], and Logistic Organ
Dysfunction Score (LODS) (see Table 1) [9]. SOFA is the most widely
used organ failure model. Recent reviews have addressed the older sever-
ity-of-illness and the various organ failure models [10,11]. This review will
focus on the most important and most recent adult severity-of-illness models
and SOFA. We will not discuss the science of artificial neural networks since
it is rarely used in clinical trials, clinically, or for benchmarking.

Severity-of-illness models

Model creation

Development of a prognostic model requires the identification of reliable
predictive variables, precise definition of predictor and outcome variables,
collection of data on the predictive and outcome variables, analysis of the
relationship between the predictor and outcome variables, and validation
of this relationship in a new independent database [12]. Predictor variables

Table 1

The main adult severity-of-illness and organ dysfunction assessment models

Model Purpose

APACHE Prediction of:

� ICU and hospital mortality

� ICU and hospital length of stay

� Duration of mechanical ventilation

� Risk of needing an active treatment during ICU stay

� Probability of pulmonary artery catheter use

� Potential transfer from ICU

SAPS Prediction of hospital mortality

MPM Prediction of hospital mortality

SOFA [8] Assessment of organ dysfunction

MODS [7] Assessment of organ dysfunction

LODS [9] Assessment of organ dysfunction

MSOF [5,6] Assessment of organ dysfunction

Abbreviations: APACHE, Acute Physiology and Chronic Health Evaluation; LODS, Logis-

tic Organ Dysfunction Score; MODS, Multiple Organ Dysfunction Syndrome; MSOF, Multi-

ple System Organ Failure; MPM, Mortality Probability Model; SAPS, Simplified Acute

Physiology Score; SOFA, Sequential Organ Failure Assessment.
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entered in a model should be routinely available, reliable, and independent
of ICU intervention to eliminate treatment effect.

The predictor variables in the adult ICU prediction models are selected
and scored subjectively by expert consensus or objectively using statistical
methods. The predictor variables consist of age, comorbidities, physiologi-
cal abnormalities, acute diagnoses, and lead-time bias. In addition to
short-term mortality, the APACHE III model has included length of ICU
and hospital stay, duration of mechanical ventilation, and need for active
treatment as outcome measures [13–15]. To be generalizable, the develop-
ment of an ICU prognostic model requires a large database compiled
from representative ICUs. The models should include the main prognosti-
cally important predictor variables that should be tested for their indepen-
dent contributions and interactions. If the validation sets originate from
the same population as the development sets, the results may not be repro-
ducible in other populations.

Model performance

Outcome prediction models need to be subjected to the same scrutiny as
drugs and technology before they are used in decisions that impact health
care delivery and individual patient care. A mortality prognostic model
must differentiate between survivors and nonsurvivors, and be well cali-
brated (accurate throughout all risk ranges) and reliable (provide identical
and reproducible estimates for an individual patient independent of the ob-
server) [16]. It also has to be dynamic, reflecting the change in treatment and
case mix over time. The performance of the ICU prognostic models is usu-
ally assessed by the area under the receiver operating characteristic curve
(AUC) for discrimination and Hosmer-Lemeshow [12] statistic for calibra-
tion. Some advocate the addition of R2 as part of model evaluation. The
AUC is the measure of how well a model differentiates between groups,
for example survivors from nonsurvivors (Table 2). Calibration refers to
the correlation between the predicted and actual outcome for the entire
range of risk and it is assessed by the Hosmer-Lemeshow [17] H or C
goodness-of-fit statistic. This is usually done by grouping patients into

Table 2

Discrimination levels based on the AUC

AUC Level of discrimination

1.00 Perfect

0.90–0.99 Excellent

0.80–0.89 Very good

0.70–0.79 Good

0.60–0.69 Moderate

!0.60 Poor

Abbreviation: AUC, Area under the receiver-operating characteristic curve.
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10 deciles of risks. The calibration is considered good if the Hosmer-Leme-
show statistic P value is greater than .05 and the C or H statistic is close to
the degrees of freedom (usually 8). The Hosmer-Lemeshow [18] statistic is
affected by sample size. The P value will be small in very large samples
and the opposite in small samples leading to inappropriate estimation of
the calibration [19]. R2 represents the proportion of outcome variance
explained by the model. Most models have R2 of 0.045 to 0.388 [12]. The
upper limit of R2 is 1.

Customization

Because of changes in case-mix, the performances of prognostic models
deteriorate over time. To counterbalance the deterioration, models are often
subjected to customization by creating a new equation (level 1) or changing
the weights of the constituent variables (level 2) [20,21]. At times, the addi-
tion of new predictor variables may be needed during customization [22,23].

Specific models

The ICU prognostic models are divided into four generations (Table 3).

First generation: APACHE I
The development of APACHE I was based on 805 patients from 2 med-

ical centers in the United States [24]. The APACHE I model consisted of 34
physiologic variables and preadmission health status. The variables were se-
lected and assigned scores by an expert clinician panel. Missing values were
considered normal. The most abnormal value for each variable in the first 32
hours after ICU admission was used for scoring. Since the APACHE I ap-
proach to mortality prediction was new at that time, it was not subjected to
the currently accepted discrimination and calibration metrics.

Second generation
APACHE II. APACHE II was developed on data from 5815 patients in 13
hospitals from the United States [25]. The model consisted of 12 physiologic
measurements, age, previous health status, and ICU admission diagnosis.
The 12 physiologic variables were heart rate, mean arterial blood pressure,

Table 3

The four generations of the ICU severity prognostic models

First generation Second generation Third generation Fourth generation

APACHE I [24] APACHE II [25] APACHE III [28] APACHE IV [36]

SAPS I [26] SAPS II [30] SAPS III [34,35]

MPM I [27] MPM II [31] MPM III [33]

Abbreviations: APACHE, Acute Physiology and Chronic Health Evaluation; MPM,

Mortality Probability Model; SAPS, Simplified Acute Physiology Score.
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temperature, respiratory rate, alveolar to arterial oxygen tension gradient,
hematocrit, white blood cell count, creatinine, sodium, potassium, pH/bicar-
bonate, and Glasgow Coma Scale (GCS) score. The collection time limit
was reduced to 24 hours after ICU admission. The total APACHE II scores
range from 0 to 71. Different weights were given for postoperative admission
diagnoses and adjustment was made for emergency surgery. The AUC of
APACHE II was 0.863. No goodness-of-fit testing was reported.

SAPS I. SAPS I was developed on data from 679 patients admitted to eight
ICUs in France [26]. The model included age and 13 physiologic variables.
The 13 physiologic variables were heart rate, systolic blood pressure, tem-
perature, respiratory rate/mechanical ventilation, urine output, blood urea
nitrogen, hematocrit, white blood cell count, glucose, potassium, sodium,
bicarbonate, and GCS score. The model was based on the most abnormal
physiologic values in the first 24 hours after ICU admission. The AUC of
SAPS I was 0.85. No goodness-of-fit testing was reported.

MPM I. The MPM I model was created from a small number of easily
available variables [27]. The development model was derived from data of
755 patients from the ICU of a single medical center. MPM I assigned
weights to the predictor variables based on statistical techniques, rather
than expert opinions [27]. MPM I had two models: MPM0 I, based on
data obtained at ICU admission, and MPM24 I, based on data obtained
within 24 hours of ICU admission. MPM0 I included seven predictor vari-
ables: age, systolic blood pressure, level of consciousness, type of admission,
cancer, infection, and number of organ system failures. The variables in-
cluded in the MPM24 I were age, type of admission, level of consciousness,
infection, inspired oxygen fraction, shock, and number of organ system fail-
ures. None of the seven MPM0 I variables was treatment dependent. The
discrimination and calibration of the model were good.

Third generation
APACHE III. APACHE III was developed from a database of 17,440 pa-
tients from 66 hospitals, 26 of them randomly selected to represent hospitals
in the United States with more than 200 beds [28]. The model included age,
chronic health conditions, acute physiology score, admission diagnosis cat-
egory, and patients’ location before ICU admission, as a measure of lead-
time bias. Seventeen physiologic variables were included in the APACHE
III model: heart rate, mean arterial pressure, respiratory rate, temperature,
GCS, urine output, hematocrit, white blood cell count, glucose, sodium, cre-
atinine, blood urea nitrogen, albumin, bilirubin, arterial pH, arterial oxy-
genation, and arterial carbon dioxide tension. The Acute Physiology
Score (APS) was calculated based on the most abnormal values of the phys-
iologic variables in the first 24 hours of the patient’s ICU stay. The chronic
health conditions included AIDS, lymphoma, hepatic failure, metastatic
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cancer, leukemia/multiple myeloma, cirrhosis, and immunosuppression. If
a patient had multiple chronic conditions, the one with the worst score
was used. The APACHE III score is the sum of APS, age score and chronic
health condition score, and ranges from 0 to 299. Seventy-eight major dis-
ease categories were assigned weights by multivariate logistic regression
analysis. The AUC of APACHE III was 0.90. The overall explanatory
power of APACHE III for hospital mortality as measured by R2 was
0.41. The calibration was not reported in the original study but appeared
to be poor when tested in an independent data set [29]. The APACHE inves-
tigators also developed a real-time ICU database and scoring system that
could be deployed in individual institutions and interfaced with existing
ICU information systems. Despite its excellent performance and potential
for use, APACHE III was narrowly disseminated because the logistic regres-
sion coefficients and equations were proprietary and unavailable for the
public unless with permission for research. APACHE III has been externally
validated in various populations with results showing consistently good dis-
crimination but mixed calibration.

SAPS II. SAPS II was developed on a data set of 13,152 patients from 137
ICUs in 12 countries [30]. Seventeen variables were entered to create the
SAPS II model: 12 physiologic variables, age, type of admission (scheduled
surgical, unscheduled surgical, or medical) and three underlying disease var-
iables (AIDS, metastatic cancer, and hematologic malignancy). The physio-
logic variables used the worst values of the first 24 hours in the ICU. The
weights for each variable were estimated using multiple logistic regression
analysis. The AUC of SAPS II was 0.88 for the development data set,
and 0.86 for the validation set. The calibration was good. Subsequent stud-
ies with SAPS II showed good discrimination but poor calibration unless
customized.

MPM II. The training and development sets of MPM0 II included 12,610
and 6514 patients, respectively, from 12 countries [31]. Fifteen variables
were used in the admission model, MPM0 II: physiology (Coma/stupor,
heart rate, systolic blood pressure), chronic diagnosis (chronic renal insuffi-
ciency, cirrhosis, metastatic cancer), acute diagnoses (acute renal failure,
cardiac dysrhythmia, cerebrovascular accident, gastrointestinal bleeding, in-
tracranial mass effect), and other (age, cardiopulmonary resuscitation before
ICU admission, medical or unscheduled surgery admission, mechanical ven-
tilation). The 13 variables entered in the 24-hour model, MPM24 II: vari-
ables at admission (age, cirrhosis, intracranial mass effect, metastatic
cancer, and medical or unscheduled surgery admission) and at 24-hour as-
sessments (coma/stupor, creatinine, confirmed infection, mechanical ventila-
tion, arterial oxygen tension, prothrombin time, urine output, and use of
vasoactive drugs). The MPM24 II model was developed on data from
10,357 patients still in the ICU at 24 hours. The AUC and calibration of
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MPM0 II and MPM24 II were good. Well-performing models based on data
collected at 48 hours, MPM48 II, and 72 hours of ICU admission, MPM72

II, have been subsequently developed for predicting mortality [32].

Fourth generation
A review of studies from several counties evaluating the performances of

the old generation adult ICU prediction models has shown an overall good
discrimination but poor calibration [11]. Customization was attempted to
maintain good performance of the models over time. However, the initial
improvement in the performance of the older models with customization
was not maintained since the older models no longer reflected current case
mix, practice patterns, and treatment necessitating the development of the
fourth-generation models [33–36]. All three fourth-generation prognostic
models excluded readmissions in their development and assumed values to
be normal when not measured or obtained.

APACHE IV. APACHE IV was developed from data collected on 110,558
patients in 104 ICUs of 45 nonrandomly selected hospitals in the United
States (Table 4) [36]. Exclusion criteria include age under 16 years, ICU
length of stay less than 4 hours or more than 365 days, burn, transfer
from another ICU, and admission after transplant (except kidney and liver).
The study patients were randomly split into development (60%) and valida-
tion (40%) subsets. Among the fourth-generation models, APACHE IV in-
cluded the largest number of variables (Tables 4 and 5). The APS variables
and the seven chronic conditions of APACHE IV were the same as those of
APACHE III. The number of ICU admission diagnostic categories was in-
creased from 78 in APACHE III to 116 (see Table 5). Similar to APACHE
III, the APS of APACHE IV is based on the worst values obtained within 24
hours of ICU admission and ranges from 0 to 252. However, the data were
subjected to a more robust statistical analysis with added spline terms to de-
velop a model with a superior performance. Unlike APACHE III, age, APS,
and chronic health were each given a separate coefficient to calculate the
probability of death in APACHE IV. The discrimination of APACHE IV
was very good with good calibration (see Table 4). APACHE IV used a dif-
ferent data set for calculating the probability of death of patients admitted
to the ICU following coronary artery bypass graft. For patients admitted
for acute myocardial infarction, a variable for thrombolysis therapy was
added. The explanatory powers of the APACHE IV model were due to
acute physiology (65.6%), age (9.4%), chronic health conditions (5.0%), ad-
mission variables (2.9%), ICU admission diagnosis (16.5%), and mechani-
cal ventilation (0.8%).

SAPS III. SAPS III was developed from data of 16,784 patients in 303
ICUs from five continents (see Table 4) [34,35]. The hospitals volunteered
to participate in the model development. Patients under age of 16 years
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were excluded. For cross validation, the model-building process was run five
times, using 80% of randomly selected data for development and the
remaining 20% for validation. The SAPS III model includes fewer variables
than APACHE IV (see Tables 4 and 5). The model was based on data ob-
tained within 1 hour of a patient’s admission to the ICU. SAPS III was sub-
jected to a robust statistical analysis. Unlike APACHE IV, the explanatory
powers of the SAPS III model were mostly attributable to the patients’ char-
acteristics before ICU admission (50.0%) and the circumstances of ICU

Table 4

Study characteristics and performance of the fourth-generation prognostic models

Characteristics SAPS III [34,35] APACHE IV [36] MPM0 III [33]

Study population 16,784 110,558 124,855

Study period 14 Oct–15 Dec 2002 1 Jan 2002–31 Dec 2003 Oct 2001–Mar 2004

Number of ICUs 303 104 135

Number of hospitals 281 45 98

Geographic regions 35 countries,

5 continents

USA USA

Time of data collection �1 h of ICU

admission

24 h of ICU

admission

Within 1 h of ICU

admission

Variables in the model 20 142 16

Missing data 1 per patient

Reliability Excellent

AUC 0.848 0.880 0.823

H-L C statistic 14.29 16.90 11.62

H-L P value .16 .08 .31

SMR 1.000 0.997 1.018

Abbreviations: AUC, Area under the receiver-operating characteristic curve; H-L, Hosmer-

Lemeshow; SMR, Standardized mortality ratio.

Table 5

Variables included in the fourth-generation prognostic models

Predictive variables

SAPS III

[34,35]

APACHE IV

[36]

MPM0 III

[33]

Age Yes Yes Yes

Length of hospital stay before ICU admission Yes Yes No

ICU admission source 3 8 No

Type of ICU admission Yes Yes Yes

Chronic comorbidities 6 7 3

Cardiopulmonary resuscitation before ICU admission No No Yes

Resuscitation status No No Yes

Surgical status at ICU admission Yes Yes No

Anatomical site of surgery 5 No No

Reasons for ICU admission/Acute diagnosis 10 116 5

Acute infection at ICU admission Yes No No

Mechanical ventilation Yes Yes Yes

Vasoactive drug therapy before ICU admission Yes No No

Clinical physiologic variables 4 6 3

Laboratory physiologic variables 6 10 0
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admission (22.5%) and less dependent on the physiological abnormalities at
ICU admission (27.5%).

MPM0 III. MPM0 III was developed from data of patients from the United
States (see Table 4) [33]. The study patients were randomly split into devel-
opment (60%) and validation (40%) subsets. Patients with cardiac surgery,
acute myocardial infarction, burns, and those younger than 18 years were
excluded. Only five acute diagnoses and three physiologic variables were in-
cluded in the model (see Table 5). MPM0 III was based on data obtained
within 1 hour of ICU admission. MPM is the only fourth-generation model
that includes ‘‘Do-Not-Resuscitate’’ status as a predictor variable. The dis-
crimination of MPM0 III was very good with good calibration (see Table 4).

Fourth-generation model comparisons. With the availability of three recently
updated prognostic models, users have to make choices. Although the per-
formances of all three models appear to be good, there are differences. Data
for SAPS III were collected as part of a research project specifically designed
to develop the model. The data for APACHE IV and MPM0 III were ob-
tained from ICUs that had bought the APACHE or Project Impact Critical
Care systems (both owned by Cerner Corporation, Kansas City, MO) as
part of their efforts for performance improvement. Since institutions that
participated in the development of these models were not randomly selected
and were likely to have more interest in research and performance improve-
ment, the findings may not apply to other ICUs [37].

MPM0 III and SAPS III are based on data obtained within 1 hour of
ICU admission. Thus, they can be used to assess severity of illness before
ICU interventions take place. They avoid contamination of data by patients
who are allowed to deteriorate after ICU admission. All three fourth-gener-
ation models consider missing data as normal. Limiting data to those ob-
tained within 1 hour of ICU admission may not adversely affect the
performance of MPM0 III since the variables included in the model are eas-
ily available and do not require special laboratory testing. However, the un-
availability of some physiologic data may compromise the performance of
SAPS III [38]. Because of the multiplicity of data to be collected, missing
data have the highest impact on the performance of APACHE IV and low-
est on MPM0 III.

The predictors of MPM0 III include age and 15 easily available binary
variables (see Table 4). Only five acute diagnoses are included in the
MPM0 III model. The SAPS III model includes 20 variables (see Table 4),
6 of which require laboratory testing (see Table 5). APACHE IV consists
of 142 predictor variables, 10 of them requiring laboratory testing. Vital
signs, urine output, and GCS are almost always measured in critically ill pa-
tients. However, there is no standardized laboratory testing in most individ-
ual ICUs, let alone nationally or internationally. The lack of
standardization may adversely affect the performance of ICUs that do not



648 AFESSA et al
routinely perform certain laboratory tests and may also compromise the
performance of the prognostic models. Although the characteristics of
MPM0 III may help to minimize errors that may arise from the misclassifi-
cation of the diagnosis and missing or incorrect data entry, the exclusion of
prognostically important variables from the model may downgrade its
performance.

Several ICUs use computer interfaces with their laboratory and bedside
monitor systems to extract data. Others still enter data manually. SAPS
III was calibrated for manual acquisition of data. The performance of
ICUs as measured by the severity models and the performance of the prog-
nostic models in predicting outcome are likely to be compromised by the
lack of uniformity in data acquisition.

All patients included in the development of APACHE IV and MPM III
were from the United States. In contrast, patients from five continents were
included in the development of SAPS III, although most were from Europe.
With its customized models, SAPS III appears to be a good candidate for an
international benchmark; however, the number of patients included from
some of the countries is small and the results may not be generalizable.

All three fourth-generation models need external validation in indepen-
dent datasets. All three models are free of charge, which may help their
use for research, health care delivery, and performance measure. However,
APACHE IV is the most complex and may require software support. MPM0

III is the least complex.
Knowledge about the probability of clinical outcome has the potential to

help administrators, clinicians, and patients and their families select treat-
ment options taking into account costs and potential benefits. However,
the use of the prognostic models for such purposes requires caution. There
are several factors that influence outcome and yet are not included in the
prognostic models. Some of these factors such as patients’ preferences for
life support and response to disease, the surrounding environment, and ef-
fect of treatment are not easy to evaluate [11]. Despite their limitations,
the predictive models have potential uses at the national, hospital, physi-
cian, and patient levels [12].

Benchmarking

Independent of physicians’ resistance, health care professionals and insti-
tutions are going to be evaluated based on performance. Some have already
started ranking ICUs based on their performances derived from administra-
tive data [39]. Severity adjusted mortality rates are increasingly used to as-
sess the quality of care provided by hospitals and physicians. Compared
with the severity models derived from administrative data, the ICU adult
prognostic models are better tools for risk adjustment in quality assessment.
The fourth-generation models are well positioned for use as ICU bench-
marks. Since mortality is the most objective measure, and not prone to
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error, standardized mortality ratio (SMR) is widely used to evaluate perfor-
mance. SMR is the ratio of the observed to predicted mortality. The SMR
should be reported with its 95% confidence intervals (CI) [40]. If the 95% CI
of the SMR includes 1, the performance is considered average. If the 95%
CI does not include 1, SMRs less than 1 and more than 1 are considered
to show good and poor performances, respectively.

Benchmarking helps to identify variations in clinical outcome and
changes in practice patterns over time [41]. The appropriate application of
benchmarking at the national and community levels may provide reliable in-
formation to insurers, health care providers, and patients. However, it re-
quires support and pressure by state and federal governments, businesses,
and hospitals and embracing by health care providers. Since case mix influ-
ences SMR [42], the performance of a prognostic model needs to be vali-
dated before its application for benchmarking in a specific group.
Benchmarking provides opportunities to improve performance based on
the findings from good and bad performers [43,44].

The use of adult ICU models for benchmarking should be limited to re-
gions in which they have been shown to perform well. The fourth-generation
models are based on data obtained 3 to 6 years ago. From the past 3 decades
of experience with the adult ICU prognostic models, we have learned that
their performances deteriorate over time. For appropriate benchmarking,
the performances of the models need to be evaluated periodically and up-
dated when needed.

Although the ICU prognostic models have focused on mortality, there
are other important outcome measures that can be used for benchmarking.
The APACHE prognostic system has models for predicting ICU length of
stay [13,45] and duration of mechanical ventilation [14]. The APACHE
III database also provides accessories to track low-risk monitor admissions
and readmissions [44,46].

Performance improvement

Performance improvement requires data collection for measuring out-
come, adjusted for confounding variables. A well-performing prognostic
model helps to make meaningful comparisons of a hospital’s current perfor-
mance with its past. This will allow hospitals to identify their weaknesses
and initiate interventions aimed at quality improvement and allow patients
and third party payers to choose health care providers based on perfor-
mance. Institutions that use the ICU prognostic models may have the ad-
vantage of meeting the JCAHO requirements for accreditation. The ICU
severity models may also serve as tools for evaluation of the impact of
new therapies as well as organizational and process of care changes
[43,44,46].

The APACHE Critical Care series and Project Impact have taken the
prognostic models to a higher level by adding accessories to track
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readmission, sentinel event, TISS, reimbursement, and resource consump-
tion [47]. They provide standard and customized reports of outcome regu-
larly. Based on data from the APACHE III database, Zimmerman and
colleagues [44] have highlighted the policies and practices of ICUs with
low mortality rate and efficient resource use. Defining good performance
by low SMR, short adjusted ICU length of stay, and low ICU admission
rate for low-risk monitoring, they described the structural characteristics
and process of care in ICUs with good performance.

Resource use

In theory, accurate estimation of severity of illness can facilitate appropri-
ate allocation of scarce ICU resources. Unsalvageable patients and patients
who require simple monitoring can be discharged from the ICU. However,
current models are far from perfect to support such decisions and have not
been validated for these purposes. Using APACHE III data, Seneff and
colleagues [14] reported an accurate prediction of the average duration of
mechanical ventilation for groups of ICU patients using an equation devel-
oped using multivariate regression techniques. If validation shows good per-
formance, such predictions may be useful for resource allocation. Using
demographic, physiologic, and treatment information obtained during the
first 24 hours in the ICU and over the first 7 ICU days of the APACHE III
database, Zimmerman and colleagues [15] identified low-risk patients who
were unlikely to require active ICU treatment. Such capability can be used
to assess ICU resource use and develop strategies for providing care in inter-
mediate care units at a reduced cost. Even in the best performing ICUs, 10%
to 38% of the admissions are for low-risk monitoring [44].

Clinical decision support

Although most prognostic models perform well at a population level,
their poor calibration on an individual level has prevented their use at the
bedside. Probabilities of hospital mortality provide meaningful information
to physicians when discussing patient prognosis with patients and their fam-
ilies; however, use of probabilities should not be employed for making treat-
ment decisions in individual patients [48]. Even severity-of-illness models
demonstrating good agreement for describing patients in the aggregate do
not perform as well for individual patients. Currently, most patients and
their families rely on prognostic information given to them by the physicians
to make decisions. However, because of the biases of subjective estimates,
a physician’s ability to correctly predict mortality is highly variable [49].
Overconfident physicians tend to underestimate mortality, whereas those
who lack self-confidence tend to overestimate mortality [50]. Assessment
of futility is another important potential application for the use of severity-
of-illness systems. Trends in the severity of illness provide important



651SEVERITY AND ORGAN FAILURE ASSESSMENT IN ADULT ICU
prognostic information [51]. In patients with high risk of death at ICU ad-
mission, lack of improvement in predicted mortality indicates poor prog-
nosis [52,53]. Whether the addition of the probability of death derived
from the prognostic models improves the clinicians’ estimates awaits future
studies. In the mean time, the probabilities derived from the prognostic
models should be used as ‘‘the drunken man uses the lamppost, for sup-
port rather than illumination’’ in making clinical decision [54].

With the scarcity of ICU beds in many hospitals, avoiding unnecessary
ICU admission and transferring patients who do not need ICU care are im-
portant. The ICU prognostic models have the potential to be used for deci-
sion support for these purposes. MPM0 III and SAPS III have the potential
to be used as decision support for ICU admission triage since most of their
predictor variables are available at admission. Patients who are unlikely to
require active ICU intervention can be identified and early transfer ar-
ranged. The Critical Care Series of the APACHE III clinical support system
provides the risk of requiring specific critical care interventions, potential
transfer from the ICU, and TISS score for individual patients [47]; however,
the real impact of this clinical support system on clinical outcome has not
been well described.

Limitations

There are several limitations inherent in the ICU prognostic models [55].
Biases and errors in case mix, errors in collecting and entering data, and
flaws in model development and validation weaken the performance of
prognostic models. A prognostic model accurately predicts mortality only
if the case mix is similar to the one used in its development. There are several
factors, including lead-time bias, pre-ICU location, acute diagnosis, physio-
logic reserve and patients’ preferences for life support, that influence mortal-
ity. Most of these prognostically important variables are not included in
some of the latest prognostic models. Although the models are unlikely to
include all predictor variables, a balance needs to be struck between model
simplicity and performance. Most importantly, long-term survival and qual-
ity of life, issues that may be more important than simple mortality, are not
forecast by the prediction models.

Summary

We have reviewed some of the most commonly used severity-of-illness
models for adult ICUs. Similar models exist for the pediatric populations
and specific conditions, and many of the issues discussed here are also appli-
cable to those models. Although we have outlined the potential uses of the
newer models and their improved performance, their acceptance by health
care providers and their impact on health care delivery and clinical outcome
have yet to be realized.
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The unavailability of a structured data acquisition system and the propri-
etary nature of APACHE III have been the main barriers for the dissemina-
tion of the ICU prognostic models. With the increased application of clinical
information systems for data acquisition and decision support and the
availability of all the fourth-generation prognostic models, including
APACHE IV, in the public domain, these barriers have been reduced. If
studies show the benefits of prognostic models in improving patient out-
come and health care delivery, the time may come to use them for various
purposes including for daily patient care. The ICU prognostic models
may also help us to further understand the link between ICU severity of
illness and long-term morbidity and mortality. More than a decade ago,
the Rand group highlighted the importance of addressing the cost and fea-
sibility of implementing predictive systems in hospitals and the extent to
which the predictor and outcome variables included in the model are resis-
tant to manipulation [12]. These issues are still pertinent and need to be
addressed.

Organ failure models

Introduction/creation

Multiple organ failure is a major cause of morbidity and mortality in the
ICU. The main treatment plans of critically ill patients depend on support-
ing failing organs. Initial and sequential assessments of the failing organs
provide information about the patients’ prognoses as well as the effective-
ness of treatment. Several models have been developed to assess the degree
of organ dysfunction [10]. Most organ failure assessment systems assign
values to six organ systems: respiratory, cardiovascular, renal, hematology,
hepatic, and central nervous system. These values can be dichotomous or
continuous. Although the organ failure systems assess the same organs,
the scorings are based on different cut points. The gastrointestinal and en-
docrine/metabolic systems are important in the critically ill; however, their
functions have not been incorporated into scoring systems because of the
complexity and difficulty of measuring them.

Organ dysfunction assessment models

One of the earliest organ failure assessment tools, MSOF, used dichoto-
mous variables (Table 6) [5]. However, since organ failure is a process rather
than an event, recent assessment tools use continuous scales [7–9]. The three
currently used main organ failure scoring systems are MODS, SOFA, and
LODS (Table 7) [7–9]. Most of the variables included in these systems are
easily available and usually obtained regularly in the critically ill. SOFA
(Table 8) and MODS assign scores ranging from 0 to 4, based on severity.
MODS and SOFA scores were developed subjectively as a result of
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consensus and literature review. In contrast, LODS was derived from objec-
tive data subjected to robust statistical analysis [9]. LODS assigns scores
to each organ based on their impacts on mortality, not on arbitrarily selec-
ted cut points. MODS differs from LODS and SOFA, by its use of

Table 6

Multiple system organ failure [5,6]

Organ failure Criteria

Cardiovascular Heart rate R 54/min

Mean arterial pressure % 49 mm Hg or systolic blood pressure ! 60 mm Hg

Ventricular tachycardia or fibrillation

PH % 7.24 with PaCO2 % 49 mm Hg

Respiratory Respiratory rate % 5/min or R 49/min

PaCO2 R 50 mm Hg

Alveolar to arterial oxygen tension gradient R 350 mm Hg

Dependent on ventilator or CPAP on second day of OSF

Renal Urine output % 479/mL/24 hours or % 159 mL/8 hours

Blood urea nitrogen R 100 mg/dL

Creatinine R 3.5 mg/dL

Hematologic White blood cell count % 1000/mm3

Platelets % 20,000/mm3

Hematocrit % 20%

Neurologic Glasgow coma score % 6 (in the absence of sedation)

Abbreviations: CPAP, continuous positive airway pressure; OSF, organ system failure;

PaCO2, arterial CO2 tension.

Table 7

Variables included in the calculation of the organ failure scores

Organ Variable SOFA [8] LODS [9] MODS [7]

Respiratory PaO2/FIO2 Yes Yes Yes

MV Yes Yes

Hematology Platelets Yes Yes Yes

WBC Yes

Liver Bilirubin Yes Yes Yes

Prothrombin time Yes

Cardiovascular Mean arterial pressure Yes

Systolic blood pressure Yes

Heart rate Yes

PAR Yes

Dopamine Yes

Dobutamine Yes

Epinephrine Yes

Norepinephrine Yes

CNS Glasgow coma score Yes Yes Yes

Renal Creatinine Yes Yes Yes

Blood urea nitrogen Yes

Urine output Yes Yes

Abbreviations: CNS, central nervous system; LODS, Logistic Organ Dysfunction System;

MODS, Multiple Organ Dysfunction Score; MV, mechanical ventilation; PAR, pressure-

adjusted heart rate; SOFA, Sequential Organ Failure Assessment; WBC, white blood cells.



Table 8

Sequential Or

Organ failure Score 2 Score 3 Score 4

Respiratory !300 !200 on MV !100 on MV

Hematology !100 !50 !20

Liver 2.0–5.9 6.0–11.9 O12.0

Cardiovascula

%5 O5 O15

Any dose

%0.1 O0.1

%0.1 O0.1

Central nervo 10 – 12 6 – 9 !6

Renal 2.0–3.4 3.5–4.9 R5.0

!500 !200

Abbreviati

6
5
4

A
F
E
S
S
A
et

a
l

gan Failure Assessment (SOFA) score [8]

Variable Score 0 Score 1

PaO2/FIO2, mm Hg R400 !400

Platelets, 109/L R150 !150

Bilirubin, mg/dL !1.2 1.2–1.9

r Mean arterial blood pressure, mm Hg R70 !70

Dopamine, mg/kg�1$min�1

Dobutamine, mg/kg�1$min�1

Epinephrine, mg/kg�1$min�1

Norepinephrine, mg/kg�1$min�1

us system Glasgow coma score 15 13–14

Creatinine, mg/dL !1.2 1.2–1.9

Urine output, mL/day R500

on: MV, mechanical ventilation.
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pressure-adjusted heart rate to measure cardiovascular dysfunction [7–9].
Pressure-adjusted heart rate is calculated as central venous pressure � heart
rate/mean blood pressure. Assessment of cardiovascular function using the
MODS criteria is not possible in patients without central venous catheters
[56].

The main purpose of the organ failure scores is to describe the sequence
of complications, not to predict mortality. However, the organ failure scores
can accurately discriminate survivors from nonsurvivors. In the original
study performed in a surgical ICU, the first and subsequent ICU days’
MODS correlated well with mortality, with the AUC exceeding 0.90 [7]. Ini-
tial and trends in SOFA scores correlate well with mortality [57,58]. When
analyzing trends in the daily SOFA score during the first 96 hours, regard-
less of the initial score, the mortality rate was at least 50% when the score
increased, 27% to 35% when it remained unchanged, and less than 27%
when it decreased [57].

There is paucity of data comparing the performance of the organ failure
assessment systems in a common patient population. A study comparing
SOFA and MODS did not find statistically significant differences between
them in discriminating survivors from nonsurvivors [59].

Use

Because the organ dysfunction measures may be obtained daily, they give
a complete understanding of the patient’s entire ICU course as opposed to
just the initial 24-hour period [60]. The trend in the daily organ failure scores
can be used to demonstrate the effects of various therapeutic interventions in
clinical practice as well as clinical trials. Daily scores also help to capture the
intensity of resource use and may help us gain a better understanding of
what truly ICU-acquired organ dysfunction is. However, unlike the severity
models, the organ failure assessment systems have not been studied in large
samples.

Summary

The organ failure assessment systems are based on easily obtainable vari-
ables, with the exception of pressure-adjusted heart rate in MODS. They can
be measured daily and have the potential to be used in assessing patients’
clinical course and for clinical trials; however, these potential roles have
not yet been supported by data. Future studies are needed to better define
these roles as well as to compare the performance of the organ failure assess-
ment systems in a large sample size. MODS, SOFA, and LODS are limited
to six organs. Despite the complexity and difficulties, some researchers have
tried to define gastrointestinal failure with some success [61]. Future organ
failure assessment systems need to incorporate gastrointestinal and endo-
crine organ dysfunctions.
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The Institute of Medicine’s (IOM) report estimating 44,000 to 98,000 an-
nual deaths from medical errors prompted a considerable amount of effort
to monitor and improve patient safety [1,2]. Despite this effort, many say we
lack empiric evidence to demonstrate large-scale improvements in quality of
care [3–5]. Also, many organizations struggle to confidently answer impor-
tant questions: are patients safer now as a result of their efforts; and if so,
how do we know?

A comprehensive approach to evaluate an organization’s progress with
patient safety efforts has not been clearly articulated, and existing efforts
to monitor safety are likely inadequate. Federal agencies, organizations
and some institutions have developed performance measures to evaluate
quality and safety of care. However, most of these measures either lack
validity (eg, overall hospital mortality) or target specific patient populations
(eg, congestive heart failure), preventing generalizability of results to the
entire organization [6–8]. As a result, current publicly reported performance
measures will not likely be sufficient for providers to evaluate progress in
patient safety since, in many hospitals, these measures apply to less than
10% of a hospital’s discharges [9].

In this article we describe a framework that health care organizations can
use to monitor patient safety, and present an example of how the safety
scorecard from this framework is used to monitor patient safety at the Johns
Hopkins Hospital (JHH) and in over 150 ICUs in Michigan, New Jersey,
and Rhode Island.
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A framework to monitor patient safety

Prior efforts to monitor safety have predominately focused on outcome
measures, including in-hospital mortality [10]. To facilitate comparison of
performance across ICUs, a significant amount of effort has been devoted
to developing sophisticated risk adjustment models. These models were rig-
orously developed, but to date, have significant limitations that may inhibit
broad implementation [11,12]. In addition, mortality rate alone, although
important, provides an incomplete picture of patient safety.

Donabedian’s model [13] for measuring quality provides a useful frame-
work for monitoring safety. In this model, structure (how care is orga-
nized) plus process (what we do) influences patient outcomes (the results
achieved). We adapted this model to patient safety by adding a fourth
element, culture (collective attitudes and beliefs of caregivers), based on
emerging evidence that local culture is linked to a variety of important
clinical outcomes [14]. Indeed, the Joint Commission for Accreditation
of Healthcare Organizations (JCAHO) plans to require yearly assessments
of organizational culture as part of their 2008 leadership standards
(www.jointcommission.org).

Although the attributes of performance measures are well developed,
they should be scientifically sound (valid and reliable), feasible, important,
and usable. Challenges remain in implementing performance measures to
evaluate safety [15–18].

In evaluating patient safety it is important to clarify what can and cannot
be measured as a valid rate. To be a valid rate, the numerator (event or
harm) and denominator (population at risk for the event or harm) must
be clearly defined and measured with minimal bias. This requires a standard-
ized surveillance system to accurately identify and measure both the numer-
ator and denominator of the rate [19]. Standardized surveillance systems are
not widely used to evaluate delivery of clinical care.

Most safety parameters, such as information from patient safety report-
ing systems, are difficult or impossible to capture in the form of a valid rate.
Such safety parameters remain useful, but should not be interpreted as
a rate. For example, medical errors that result in significant patient harm
are important as a numerical count (numerator), but they are not valid rates
since the denominator is ambiguous and we cannot account for reporting
biases. Establishing safety indicators that can be measured as a valid rate
is a critical first step in monitoring and improving safety.

In our framework to monitor patient safety (Table 1) [20], we stratify
measures into two categories. One category uses valid rate-based measures
to evaluate the following: how often we harm patients (outcome measure),
and how often we use evidence-based medicine (process measure). The sec-
ond category captures indicators that are essential to patient safety, but not
measurable as valid rates. This category addresses: how we know that we
learned from mistakes (structural measure), and how well we have created

http://www.jointcommission.org
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a culture of safety. Safety culture is measured using the Safety Attitudes
Questionnaire [21,22]. Each type of measure will be discussed below.

How often do we harm patients?

Although patients, providers, and policymakers generally seek outcomes
when considering performance measures, it is difficult to develop scientifi-
cally sound and feasible outcome measures [6,23–25]. While it would be
ideal to track a wide variety of safety outcomes (eg, medication errors,
incidence of deep venous thrombosis), we currently have few valid measures
of harm. The most robust measures we do have are health care–acquired
infections, particularly central line–associated blood stream infections
(CLA-BSI). These infections can be validly measured and most can be pre-
vented with focused interventions [26,27].

Other measures of harm (outcomes) may be biased and should be used
cautiously. For example, most deep venous thromboses (DVT) and postop-
erative myocardial infarctions are silent. If clinically identified rates of these
postoperative complications are monitored without a standardized method
of screening, both would be subject to surveillance bias [28,29]. When
trauma surgeons at our hospital implemented standardized surveillance,
for example, rates of DVT increased 10-fold, changing our performance
from being one of the best to one of the worst in the state. As a result,
physicians who conduct increased screening for these complications could
be falsely labeled ‘‘low quality’’ providers given their ‘‘unexpectedly high’’
rates. Thus, monitoring most measures of harm as rates may be biased in
the absence of standardized surveillance systems.

Table 1

Patient safety scorecard framework for the ICU

Domain Definition Examples for the ICU

How often do we harm

patients? (Outcome

measure)

Measures of health care–

acquired infections

Central line associated

blood stream infections

(CLA-BSI)

How often do we use

evidence-based medicine?

(Process measure)

Percentage of patients

who receive evidence-

based interventions

Elevate the head of bed,

use stress ulcer and

deep venous thrombosis

prophylaxis in

mechanically ventilated

patients

How do we know we

learned from our

mistakes? (Structural

measure)

Percentage of months per

year the ICU learns from

mistakes

Monitor percentage of

months per year in

which the ICU creates

a shared story

How well have we created

a culture of safety?

(Survey of staff attitudes)

Annual assessment of safety

culture at the unit level

Teamwork and safety

climate score
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The ability to measure health care–acquired infection rates (eg,
CLA-BSI) highlights the importance of standardized surveillance systems
and definitions to capture harms that are to a large extent preventable
[30]. For example, the Centers for Disease Control and Prevention provides
standard definitions for CLA-BSI, and most hospitals have epidemiology
and infection control departments to independently monitor, report, and
reduce infections [31]. Nevertheless, implementing standardized surveillance
requires resources; payers and policymakers will have to decide whether the
benefits of measurement outweigh the costs. For example, it would be costly
and probably unrealistic to monitor rates of DVT in all postoperative
patients using an ultrasound or venogram. However, it may be feasible to
monitor myocardial infarctions in all postoperative patients with troponins.

How often do we do what we should?

Despite our best efforts, some patients will develop complications. This
may result from patient factors or inadequate processes of care. As such,
we should try to ensure that patients reliably receive evidence-based inter-
ventions that improve outcomes and prevent harm, and seek out new effec-
tive interventions [32].

There is a growing body of evidence-based interventions to guide our
practice in critical care. For example, several interventions or processes of
care have demonstrated reductions in morbidity, mortality, and costs of
care associated with mechanical ventilation, including head of bed (HOB)
elevation [33], peptic ulcer disease prophylaxis (PUD) [34], DVT prophy-
laxis [35], adjusting sedation such that patients can follow commands once
a day [36], and daily assessment of ability to extubate [37]. Increasing adher-
ence with the ventilator bundle, or group of interventions in which each has
independently demonstrated improved outcomes for specific patient popula-
tions, has consistently resulted in improved patient outcomes [38]. Three of
these interventions, elevating the head of the bed R 30 degrees, PUD pro-
phylaxis, and DVT prophylaxis have been selected by JCAHO for inclusion
in the initial core set of ICU quality measures. Further research is needed to
develop and validate additional care bundles for ICU patients.

Given the relative paucity of process measures, it will be important to
consider structural (organization of care) elements. The science of linking
structural elements to patient safety outcomes is immature, but more ad-
vanced than outcome and process measurement. In critical care, structural
measures of patient safety might include the presence of intensivists,
nurse-to-patient ratios [39], pharmacist presence during ICU rounds [40],
and use of the comprehensive unit-based safety program [41]. In addition,
the presence of computerized physician order entry [42] may represent
another potential structural measure, although recent studies have raised
concerns about the effectiveness of this intervention [43,44]. Nevertheless,
changes in organizational structure are often slow to implement, in part
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because of perceived costs, and a shortage of qualified providers [45].
Continued research is needed to identify effective ways of organizing care
(including organizational-level interventions), to ensure patients reliably
benefit from those interventions.

How often do we learn from defects?

Most safety issues should not be expressed as rates but rather events,
sometimes described as defects that should not happen again. Establishing
patient safety reporting systems recommended by the IOM and promoted
by a new federal law are a common method to identify patient safety defects
[46,47]. As we previously discussed, trending of incident reports from pa-
tient safety reporting systems as rates are likely a biased measure of whether
safety is improving [48–51]. Consider the following scenario. If the number
of reported incidents per 1000 discharges dropped from 100 last year to 70
this year, and the hospital now receives fewer incident reports or fewer re-
ports compared with their peers, is the hospital safer? We simply don’t
know this answer. Since incident reports are submitted voluntarily, and
studies show that only a tiny, nonrandom fraction of incidents is submitted
[1,48,52], these incidents cannot serve as a valid numerator in an error rate
equation. While decreased reporting volume could represent fewer incidents,
it is equally plausible that staff are too busy, or devalue reporting since the
information they submit rarely leads to meaningful changes.

Health care organizations may be better served by monitoring how often
they learned from mistakes identified through reporting systems rather than
evaluating rates constructed from these reports. To learn from incidents,
caregivers must investigate what happened and why, what they will do to
reduce the probability that the event will recur, and how they know the
intervention was effective [53,54].

Hospitals need a method to evaluate whether they are learning from
defects, especially those that result in or could have caused significant harm.
There are many sources to identify defects, including patient safety reporting
systems, morbidity andmortality conferences, sentinel events, liability claims,
and perhaps most powerfully, asking staff how they think the next patient will
be harmed [41]. In most institutions, making defects transparent will catalyze
efforts to reduce the risk of another patient being harmed. How will we know
whether these efforts were effective? In general, the science of evaluating inter-
ventions is underdeveloped, not standardized, and relatively inefficient. Nev-
ertheless, our understanding of this science is improving and we believe that
further efforts to determine whether insights from errors lead to meaningful
interventions is a useful measure of an organization’s safety.

Hospitals can determine whether they have learned from defects by eval-
uating the extent to which they implemented interventions to prevent the
event from recurring. For example, let’s assume a hospital had a sentinel
event involving inappropriate programming of a medication pump to
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deliver insulin that resulted in a neurologic complication from hypoglyce-
mia. The hospital conducted a root cause analysis (RCA) and recommended
several interventions in an effort to minimize the chance that the mistake
will happen again in the future [55].

The RCA revealed that the bedside nurse was very busy and not familiar
with the new medication pump. Thus, the RCA team recommended staff
education about the risks associated with insulin administration and how
to program the new medication pump, and an independent check by another
provider for all dose adjustments.

We classify these interventions from strongest, that is most likely to re-
duce the probability that the mistake will reoccur, to weakest, that is least
likely to prevent the mistake. Types of interventions, from strongest to
weakest, include eliminating or preventing the mistake, making the mistake
visible, mitigating the hazard should a mistake occur, and reeducating or
creating a policy in the absence of any stronger features. Unfortunately,
weak interventions predominate and are often the same traditional solutions
offered in a new package. In addition, efforts to improve patient safety are
often superficial, an inch deep and mile wide; we need efforts that are an inch
wide and a mile deep.

How do we know whether the recommended interventions reduced the
probability of another complication related to pump programming errors?
To answer this question, we need a structural measure since this defect
may be too rare to monitor as a rate. In general, there are three indicators
to evaluate whether the risk for harm is reduced. We can measure the pres-
ence of a program or policy, staff’s knowledge of the program or policy, or
appropriate use of the program or policy. If the program or policy involves
communication among multiple caregivers, the only way to capture if the
intervention is used appropriately is to observe team behavior.

Which of these indicators, if any, should be measured and how should it
be done? There is no clearly correct indicator. What is measured should be
influenced by the risks, including the costs and benefits. In general, measur-
ing the appropriate use of a policy or program will be the most valid, yet
also the most resource-intensive strategy. If the policy or program has
a high probability of eliminating the mistake, measuring the presence of
the program may be sufficient. For example, after a mistake involving trans-
venous pacing that resulted primarily from a failure to package required
equipment together, the JHH created a kit of requisite pacing equipment.
Presence of this ‘‘pacing kit’’ essentially prevented the mistake from recur-
ring. Therefore, to monitor the effectiveness of this intervention, it was ap-
propriate to measure the presence, not the use, of these kits. Conversely, if
the intervention has a lower probability of preventing the mistake (eg, edu-
cating staff to prevent medication errors) it would be better to measure
whether the intervention was useddin this case, the use of an independent
double-check. For common mistakes, standardized measurement tools
should be developed.
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For years, hospitals believed safety lived at the policy level; a belief
reinforced by the accreditation process, which emphasized the presence of
policies rather than actions or attitudes. Based on this belief, after an event
happened, policies were written and little-to-no effort applied to evaluate
whether the policy was understood and used. The tracer methodology,
now used by JCAHO, attempts to move measurement close to the patientd
a welcomed change. Hospitals must commit resources to make these changes
and to undertake the subsequent measurement process.

Have we created a safe culture?

Given that much of the efforts to measure safety have focused on the
context of care (such as teamwork and communication), measuring this con-
text (often called ‘‘safety culture’’) may inform our efforts to assess patient
safety. Failures in communication are the most common contributing factor
to sentinel events and errors [51] (www.jointcommission.org). There are
validated tools to measure safety culture, often by evaluating caregivers’
perceptions of teamwork and safety climate. The most commonly used
and rigorously validated tool is the Safety Attitudes Questionnaire (SAQ)
[21,22,56]. Higher SAQ scores are associated with lower rates of nurse
turnover, CLA-BSIs, decubitus ulcers, and in-hospital mortality (B. Sexton,
PhD, personal communication, 2007).

By measuring safety culture, providers and institutions can obtain valid,
feasible measures of teamwork and communication. Indeed, emerging
evidence supports the hypothesis that these measures relate to safety
outcomes. We believe that evidence will increasingly demonstrate that im-
provements in safety culture will be reflected in improvements in patient
safety.

Applying the safety scorecard

The framework to monitor patient safety is presently being applied at
JHH and in over 150 ICUs in the states of Michigan, New Jersey, and
Rhode Island [57]. The safety scorecard is a product of this framework.
Table 2 illustrates the safety scorecard for three ICUs at JHH. To evaluate
harm, we measured CLA-BSI rates. To evaluate how often we do what we
should, we evaluate compliance with the ventilator bundle. This bundle in-
cludes rates of head of bed elevation, rates of stress ulcer and deep venous
thrombosis prophylaxis, appropriate sedation, and evaluation of ability to
extubate, as described elsewhere [58]. We have also developed a perioperative
scorecard to measure rates of surgical site infections, rates of hypothermia,
and providing timely antibiotics to prevent surgical site infections. Addi-
tional process measures are under development.

To understand the nonrate measures, our stated goal is that departments
learn from at least one defect per quarter in a year. A department has

http://www.jointcommission.org
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successfully learned from a defect if it can produce a written summary of
what happened, why it happened, what department staff did about it, and
how they know they reduced the risk of harm [54]. Culture and teamwork
scores are presented as the percentage of patient care areas within a depart-
ment or hospital in which 80% (our target score) of staff report positive
safety and teamwork climate.

At JHH, we aggregate patient care area–level measures up to depart-
ment-level measures, department-level measures to hospital-level measures,
and hospital-level measures to health system measures (see Table 2). Over-
all, evidence-based interventions in the ventilator bundle are used more than
90% of the time and 100% of units learned from one defect per quarter. In
addition, 33% of units reported good safety climate (eg, one of three ICUs
had O80% agreement) and 67% good teamwork climate (eg, two of three
ICUs had O80% agreement).

Limitations of the safety scorecard

The patient safety framework that we describe is a work in progress with
several limitations. First, the framework may not be comprehensive enough

Table 2

Example of ICU patient safety scorecard

Score

Domain Unit A Unit B Unit C Overall

How often do we harm

patients? (No. blood

stream infections/1000

catheter days)

4 1 1 2

How often do we use

evidence-based medicine?

(% patients receiving

ventilator bundle)

88 96 94 93

How often do we learn from

defects? (% months unit

learned from a defect)

100 100 100 100

How well have we created

a culture of safety? (No.

of units in which 60% of

staff report positive

teamwork and safety

climate and the average

score [%] in each ICU)

52a

55a
65a

84a
89a

82a
1/3 (33)b

2/3 (67)b

Safety Climate

Teamwork Climate

a % reporting good climate (eg, agree slightly or agree strongly).
b % ICUs reporting O80% agreement.
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to address all aspects of patient safety. Nevertheless, caregivers and admin-
istrators have found it meaningful and manageable. We do not explicitly
distinguish between safety and quality measures, although the level of im-
portance in highlighting this distinction remains unclear. Second, the overall
scorecard includes aggregate measures and may be less meaningful for
senior hospital leaders than individual measures. However, as the number
of individual measures increases, they become difficult to comprehend;
our goal is to develop measures that are meaningful to the caregivers using
the data to improve. In addition, senior and departmental leaders can access
the raw data that underlie these aggregate measures. Third, we have limited
structure, process, and outcome measures. We are very early in our efforts to
determine which in the growing list of measures to evaluate. For now, we are
trying to balance measures that are scientifically sound and feasible to
collect. Fourth, measures of whether we have learned from mistakes are
particularly underdeveloped and not validated. National measures could
be developed for common mistakes. Finally, evidence for the validity of
cultural measures as proxies for improved safety is still emerging.

What might teams do to monitor safety?

The first step in developing a safety scorecard to monitor safety in the
ICU is to convene a multidisciplinary panel. Potential stakeholders who
should be involved include senior and departmental leaders, physicians,
nurses, and representatives from departments of performance improve-
ment/quality assurance, hospital epidemiology, and information systems.

The second step is to gain consensus about measures that should be
included on the safety scorecard. We previously discussed potential mea-
sures for three of the questions on the scorecard. How often do we harm
patients? How do we know we learned from mistakes? How well have we
created a culture of safety? Several criteria must be considered when choos-
ing measures to answer how often we use evidence-based medicine [59].

First, ensure that the area or outcome to be improved is important to the
intended audience. In ICU care for example, providers should focus on
structural or process measures that likely have a significant impact on
patient morbidity, mortality, and/or costs of care.

Second, select measures with evidence demonstrating a strong association
between the process or structure, and the outcome. When evaluating the
strength of the evidence, providers should consider the type and number
of studies available to guide practice. Randomized clinical trials (RCT)
provide the strongest level of evidence, or the least risk of bias, while obser-
vational studies and consensus groups provide significantly weaker evidence
(www.cebm.jr2.ox.ac.uk). Also, multiple studies or a meta-analysis of well-
done RCTs provide stronger evidence than single studies. The strength of
the evidence behind the measure will determine the likelihood that improve-
ment in the quality measure will produce consistent and credible

http://www.cebm.jr2.ox.ac.uk
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improvements in quality of care [10,60]. For example, it is unclear that
providing hospitals data on mortality, without data on how to reduce
mortality, will lead to decreased death rates and improved quality of care.
Evidence-based therapies in critical care are a recent occurrence. For exam-
ple, we now have evidence that ventilator strategies [61], tight glucose
control [62], and the use of activated protein C [63] are associated with
decreased hospital mortality, and that length of stay can be reduced by daily
interruption in sedative-drug infusions [36]. These process measures repre-
sent appropriate areas for future measures of ICU quality.

Third, evaluate whether variability in performance exists, either within an
ICU or across ICUs. This variability represents a potential opportunity for
improvement [60,64]. Indeed, providers may not want to focus on improving
rates of CLA-BSI if this rate is already low in a particular ICU. The fourth
criterion is to choose a measure in which providers or managers will be able
to impact performance. For example, elevating the head of the bed is an
evidence-based intervention that improves care in ventilated patients, and
a practice that can be measured and improved. It would be illogical to focus
on a measure over which providers have no control.

When selecting measures of safety, we need to consider not only the
clinical rationale of collecting the data, but also the business rationale; ne-
cessitating knowledge of the costs of data collection and potential cost
savings from improving performance. As such, we may not want to focus
on measuring performance if the cost of collecting the data exceeds the
potential benefit from the improvement. This is particularly problematic
in critical care where sophisticated risk adjustment methods may require
physiologic data that may be burdensome to collect in hospitals without
automated data collection.

Finally, people, not data, improve patient care. It is imperative that
quality measures are meaningful, scientifically sound, generalizable, and
interpretable [60]. To accomplish this, measures must be designed and
implemented with the same rigor applied in clinical research.

Is our safety scorecard valid?

We have limited ability to evaluate the validity of a safety scorecard, or
determine if an organization has made valid inferences about its quality of
care. To help develop such tools, we modified the approach used in evi-
dence-based medicine to evaluate the quality of published literature (Box 1)
[65]. Although we recognize that this tool will evolve, it is designed to
help organizations develop and evaluate their safety scorecard by answering
three questions:

1. Are the measures important?
2. Are the measures valid?
3. Can I use this scorecard in my organization?
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This worksheet can help leaders of organizations address important issues
and overcome common barriers encountered in efforts to monitor and
improve patient safety.

Barriers to monitoring safety

There are a number of barriers to implementing a safety-monitoring pro-
gram that must be overcome. First, hospitals need to dedicate resources to
develop measures of safety, and collect and manage data. In our experience,
providers are busy and have limited time for added responsibilities. They
need protected time with dedicated staff and other resources. Second, payers
must determine the costs and benefits of measuring additional patient safety
indicators; then, commit the resources and coordinate their efforts with
individual health care institutions and providers. Different stakeholders
(insurers, regulators, and accreditors) want different measures, which

Box 1. Worksheet to evaluate a safety scorecard

Are the measures important?
1. Do the measures fit a strategic priority for the organization?
2. Who will use the data for each measure to improve quality,

and do they believe each measure evaluates an important
aspect of quality?

Are the measures valid?
1. Is the measure supported by empiric evidence or expert

opinion?
2. Are explicit patient inclusion and exclusion criteria provided

for each measure?
3. Are explicit definitions provided for events (numerator)

and for those at risk for events (denominator)?
4. Is a standardized surveillance system and data collection

form in place?
5. Are estimates of performance or changes in performance

presented with an estimate of precision (confidence intervals)?

Can I use this scorecard in my organization?
1. Do we have an infrastructure to collect the data?
2. What does it cost to collect the data, and do the benefits likely

outweigh the costs?
3. Where do the measures fit on our list of organizational

priorities?
4. Are potential limitations and biases of performance

on measures acknowledged?
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imposes a significant burden on health care organizations and limits the
ability to benchmark performance. Third, the current number of valid
safety-related process and structural measures is small. Few individual
health care organizations have the resources to develop valid measures.
Rather, regulators, accreditors, researchers, and professional societies
should jointly develop and make measures and data collection tools widely
available. Fourth, standards for constructing and reporting safety measures
should be developed and widely promulgated. Fifth, the science for measur-
ing safety must advance. Given its present immaturity, the framework we
present should be considered a work in progress. A sixth barrier is limited
information technology. We should strive to automate data collection and
data management.

One approach to reduce the costs of measurement would be to randomly
evaluate the prevalence of a measure over a given period. If such efforts were
coordinated, we could obtain national estimates of specific safety measures,
moving us significantly closer to answering whether patients are safer at
a national level. We also need to increase the number of people who
know how to rigorously measure and evaluate quality of care. In our expe-
rience, weekend or week-long courses will not provide the required level of
expertise. Rather, to build this capacity will require master’s or doctoral
level training in quality measurement methods. Such programs could be
modeled after programs proven successful in training clinical researchers;
both authors are graduates of such a program (Graduate Training Program
in Clinical Investigation, The Johns Hopkins Bloomberg School of Public
Health; http://www.jhsph.edu/gtpci).

Summary

The opportunity to improve patient safety is significant and the pressure
to improve it increasing. Nevertheless, nearly all of health care currently
lacks the ability to track progress despite considerable efforts to improve
patient safety. As a result, few organizations can confidently say that
patients are safer as a result of their efforts. In this article, we present
a framework to monitor patient safety that combines valid rate-based
measures to evaluate outcomes and processes of care, and non–rate-based
measures to evaluate structure and context of care.
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