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This book presents the new paradigms and objectives that have been raised during 
the last decades in all aspects of thoracic anesthesia. Thus, the objectives and proto-
cols related to airway management, mechanical ventilation, and analgesia have 
changed a lot, but also the new monitoring methods such as ultrasound, hemody-
namic, and NIRS. Some new aspects of perioperative management in thoracic sur-
gery are also reviewed, such as the pharmacology of neuromuscular relaxants, 
anticoagulants, platelet antiaggregants, as well as the prevention and treatment of 
infections.

In addition, this book includes new preoperative approaches that consist of 
Fastrack, Prehabilitation, and evaluation of perioperative risks. Finally, the most 
frequent thoracic surgical procedures that range from a classic approach to the most 
modern robotic surgery are reviewed.

Introduction
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1Pulmonary Resection: From Classical 
Approaches to Robotic Surgery

Ricardo Guijarro Jorge and Alper Toker

1.1	 �The Thoracic Surgery in Antiquity

Today pulmonary resections and other intrathoracic procedures are performed in 
many hospitals around the world, but only 50 years ago opening the thorax in an 
operating room was a risky venture that very few people did because it caused a 
pneumothorax. For many patients it meant death. Because there was no endotra-
cheal intubation and ventilation with endotracheal pressure, once pneumothorax 
occurred, and a severe cardiorespiratory failure appeared.

Celso, practicing vivisection in criminals, something fashionable in Alexandria 
300 years before Christ, said: You can open the abdomen with the subject alive, but 
as soon as the knife opens the thorax, a kind of membrane that separates the inside 
from the outside , the individual loses his life immediately ... [1].

Intimately related to the evolution of thoracic surgery has gone the development 
of breathing concepts and open pneumothorax. The findings in pulmonary physiol-
ogy allowed surgeons to operate a chest safely.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-28528-9_1&domain=pdf
mailto:Guijarro_ricjor@gva.es
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Acute empyema was undoubtedly the first of thoracic diseases to be surgically 
treated successfully in the history of mankind and the Hippocratic texts masterfully 
describe the procedure [2]:

When the purulent collection protrudes externally, you should make an incision in the most 
protuberant site, evacuate the pus and make washes with warm wine and oil through an 
inserted metallic stem. Each day you will repeat the washing until on the twelfth day when 
you will remove the metal stem and insert a strip of linen, until the wound closes.

When the purulent effusion did not kill the patient and became chronic, with the 
corresponding fibrin deposit that trapped the lung, thoracic adhesions developed, in 
that moment thoracic openings could be made and thus doesn’t developed open 
pneumothorax without the disastrous consequences previously exposed.

Until the last part of the nineteenth century, draining empyema was the only 
disease treatable in thoracic surgery, lung resection surgery simply was not possible, 
nevertheless Vesalius already in 1543 in the last chapter of his De Humanis Corporis 
Factory said that the lungs could be insufflated in the animals if the trachea was 
intubated by a cane, thus giving the solution to the problem of open pneumothorax 
[3]. However, this concept was not used in the operating rooms until 350 years later.

The first successful attempt to open a thorax with a certain control of the conse-
quences of the open pneumothorax was not made until 1904, when Ferdinand 
Sauerbruch, von Mikulicz’s assistant in Breslau, built a room (bunker) of negative 
pressure to make the intervention [4]. In this operating room where the patient’s 
head was outside isolated from the wall with rubber rings, which allowed the surgi-
cal team to work under the atmospheric pressure so avoided lung collapse, with the 
deleterious consequences.

Rudolph Nissen from Berlin is considered to be the first surgeon to successfully 
perform a pneumonectomy in 1931. The patient was a 12-year-old girl with bron-
chiectasis of a whole lung [5].

On April 5, 1933 Evarts A. Graham of St. Louis performed this operation for the 
first time treating lung cancer. His patient, a colleague gynecologist, survived even 
the longer than the surgeon himself.

The era of pulmonary lobectomies began with Harold Brunn, who in 1929 pub-
lished his first experiences with six cases of bronchiectasis, using chest tubes as an 
innovation in the postoperative period.

In the last century, lung cancer was a rarity and the entire panorama of lung dis-
eases was dominated by tuberculosis, an important infectious-contagious illness 
that killed one young person every 17 in Europe.

The classic approach for lung resection surgery is the posterolateral thoracotomy 
[6], an incision that follows the superior ridge of the sixth rib and it is equidistant 
from the apex and the base, allowing a suitable exposure of the intrathoracic organs. 
This is the preferred approach by a large majority of current thoracic surgeons.

A variant of the posterolateral thoracotomy is the thoracotomy without muscular 
division, in which the muscles of thoracic wall are widely exposed and are not sec-
tioned, they are simply separated to access the interior of the thorax. This variant is 
widely used in lung resection surgery.

R. Guijarro Jorge and A. Toker
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1.2	 �Classical Thoracoscopy

The beginning of thoracoscopy can be fixed in 1910 [7], just over 100 years ago, the 
Swedish Hans Christian Jacobeus published his experiences in the diagnosis and 
treatment of pleural effusions and lysis of adhesions in tuberculous patients to 
achieve lung collapse in the therapeutic pneumothorax, the fashionable intervention 
practiced in that time to achieve the collapse of the lung caverns that originated in 
this terrible pandemic. To do this, he inserted a cystoscope into the thorax and with 
a galvanocautery he performed the section of pleural adhesions.

The development of light transmission by optical fiber, the improvements in cold 
light illumination, and the progress of video cameras with increasingly powerful 
chips allowed the expansion of endoscopic surgery after the 1990s and today thora-
coscopy has become a basic and very important surgical tool for the thoracic 
surgeon.

The structure of a traditional thoracoscope is similar to a laparoscope. It is a tube 
with a working channel and a cold light at its end. It therefore allows obtaining 
biopsies directed at specific lesions and therefore rarely gives a false positive when 
biopsied macroscopically visible lesions. It allowed blind pleural biopsies (that 
failed 80% of the time), became almost infallible procedures. In addition, when it 
comes to effusions of malignant origin, the cell weight itself causes the implants to 
be found in the diaphragms and cardio and costophrenic sinuses, places forbidden 
to blind biopsies.

However, this instrumentation had important limitations, mainly that only the 
surgeon who looked through the eyepiece could see what he made, the rest of the 
staff present in the operating room were not aware of the findings and therefore was 
difficult to teach, another limitation is that the visual field and the power of light was 
limited, since it is a telescope, without the possibility of zooming or of increasing 
the image digitally.

1.3	 �Tracheal Surgery

Despite the historical development of the tracheostomy, trachea was the last organ 
in the development cardiothoracic surgery field. After the improvements of endotra-
cheal anesthesia, pulmonary surgery evolved a lot in the 1930s. In the 1960s tra-
cheal surgery advanced a lot. In the article published at 1990. It has been demonstrated 
that technical capabilities increased the resection rates of the tracheal tumors to 
63% for squamous cell carcinoma, to 75% for adenoid cystic carcinoma, and to 
90% for other tumors [8].

Repair of the bronchus after a chest trauma demonstrated the feasibility of air-
way reconstruction. In 1949, Griffith [9] operated on a strictured bronchus and 
resected the stenotic part and anastomosed the bronchus 3 months after the bron-
chial rupture. Treatment of other delayed bronchial rupture repairs followed this 
operation [9]. The developing technic helped in the surgery for low-grade tumors 
and eventually to carcinoma, as sleeve lobectomy evolved [10]. At this time of 

1  Pulmonary Resection: From Classical Approaches to Robotic Surgery
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surgical development one of the major difficulties was the maintenance of safe, 
continuous, stable ventilation during the procedure, especially during surgery for 
intrathoracic trachea.

Surgical technical developments in tracheal surgery took a long time during 
its evolution. Dermal grafts, polyethylene tubes or patches were used to repair 
the tracheal defects. The replacement of the trachea has been described very 
recently, although there has not been much developments despite all efforts [11]. 
Grillo performed autopsy studies in humans, and demonstrated that more than 
half of the adult trachea can be resected safely and reconstruction of the defect is 
possible by full mobilization of structures limiting its movement [12]. He claimed 
that the mobilization could be possible through right hilar dissection and division 
of the right pulmonary ligament; division of the left main bronchus; and freeing 
pulmonary vessels from the pericardium. Tracheal mobilization by keeping the 
anatomic principles intact—pretracheal mobilization, cervical flexion, hilar dis-
section and intrapericardial freeing, and even with the mobility of detached main 
bronchi—aggressive approaches possible. By using these principles, surgeons 
developed themselves with series of resections and reconstructions.

In 1957 Barclay resected 5 cm of trachea and carina to treat recurrent adenoid 
cystic carcinoma [13]. Authors claimed that by the pulmonary ligament division, 
anastomosis of the trachea to the right main bronchus became possible. Later the 
left main bronchus was anastomosed end-to-side to the bronchus intermedius. 
During the operation intermittent ventilation provided enough support for the sec-
ond anastomosis.

Carinal pneumonectomy for bronchogenic carcinoma became further estab-
lished with significant series reported by Jensik [14]. The initial high operative 
mortality of a form of adult respiratory distress syndrome, postpneumonectomy 
pulmonary edema, of noncardiogenic origin, caused nearly 30% mortality rate. 
It has been claimed that the condition could be treated with prompt nitric oxide 
and believed to be the result of barotrauma. This complication became less fre-
quent with close cooperation of anesthesiologist an surgeons and mortality 
decreased to 10%. Barclay’s anesthesiology team developed the use of cross-
field ventilation with the endotracheal intubation. They used intermittent venti-
lation during the implantation of the left main bronchus into the bronchus 
intermedius. They later recognized that the preceding development of one-lung 
anesthesia provided the groundwork for carinal anesthesia. Baumann and 
Forster are the first to describe systematic approaches to anesthesia for tracheal 
surgery. These included intubation through distal tracheostomy and operative 
field ventilation. Cross-table ventilation strategies were fully developed by 
Grillo [15]. The use of cardiopulmonary bypass for tracheal and especially cari-
nal resections has been performed in the earlier experiences. With the develop-
ments of the surgical techniques and extensive experience in the tracheal surgery, 
leaders in the field such as Eschapasse, Grillo, Pearson, and Perelman found 
bypass to be unnecessary.

R. Guijarro Jorge and A. Toker
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1.4	 �Lung Transplantation

Hardy was the first surgeon to dare lung transplantation in human in 1963. Fifty-
eight year old life sentence in prisoner who had lung cancer in the left main airway 
and obstructing distal airways. Operation was uncomplicated and the recipient 
began spontaneous ventilation. Chest X-rays and an angiogram confirmed that the 
transplanted lung was very well ventilated and perfused [16]. The surgery was dem-
onstrated to be doable however, immunosuppressive regimen was consisted of aza-
thioprine, prednisone, and cobalt radiation to the mediastinum and thymus. The first 
experience did not have a good outcome probably mostly due to inadequate infec-
tion control.

The patient developed kidney failure and died on postoperative day eighteen. An 
autopsy showed no evidence of rejection. Over the next ten years, 36 lung trans-
plants were performed worldwide and only two recipients survived more than a 
month. The major cause of death was problems at the healing of the bronchial anas-
tomosis, which sometimes caused bronchosvascular fistula by causing infection on 
the adjacent vessels anastomosis.

In 1981, Shumway and Reitz from Stanford University performed two successful 
heart-lung transplants and the recipients were still alive 1 year after operation [17]. 
Shumway claimed that the success was the result of refinement of surgical tech-
niques and the development of cyclosporine. Cyclosporine caused a reduction in the 
amount of necessary steroids and the negative impact of steroids on anastomotic 
healing disappeared.

In 1983, the Toronto Lung Transplant Group performed the first successful 
lung transplantation [18]. Cooper provided the standardization of lung transplan-
tation in the clinical practice. Candidates under age 50, with disabling disease of 
the lung, and have a life expectancy of less than 6 months were selected as first 
transplant patients. The first transplant patient survived for another 4 years. This 
success was remarkably encouraging but the early rejection noticed in that par-
ticular patient was the first sign of future obstacles and limitations. First bilateral 
lung transplantation was also performed at Toronto General Hospital in 1986. 
Later in 1988 cystic fibrosis patients were recruited and transplanted again at the 
same center. In the meantime, in Europe, active lung transplant programs were 
being developed.

By 1990, more than 400 lung transplants were performed around the world. 
Lung transplant operations increased in mid 1990s and the number of annual trans-
plants became around 1400 per year. In recent years, the number of transplants per 
year has increased to 2200. Outcomes also have improved due to refinement of 
surgical techniques, donor and recipient selection criteria, and medical therapies. 
The median survival of patients who had lung transplant between 2000 and 2006 
was 5.5 years compared to 4 years transplanted between 1988 and 1994. However, 
outcomes in the modern era remain far from ideal as chronic rejection has emerged 
as the leading obstacle to better long-term.

1  Pulmonary Resection: From Classical Approaches to Robotic Surgery
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1.5	 �The Video Assisted Thoracic Surgery (VATS)

The introduction of digital technology changed all this, since the instruments 
allowed to amplify the image, to show it on monitors, with which everyone present 
in the operating room participated, the lenses allowed different angulations and 
even interventions for teaching could be recorded. The optical industry allowed to 
reduce the diameter of the instruments and even make them flexible like the fiber-
optic bronchoscope. The modern camcorders are based on CCD technology 
(charged coupled device), which allows converting the analog signal into digital 
one, the use of three different chips achieves the chromatic agreement that is needed 
in these cases. There were also advances in lighting systems and thus could be 
obtained “cold light” at 300 W, which allowed to see even in very bloody fields, 
because when there is blood in the operating field, it absorbs 50% of the light.

Many authors point out laparoscopic cholecystectomy, carried out for the first 
time in 1985 by Muhe in West Germany, as the event that defines the growth of 
Minimally Invasive Surgery, it is from the 1980s when this type of surgery lives 
its true development and begins its expansion. In less than a decade, in 1993, In 
United States minimally invasive cholecystectomies reached a percentage of 
67% of all cholecystectomy procedures. Never before had there been such a rev-
olution in the field of surgery, nor had a new technique achieved such rapid uni-
versal acceptance.

The clear advantages of this surgery could be summarized as: reduction of the 
systemic inflammatory response, reduction of postoperative pain, minor complica-
tions of the surgical wound and shorter hospital stay have made it rapidly spread, 
because it reduces hospital costs, decreases nosocomial infections and also the wait-
ing lists.

It also has disadvantages such as: difficulty in spatial perception (interventions 
are controlled through monitors), loss of binocular vision, although with robotics 
three-dimensional perception is achieved, inability to palpate (it is necessary to 
learn to feel through the instruments), debatable oncological management and in 
case of major bleeding, its difficult control by these means.

Minimally Invasive Surgery is not of exclusive use in the digestive system, 
although it is where it has developed most, today it is used by all surgical specialties, 
including ours.

VATS (video assisted thoracic surgery), also called CVT (videothoracoscopic 
surgery), has been used widely in the diagnosis of pleural diseases, interstitial dis-
eases and in the evaluation of the solitary pulmonary nodule. That is, minor thoracic 
procedures. Its use in parenchymal diseases of the type of lung cancer, however, is 
much more controversial, from a philosophical and also technical point of view. 
Today its use is not widespread, 40% of surgeons use posterolateral thoracotomy in 
more than 50% of their cases and less than 30% of thoracic surgeons (mainly young) 
use VATS in less than 5% of their total of cases, therefore we are far from affirming 
that VATS becomes a standard procedure in thoracic surgery.

In classic thoracoscopy or diagnostic pleuroscopy, access is usually made by the 
sixth or seventh intercostal space, anterior axillary line, and can be modified 

R. Guijarro Jorge and A. Toker
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depending on the location of the pathology. It can be done with local anesthesia 
assisted by anesthesiologist.

VATS surgery involves the use of two or three ports and a minithoracotomy (also 
called utility thoracotomy) for the extraction of the piece, general anesthesia and 
selective intubation. No costal retractors are used, this is the main difference with 
classic thoracotomy approaches. All dissection is done by visualizing the monitor 
not under direct vision. In the classic three port video-assisted thoracoscopic 
approach, described by Landrenau, these are placed in the middle, anterior and pos-
terior axillary line. The orientation of the instruments and the thoracoscope is key to 
the success of the intervention. The trocars and the endoscope should be located 
away from the lesion to have a panoramic view and provide space to manipulate the 
tissue.

The definition of VATS lobectomy is ambiguous, even today. The technique var-
ies in terms of the number of incisions (from 1 to 5), length of the utility thoracot-
omy (the largest wound through which the resected piece is removed) of 4–10 cm 
and the degree of separation of the ribs and if even if separator is used (Finocchietto) 
or not. A technical advance of VATS is to use it through a single incision (VATS uni 
or monoportal) [19].

The first publications on lobectomies using VATS are from the 1990s, since then 
the technique of major resections by video-assisted thoracoscopy has found strong 
resistance to its implantation by most of the thoracic surgeons, all derived from two 
unknowns: the radicalism as regards to cancer surgery and patient safety. Few data 
have been published that directly compare VATS lobectomy with that performed by 
posterolateral thoracotomy and even less compared with those performed by robotic 
surgery [20].

In 2008, a meta-analysis was carried out by the Society of Minimally Invasive 
Cardiothoracic Surgery, collecting all randomized and non-randomized studies, 
comparing the results of VATS with conventional open surgery for lung resection 
surgery in lung cancer. These were the results presented as follows [21]:

	1.	 The prognosis was better when VATS was compared to conventional open sur-
gery if these series were compared in non-randomized studies, but not in ran-
domized studies.

	2.	 Postoperative complications were significantly lower in the VATS group, when 
compared with conventional surgery in randomized and non-randomized 
studies.

	3.	 Blood loss was lower with VATS, but there was no difference in the incidence of 
cases of excessive blood loss or in the number of redo interventions due to 
bleeding.

	4.	 The postoperative pain was much lower in the group operated by VATS and as a 
consequence a significant decrease in the use of analgesics.

	5.	 The postoperative vital capacity improved dramatically in the VATS group, this 
beneficial effect was maintained until after the first year after surgery. However, 
comparing vital capacity after 3 years with classic approaches, there were no 
significant differences.

1  Pulmonary Resection: From Classical Approaches to Robotic Surgery
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	6.	 The hospital stay was shorter in the VATS group (although the operating time 
was longer than conventional classic approaches).

	7.	 The duration of postoperative stay in hospital after surgery was significantly 
lower in the VATS group.

	8.	 Adjuvant chemotherapy could be administered in the VATS group safely and 
earlier, although there were no differences in recurrence rates compared to clas-
sical approaches.

	9.	 There were also no differences in mortality rates if both approaches were 
compared.

It is clear after reading these conclusions that there is an evident benefit for minimally 
invasive approaches in lung cancer and that this needs adequate technological support.

There is a great variability in the use of VATS in lung resection. According to the 
aforementioned meta-analysis, less than 5% of all lung resections are performed 
with this technique, mainly by novice surgeons. Senior surgeons widely prefer clas-
sic approaches for safety reasons and also oncological resectability. However, it is 
fair to recognize that technological advances are increasingly driving the extension 
of VATS surgery in lung resection.

Perhaps one point to develop more and better in the future is studies that show 
the advantages of VATS in high-risk patients demonstrating that they better tolerate 
pulmonary resection. At a time when chemo-radiotherapy is getting more and more 
progress with tumor reductions that allow for rescue surgeries, showing that in these 
patients resection is feasible with fewer complications would be a breakthrough.

1.6	 �Robotic Surgery

Video-assisted thoracoscopic (VATS) lobectomy has proved itself, even through 
single port approach and became the shining star surgical technique during the last 
decade. VATS is a videoscopic surgery directed by the surgeon on the table who is 
controlling and manipulating the tissue. As opposed to open surgery, surgeon per-
forms the operation by looking at a monitor, without placing a rib spreader, via one 
to three ports in the chest wall. Robotic surgery is a different type of minimally 
invasive surgery. In robotic surgery, the surgeon is at the console outside the sterile 
operating area. Surgeon at the console is still the director of the team and he/she is 
performing the operation by controlling two or more robotic arms and a camera. 
However, this is an indirect control of the operation. “Robot assisted thoracoscopic 
surgery” (RATS) has become an accepted term. The term RATS basically means the 
transportation of the surgeon’s ability inside a patient through “remote tele-
manipulators.” A sterile surgeon or physician assistant helps at the table. He/she 
fires the staplers, remove lymph nodes or other tissues for pathologic examinations, 
and help to carry out the manipulations performed by the console surgeon. Robotic 
surgery could be defined as a surgical procedure that a computer technology is 
involved in the transportation of tasks between a surgeon and a patient. In this part 
of the chapter, robotic surgery use in lung cancer patients, mediastinal pathologies, 
and for other conditions will be discussed (Table 1.1).
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1.6.1	 �Concerns and Disadvantages of VATS and Why There Is 
a Potential to be Replaced by RATS

Lymph node dissection should be a standard technique in surgery for lung cancer 
however, concerns remain about the systematic approach to nodal dissection with 
VATS. Some studies showed that there exists no difference in the number of dis-
sected lymph nodes and lymph node stations, when VATS is compared to thoracot-
omy [22, 23]. Other surgeons claimed that the dissection of the lymph nodes with 
VATS might be unsatisfactory [24]. Although It has been established knowledge 
that the extent of the dissection was not related to the oncologic outcomes; surgeons 
still believe that lymph node dissection is important for the proper staging and plan-
ning of the adjuvant treatment. Less experienced VATS surgeons may not demon-
strate similar capabilities in lymph node dissection as thoracotomy [25].

The Cancer and Leukemia Group B study clearly demonstrated that in 15% of 
the patients no lymph node removed, and in more than 50% of the patients only two 
stations were evaluated during VATS lobectomies [26]. For a complete lung cancer 
surgery the number of removed or sampled lymph nodes is an important quality 
measure. VATS technique still needs standardization in lymph node dissection, 
although the instrumentation, optical systems, and teaching platforms developed 
efficiently. Adoption of VATS is still limited and unequivocal. The perioperative 
mortality, duration of hospital stay, and costs were similar between VATS and open 
surgeries [27]. Experienced centers and surgeons may exhibit different results for 
the benefit of VATS. Currently, VATS has been presented as the “standard-of-care” 
for the stage 1 and 2 lung cancer, but the findings do not show so. In developing 
countries, the most of the lung cancer operations are performed via thoracotomy. 
Experienced thoracic surgeons may feel difficulty in adoption of the VATS plat-
form. Surgeons with oncological surgical expertise, knowledge, analytic minds, and 
capabilities to solve catastrophic and very important prognostic intraoperative 
events may have difficulty in adopting VATS techniques. Also, the catastrophic 
intraoperative complications may pose important medicolegal problem if they occur 
during education period of a surgeon. These complications occur frequently but 
they are rarely reported. Flores [28] published these rare catastrophes (13 major 
intraoperative complications in 633 VATS lobectomies). A catastrophic complica-
tion could be defined as causing an unplanned major surgical procedural change. 
These catastrophic complications included vascular injury or stapling of main pul-
monary artery or bronchus instead of a lobar one. Learning curve for VATS has been 
studied extensively and 100–200 operations are reported to be required to achieve a 
level of efficiency, and for consistency more experience may be needed [29].

Duration of the postoperative stay, and morbidity may be related to surgeon’s 
volume. That is why better outcomes are generally provided by high-volume sur-
geons and centers, but this could not be generalized. In general (1) difficulties in 
adoption, and becoming efficient, and consistent; (2) Open surgeons have no advan-
tage in learning VATS but, their experience is highly valuable for the treatment of 
catastrophic intraoperative problems; and (3) the unequivocal nodal dissections. 
Because of above mentioned characteristics, another platform is required for mini-
mally invasive surgery (Table 1.2).

R. Guijarro Jorge and A. Toker
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1.6.2	 �Robotic Lobectomy

Robotic surgeons theorized that the three-dimensional optics and the high capabili-
ties of the robotic instrumentations could increase the capabilities of the minimally 
invasive surgery. They claimed that the less blood loss, less conversions to open, 
less catastrophes, and more radical oncological resections could be performed. At 
the beginning, RATS studies compared robotic lobectomies with open or muscle-
sparing lobectomies [30]. Superior early outcomes with prolonged duration of oper-
ations are demonstrated. The adoption of RATS occurred unequivocally and only 
case series were presented to prove feasibility. The presented data suggest that 
robotic lobectomy may offers similar advantages as with VATS. A study comparing 
106 RATS patients to 318 muscle-sparing lobectomy patients [30]. Robotic surgery 
patients exhibited better results in terms of postoperative morbidity (27% vs. 38%), 
mental quality of life, chest tube duration (1.5 vs. 3 days), and hospital stay [30]. 
Three different eminent RATS centers presented their experience on 325 patients 
with a median length of stay of 5 days, with a perioperative morbidity rate of 25%, 
a mortality rate of 0.3%, and a conversion rate of 8% [31]. The long-term outcomes 
and survival were similar at similar stages. Open surgeons welcome robotic surgery 
and believed that in their hands, reproducible results and similar outcomes could be 
produced. Yet, all the published documents demonstrate that, anatomic lung resec-
tions, including segmentectomy operations via the robotic platform are feasible and 
safe [32, 33]. Some studies reported superiority in the number of the mediastinal 
lymph nodes dissected [34–40]. Robotic surgery has been demonstrated to be fea-
sible and safe, and morbidity and mortality to that of open surgery and VATS are 
comparable [41]. The miniaturized instruments with the capabilities of a surgeon 
wrist and help of the high-definition, three-dimensional camera, certainly increase 
the transportation of the surgeon’s fundamental surgical abilities into the thoracic 
cavity. The robotic platform’s exposure in a narrow operative space, with abilities to 
act precisely around vital organs and vessels create the difference. One of the most 
important series without any mortality was presented by Dylewsky. It is the earliest 
experience demonstrating that locally advanced disease, and complex cases, requir-
ing pneumonectomy, chest wall resection, and sleeve resection, can be managed 
using RATS [42]. One important advantage of the robotic platform is the alternative 

Table 1.2  Number of operations considered necessary to acquire the skills with VATS or robotic 
surgery

Study, year Lung operation No. of operations required
Melfi and Mussi 2008 Robotic lobectomy 20
Gharagozloo et al.2009 Robotic lobectomy 20
Veronesi et al.2010 Robotic lobectomy 20
Jang et al.2011 Robotic lobectomy 6
Lee et al.2009 VATS lobectomy 30–50
Belgers et al.2010 VATS lobectomy 25–30
Petersen and Hansen 2010 VATS lobectomy 50

From: Veronesi G. Robotic lobectomy and segmentectomy for lung cancer: results and operating 
technique. J Thor Dis 2015; 7: 122–130

1  Pulmonary Resection: From Classical Approaches to Robotic Surgery
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options when dissection is difficult or dangerous through an anterior approach. The 
surgeon has alternative options as in open lobectomy. For example in a right open 
lobectomy case, surgeon can perform the surgery through anterior approach, fissure 
approach, posterior approach, or superior approach. During a robotic surgery, the 
surgeon can shift from one approach to another during the dissection if a difficulty 
persists. However, only the anterior approach is possible with current VATS tech-
niques (Fig. 1.1).

Nodal upstaging is one of the quality markers in the thoracic surgery. Most of the 
time, during a robotic surgery, lymph nodes are completely removed without ruptur-
ing their capsule, unlike VATS. In our study, we compared open, video-assisted and 
robotic-assisted thoracoscopic surgical techniques in the dissection of N1- and 
N2-level lymph nodes during surgery for lung cancer [43]. In this study three tech-
niques exhibited similar results. RATS provided more lymph nodes in total and in 
the N1-level nodes. With all techniques similar number of mediastinal lymph nodes 
were removed, but only robotic-assisted thoracic surgery (RATS) provided the dis-
section of more station #11 and #12 lymph nodes.

The evidence suggesting better perioperative outcomes with minimally invasive 
thoracic surgery is becoming concrete when compared to the outcomes provided by 
open thoracotomy. Complications like pneumonia, pain, arrhythmia, and inflamma-
tory markers has been shown to be reduced [15–18]. Adverse events, hospital costs, 

Fig. 1.1  Robotic position in right lobectomies. (From: Veronesi G. Robotic lobectomy and seg-
mentectomy for lung cancer: results and operating technique. J Thor Dis 2015; 7: 122–130)

R. Guijarro Jorge and A. Toker
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surgery time, and length of stay were studied in the United States to compare the 
VATS ad RATS [44].

RATS was calculated to have higher average hospital costs per patient when com-
pared to open and VATS. RATS took longer operative times when compared to VATS 
lobectomy (4.49 vs. 4.23  h). The duration of postoperative stay was similar, Cost 
analyses may be different in different countries mainly due to the cost of hospital stay.

1.7	 �Conclusions

In summary, we will expose the positive factors that help the growth of these modal-
ities of Minimally Invasive Surgery:

•	 The choice of surgical method must be tailored to the patient and the surgeon, 
prioritizing the resolution of the problem and the patient’s safety above all.

•	 The modern surgeon must have knowledge of all the possible procedures to be 
used in each situation, since his decision on the surgical technique or method is 
fundamental for the optimal result of the intervention.

•	 Virtual surgical simulators will allow surgeon training in minimally invasive sur-
gical techniques, helping to complete and reduce the period of experimental and 
clinical learning.

•	 Digital visualization in three dimensions of the area to be intervened will be 
generalized, obtained by computerized axial tomography, ultrasound, magnetic 
resonance, etc. And it will be useful for the personalized surgical planning of 
each patient before his intervention.

•	 A greater investment of companies and hospitals in education, awareness of the 
group of surgeons and patient awareness, will revert in an increase in the use of 
all modalities of Minimally Invasive Thoracic Surgery.

•	 Immersive virtual surgery systems will allow obtaining a real model of the 
patient’s pathology, taking into account the functional nature of the organs. 
These systems will be used as a training tool for the intervention before the 
operation, implying a reduction in the associated risk for them.

•	 It will change the current design of the implants (which will be customized and 
many manufactured in 3D printers) and the instruments to adapt them to 
Minimally Invasive Surgery techniques.

•	 Improve all the ergonomic aspects that surround Minimally Invasive Surgery 
(instruments, equipment, postural conditions, etc.).

Not all factors are positive, in terms of negative factors that are slowing down the 
rapid implementation of these procedures are:

•	 Budgetary pressures of hospitals, reluctant to implement new procedures that 
require heavy investments in properly trained time and personnel.

•	 The learning curve of these techniques is very slow and therefore the surgeon 
requires a great investment in time and effort in learning them.

1  Pulmonary Resection: From Classical Approaches to Robotic Surgery
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•	 Lack of documented and documented evidence on cost-benefit studies that dem-
onstrate the effectiveness of these procedures.

•	 Lack of training in Minimally Invasive Surgery procedures in the current educa-
tional system and lack of training courses to acquire an adequate level of 
experience.

•	 Conservationism of the surgeons, which feels comfortable with traditional 
techniques.

•	 Immature technologies that are still undergoing rapid evolution.
•	 Political measures that restrict the number of new procedures adopted.
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Parameters, Preoperative Neoadjuvant 
Therapy—Indications for Postoperative 
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2.1	 �Introduction

Due to the world-wide evidence of a raise of life expectancy, patients of advanced 
age are increasingly considered as candidates for thoracic surgery. Consistent with 
this demographic shift, more than 50% of patients with lung cancer are over 70. 
Additionally, in the elderly, less aggressive squamous cell cancer, presenting as a 
local disease is more frequent than in younger patients, making elderly patients 
candidates for curative resection. In spite of that, these patients are less likely to be 
proposed for surgical treatment. Assessment for thoracic surgery in frail elderly 
patients requires careful evaluation to individualize the morbidity and mortality risk 
for each patient. Surgery implies an inflammatory response and stress, which may 
trigger different fluctuations of homeostasis in elderly patients. In this context, it is 
essential a meticulous approach that identifies modifiable conditions that can be 
optimized to improve the outcomes of high-risk patients.

2.2	 �Concept of Frailty

There is a growing demand to determine frailty in surgical patients, as it can be an 
under-recognized key factor far beyond single comorbidities and able to predict 
postoperative complications and mortality. Additionally, frailty patients are at 
greater risk of readmission to hospital, lower quality of life after surgery and gener-
ate higher overall costs in relation to health care.

Frailty is defined as a multidimensional syndrome of physiological decline char-
acterized by a state of increased vulnerability to physiologic stressors. Frailty 
patients are less able to adapt to stressors such as acute illness or trauma than 
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younger patients and other older adults in non-frail condition. Importantly, advanced 
age by itself does not define frailty. Frailty patients often have a higher burden of 
disease, medical complexity and reduced tolerance for medical interventions. 
However, frailty patients may present with lung function and cardiac risk factors 
within normal range.

Frailty is even more common in surgical patients and correlates with postopera-
tive complications and mortality. Identifying frailty in elderly patients could change 
the surgical treatment choice, give rise to preoperative interventions for presurgical 
optimization, modify their chances of surviving to surgery and improve the global 
outcomes. Increasing frailty in older surgical patients can predict postoperative 
complications (Clavien-Dindo grade  >  3), reintubation, ventilator dependence, 
return to the operating room and 30-day mortality, and is among the most robust 
predictors of outcomes [1].

2.3	 �How Do We Assess Frailty?

Although there is no gold standard to detect frailty in elderly adults, multiple tools 
for frailty screening have been developed for risk assessment and epidemiological 
studies. Several frailty scales have proven useful predicting surgical and chemo-
therapy outcomes. The Comprehensive Geriatric Assessment (CGA), Fatigue 
Inventory, Geriatric Depression Screen, Eastern Co-Operative Oncology Group 
(ECOG) Performance scale, Mini Mental State Examination and Instrumental 
Activities of Daily Living have been used as methods of determining preoperative 
frailty. These tools have been used mainly to identify patients at high risk of suffer-
ing adverse results in different clinical contexts.

The Modified Frailty Index (mFI), which includes variables regarding cardiac, 
respiratory, metabolic and neurologic state, has been identified retrospectively as an 
independent risk factor of morbidity and mortality in a cohort of patients submitted 
to thoracic surgery [2]. It has been established as a consistent predictor of postop-
erative outcomes in the elderly surgical patients.

In the surgical context, the Fried Phenotypic Frailty Criteria (Table  2.1) and 
Frailty Index (FI) have been widely used. The first one (Frailty Phenotype), has 

Table 2.1  Frailty phenotype

Frailty phenotype

•  Exhaustion
•  Unintentional weight loss
•  Low activity (kcal)
•  Slow walk (s)
•  Weakness—grip strength (kg)
 �   0 points: not frail
 �   1–2 points: pre-frail
 �   3–5 points: frail
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been shown to anticipate increased surgical complications, length of hospital stay, 
and institutionalization after discharge. It is based on five predefined criteria of the 
presence of some signs or symptoms, it can be applied easily en the preoperative 
consultation without a clinical assessment. Oppositely, FI consists of a long check-
list of diseases and clinical conditions (70 items) that requires a complete clinical 
evaluation, but consequently makes it more sensitive to changes, and has demon-
strated to be more accurate to predict death or poor recovery than Frailty Phenotype 
after surgery in older patients. The ease of use of the Frailty Phenotype makes it a 
good option to start the implementation of frailty assessment in clinical practice, it 
offers a friendly tool to detect the frail patient who need different care or interven-
tions. The selection of the frailty tool may depend on the feasibility and intended 
use in each case.

2.4	 �Frailty and Thoracic Surgery

Nowadays, there is limited evidence about the exact usefulness and signification of 
a specific frailty score for risk stratification previous to thoracic surgery. A retro-
spective review including more than 4000 thoracic surgeries established a signifi-
cant relationship between frailty, according to mFI, and postoperative complications 
and death [3]. Beckert et al. performed an investigation on frailty screening in tho-
racic surgical patients, almost 70% were categorized as Frail or Pre-Frail according 
to Frailty Phenotype. Exhaustion was the most common frailty criterion, it may be 
related to cancer due to hypermetabolic state or depression [4]. This proportion of 
high-risk patients reflects a potential capacity for nutritional or exercise interven-
tions to modify their frailty status in order to improve the outcomes. This approach 
should be parallel to any other preoperative optimization of concomitant clinical 
conditions (ischemic heart disease, congestive heart failure, renal function…). 
These susceptible patients may also benefit of intensive monitoring and integrated 
supervised care after surgery (early mobilization, optimized pain control, opioid-
free analgesia or respiratory physiotherapy).

The intervention prior to an operation to optimize patient’s frailty status and 
physiologic reserve is feasible. The ability to improve physical performance in a 
short-time period is especially crucial in the design of preoperative therapies. The 
concept of Prehabilitation has gained popularity in many surgical procedures as a 
part of Enhanced Recovery After Surgery (ERAS) programs, it implies preoperative 
exercise to reduce morbidity and mortality. In thoracic surgery this exercise pro-
grammes significantly enhances pulmonary function, and with nutritional interven-
tions that target protein deficiency and sarcopenia have proven useful. Pulmonary 
rehabilitation programs of 3 weeks can improve maximum oxygen uptake and pul-
monary function prior to surgery, that are the best independent factors to predict 
complications after thoracic surgery. However, despite the high feasibility and 
acceptability, the body of evidence is still poor to conclude that preoperative inter-
ventions on frailty patients submitted to thoracic surgery reduce the poor postopera-
tive outcomes associated with frailty condition [5].
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Probably, screening of frailty in thoracic surgery will become a standard of care 
in the short-term future. A large proportion of elderly patients submitted to thoracic 
surgery have risk factors related to frailty. Identifying these patients can be useful to 
modify the postoperative course, broaden treatment alternatives, give patients more 
accurate information about potential personal risks for shared decision making and 
to concern them to participate in prehabilitation activities, setting goals to achieve 
in order to improve their frailty status.

2.4.1	 �Implications of Neoadjuvant Therapy in Preoperative 
Evaluation

The treatment of patients with non-small cell lung cancer (stage IIIA [N2]) is one of 
the most controversial issues in thoracic oncology [6].

Surgery may be indicated as a component of treatment in some patients with 
locally advanced lung cancer. It usually involves extensive pulmonary resection 
(frequently pneumonectomy), which may include adjacent tissues or structures 
(e.g., chest wall, and blood vessels), and extensive lymphadenectomies or complex 
reconstructions of the airway, thus increasingly complexity and the risk of postop-
erative complications. Consequently, functional evaluation of patients before sur-
gery is of fundamental importance in order to determine the risk of surgery and to 
decide whether or not surgery is a viable option. In summary, we must find a bal-
ance between the postoperative risks and benefits of surgery [7].

The preoperative algorithm proposed by the American Collage of Chest 
Physicians in the assessment of patients with locally advanced lung cancer who may 
be candidates for lung resection surgery does not differ from that used for patients 
with earlier stage disease [8].

An important issue to be taken into account in patients with locally advanced 
lung cancer is that many of them have received chemotherapy and/or radiotherapy 
prior to surgery as part of their multimodal treatment. Such treatment is called neo-
adjuvant therapy or induced therapy [9].

Neoadjuvant therapy with chemotherapy or the combination of chemotherapy 
and radiotherapy is used to downstage locally advanced lung cancer in order to 
enable as complete a tumor resection as possible [10].

The benefit of multimodal treatment regimens in terms of survival is clear [11, 
12]. A meta-analysis of 12 randomized studies demonstrated that neoadjuvant che-
motherapy before surgery improves survival in these patients [13]. Of all the che-
motherapy regimens that can be used, platinum-based neoadjuvant options have the 
best rate of response. However, the question of whether preoperative use of neoad-
juvant chemotherapy increases postoperative surgical risk remains controversial. 
While some studies conclude that this therapy is not associated with an increase in 
postoperative complications or death [14], other studies report that neoadjuvant 
therapy is associated with an increase of up to 30% in surgery-related complications 
and mortality, specifically when this treatment is followed by pneumonectomy, 
mainly right pneumonectomy [15, 16]. However, this increase in respiratory 
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complications and mortality is not found in more limited lung resections, such as 
lobectomy [17].

The increase in postoperative risk has been related not only to the type of sur-
gery, but also to the use of neoadjuvant therapy.

Lung impairment due to chemotherapy can range from acute toxicity to subclini-
cal modifications. Acute toxicity is a rare event (<1%) after chemotherapy and is 
more frequent in older patients with previous lung disease or smokers. Functional 
impairment is more frequently an asymptomatic event (80%) that is only detected 
based on a decrease in the diffusing capacity of the lung for carbon monoxide 
(DLCO) [18].

The chemotherapy drugs usually administered in neoadjuvant therapy have been 
associated with a decrease of 10–20% in DLCO values, although the spirometric 
values improve or remain unchanged [19].

The decrease in DLCO values after neoadjuvant chemotherapy has been associ-
ated with the potential damage to lung tissue produced by chemotherapy [20, 21]. 
Decreased DLCO values have been associated with an increase in postoperative 
respiratory complications [22, 23].

Although the mechanism of action underlying this decrease is unclear, it is 
believed that an inflammatory response in the lung leads to a pulmonary infiltrate 
that often develops within days of administration of chemotherapy. This pulmonary 
infiltrate is caused by a delayed-type hypersensitivity reaction that is thought to 
involve T lymphocytes. Furthermore, combination of these agents with radiation 
causes lymphocytopenia, which may in turn lead to interstitial infiltrates from 
opportunistic pulmonary infections, and, while the forced expiratory volume in 1 s 
(FEV1) may increase, the DLCO is often reduced.

The decrease in DLCO and increase in FEV1 after neoadjuvant therapy are due 
to impaired gaseous exchange in the alveoli that is not accompanied by acute 
changes in lung volume [24].

Radiotherapy without chemotherapy prior to surgery can also induce lung dam-
age in patients with locally advanced lung cancer. Pneumonitis and pulmonary 
fibrosis caused by radiotherapy administered to the lungs in the months after this 
treatment are common.

Predictors of increased risk after neoadjuvant therapy include performance sta-
tus, pulmonary function test results, age, underlying comorbidities, desire and 
determination to undergo surgery, and cardiac function. However, other than the few 
studies reported above, few authors have examined specific changes to pulmonary 
function that may predict a greater risk of pulmonary resection after neoadjuvant 
therapy [21].

Patients with locally advanced lung cancer whose treatment includes induced 
therapy (chemotherapy and/or radiotherapy) and subsequent lung resection surgery 
(most frequently pneumonectomy) should undergo a cardiopulmonary exercise test 
in addition to determination of DLCO and FEV1 during the first step of the preop-
erative lung resection algorithm. Cardiopulmonary exercise testing makes it possi-
ble to detect underlying coronary artery disease, pulmonary hypertension, and 
ventilatory inefficiency [19].
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Surgery should be delayed by 3–4 weeks in patients with decreased DLCO val-
ues after neoadjuvant therapy. This time is necessary for the pneumonitis caused by 
the neoadjuvant therapy to resolve and, therefore, for DLCO values to improve. The 
interval should not exceed 3 months, which is sufficient time for the harmful effects 
of fibrosis induced by radiotherapy to begin to manifest [6, 21].

2.5	 �Indications for Postoperative Care Unit

Lung resection surgery is increasing in recent years due to the increase of the num-
ber of patients presenting for such surgery; probably because of identify early stage 
lesions with potential resection rates in the order of 95%. However; populations age 
and comorbidities in those presenting for surgery increase in number and complex-
ity of this surgery.

Postoperative management of thoracic surgical patients has been the subject of 
many debates. Thoracic surgery is one of the specialties that use Intensive Care 
Units (ICUs) resources more often, electively, for routine recovery and monitor-
ing patients in the postoperative period for surveillance purposes; or emergently 
for postoperative major cardiorespiratory complications. In the past, postopera-
tive care was often accomplished only in the ICU, largely due to the relatively 
high incidence of complications; however, a significant increase in the number of 
patients presenting for surgical resection of their lesions and the tendency to 
“over-admit” patients to the ICU may result in important implications for ICU 
resource utilization (inappropriate bed occupation), raising hospital costs, work-
load, delay in surgery if UCI beds are unavailable, delaying patient’s mobilization 
and increasing risk of nosocomial infections. Today postoperative care may now 
be possible for many cases without ICU admission. In addition, there is no agree-
ment on the need for postoperative admission to an ICU after major lung resection 
and there are considerable differences among institutions in this respect. These 
decisions are probably based on current routine, availability of ICU beds, avail-
ability of trained personnel and on-call specialized physicians. Financial consid-
erations may also play an important role because of the increased costs of intensive 
care.

This test is focused on two points: determine the risk factors to select the patients 
who should be admitted to ICU and to explain the different types of postoperative 
care units.

2.5.1	 �Postoperative Care Units: Intermediate Care vs. Intensive 
Care

Due to restricted availability and high cost of ICU beds, Intermediate-Level 
Care Units (IMCU) has become an attractive alternative for patients who do not 
need full ICU support. So, depending upon patients’ comorbidities and the 
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complexity of surgery, decisions regarding postoperative care should be made 
well in advance. The characteristics, type, and amount of services provided 
depend on factors such as resource availability, institutional infrastructure, and 
the overall health care system. These IMCU are logistically situated between the 
Intensive Care Unit (ICU) and the General Ward and are named: Progressive 
Care Unit (PCU), High Dependency Unit (HDU), Postanesthesia Care Unit 
(PACU) or Dedicated-Intermediate/step down unit (SDU). The American 
College of Critical Care Medicine issued guidelines regarding selection criteria 
of patients admitted to HDUs and ICUs. Admission to the HDU should be con-
sidered for patients who, after major surgery, are hemodynamically stable, but 
may require fluid resuscitation and transfusion due to major fluid shifts and who 
require close nurse monitoring during the first 24 h. Admission to the ICU is 
restricted for a minority of patients requiring hemodynamic monitoring/ventila-
tory support or extensive nursing care; so these concepts could be applied in 
thoracic surgery.

Two distinct patterns of clinical pathways have been reported in thoracic 
surgery:

	1.	 Routine ICU admission of operated patients providing precautionary cardiopul-
monary monitoring and assistance by highly qualified healthcare personnel

	2.	 Selective ICU admission only for ventilatory support and/or on an emergency 
basis, due to major peri-operative complications, while the majority of patients 
are transferred to the surgical ward either after a short 2–4 h stay in the PACU 
(for uncomplicated cases and low-risk patients) or after a 12–36 h stay in a HDU; 
for higher risk cases.

So, during first 24 postoperative hours after thoracic surgery patients could be 
managed in three different kinds of postoperative care units, depending risk factor 
and kind of surgery (Table 2.2):

2.5.1.1	 �Postanesthesia Care Unit (PACU)
Diagnostic and staging procedures such as bronchoscopy, pleurodesis, pleural or 
lung biopsies, cervical mediastinoscopy, pneumothorax surgery just need to be a 
few hours in these units. Some patients after lobectomy or wedge resection by 
VATS, in absence of other major risk factors for postoperative complications can be 
admitted to the PACU for a limited time (less than 24 h) for monitoring and recov-
ery from anesthesia and then be discharged to unmonitored beds afterwards without 
any increase in morbidity and mortality.

2.5.1.2	 �Dedicated Intermediate Care/Step Down Unit (SDU) or High 
Dependency Unit (HDU)

They are more specialized areas, offers a higher level of care than in the ward and 
they can provide longer care with a better balance between patient needs, staffing 
and monitoring (i.e. physical therapy, early ambulation, nutrition consults). The 
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association of Anesthetists of Great Britain and Ireland define HDU as an area for 
patients who require more intensive observation, treatment and nursing care than 
can be provided on a general Ward. Their general characteristics are [25]:

•	 These beds may be collocated within ICUs, in a stand-alone unit, or in an 
enhanced care area on a specialist ward. In general, it is recommended to be 
adjacent to the ICU.

•	 Monitored beds: ECG pulse-oxymeter, temperature, systemic blood pressure, 
oxygen and aspiration points, pumps or syringes for infusion administration of 
medication.

•	 Drug hemodynamic support.
•	 Non invasive ventilation modalities (CPAP, VMNI, high flow oxygen therapy).
•	 Trained nurses during 24 h a day, 365 days a year. It is recommended a ratio 

nurse/patient of 1:2–1:4.

The provision of dedicated thoracic HDUs would probably optimize the out-
come and the resource utilization.

Table 2.2  Characteristics of postoperative care units

PACU HDU/SDU ICU
Type of 
patients

Short-term critical care Critically ill patients who 
do not need full ICU 
resources or active ICU 
treatment
Patients with moderate to 
high risk of complications

Patients who need 
specialized organ 
support, or prolonged 
care; or for unstable 
patients

Location Adjacent to the OR Adjacent to the ICU or as 
part of the ICU

Independent Area

Equipment Ventilators, CPAP, 
continuous monitoring 
(ECG, pulse-oxymeter, 
systemic blood 
pressure…). Every bed 
has oxygen and 
aspiration points

Ventilators, CPAP, invasive 
ventilation, continuous 
monitoring haemodynamic 
(ECG, pulse-oxymeter, 
systemic blood pressure…) 
haemodynamic support 
Every bed has oxygen and 
aspiration points

Ventilators, CPAP, 
invasive ventilation, 
continuous monitoring, 
specialized organ 
support: renal 
replacement, vasoactive 
medication use

Nurse/
patient 
ratio

1:3 1:2 1:1

Time spent 
in the unit

Generally <24 h >24 h >24 h

Cost Moderate Moderate Expensive
Staff Critical care-trained 

nurses, anesthesiologist 
or surgeon (one resident 
with or without a staff)

Specially trained nurses, 
one resident (for eight 
patients) with at least one 
staff always present

Critical care nurses, 
intensivist or 
anesthesiologist (ratio 
1:5 during the day, ratio 
1:10 during de night)

ICU intensive care unit, HDU high dependency unit, SDU step/down unit, PACU postanesthesia 
care unit
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2.5.1.3	 �ICU
Mandatory admission to ICU is based on presence of patients who require prolonged 
mechanical ventilation after the first 24  h or reintubation, unstable respiratory or 
hemodynamic patients, requiring hemodynamic and/or respiratory support. Patients 
with unstable condition (severe or very severe COPD or restrictive lung disease) or 
multiple organ dysfunction still will require management in the ICU environment. 
Patients undergoing high-risk thoracic surgical procedure like pneumonectomy, 
extended lung resection or tracheal-bronchial resection must be admitted to ICU.

It has been documented that 6–18% of patients undergoing lung resection require 
unplanned admission to ICUs because of a postoperative complication. Within the 
first 5 postoperative days, cardiopulmonary complications occur in as many as 
15–40% of patients and markedly prolong the hospital stay. The most common rea-
son for ICU readmission was pulmonary complication, which affected 70% patients, 
and the most common pulmonary complication was acute respiratory distress syn-
drome. The second-most common cause for ICU readmission was cardiovascular 
complication, which affected (12.7%). The most common cardiovascular complica-
tion was atrial fibrillation. The ICU readmission is believed to be associated with 
increase in hospital mortality and may predict poor outcomes.

These IMCU well equipped have proven their effectiveness in the management of 
high-risk thoracic surgical [25]. It provides excellent pain control facilities, detects 
complications early and avoids unnecessary ICU admissions. Brunelli et al. in 2005, 
in a single study compared outcome in a center where patients were transferred to a 
dedicated general thoracic surgery ward, resorting to ICU only for the management of 
complications requiring invasive mechanical ventilation; with other center who trans-
ferred patients to the UCI immediately after the surgery. Although, there is a reduction 
in total morbidity (23% vs. 35%) they observed longer postoperative hospital stay 
(11.5 vs. 9.7 days) and higher costs in patients admitted electively to the ICU; and the 
mortality did not differ. Another studies that compare elective care in the ICU, PACU, 
or SDU showed a decreasing trend in total morbidity (mainly cardiac and pulmonary) 
with ICU admission, but no change in mortality rate; however, the overall hospital 
costs were markedly increased [26], with the daily cost being the highest during the 
first 3 days in the ICU. Also, Schweizer et al. reported that effective PACU care fol-
lowed by general thoracic surgery unit care could reduce the utilization of ICU from 
57% to 4%; and they are not an option that compromises the health of the patient.

So, the European Respiratory Society (ERS) and the European Society of 
Thoracic Surgeons (ESTS) in 2009 recommended:

•	 Do not recommend systematic ICU admission after thoracotomy.
•	 Very high risk patients, patients with complications or those patients requiring 

support for organ failure (i.e. ventilatory mechanical assistance) should be admit-
ted to ICU.

•	 Moderate to high-risk patients or patients with reduced cardiopulmonary reserve 
undergoing complex resection should be admitted to HDU.

•	 Patients who are estimated to be at low risk for complications should be referred 
to a PACU.
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•	 Then, all patients have to be sent to a dedicated thoracic unit surgery and not to 
general surgery ward.

A model of postoperative care are presented in Fig. 2.1.

2.5.2	 �Routine Admission to Intensive Care After Lung 
Resection? Risk Factors ICU Admission

ICU resources are limited and expensive, thus identification of which patients are 
most likely to benefit from ICU admission is a major issue for those involved in deliv-
ering perioperative care. The need to identify high-risk patients, develop strategies for 
appropriate post- operative placement, either in an ICU or suitable alternative is vital.

There are centers that all their patients are attended to an IMCU or HDU for a 24 
to 48-h period with well trained personnel and the availability of noninvasive con-
tinuous monitoring, reserving ICU mainly for patients likely to develop complica-
tions needing invasive assisted ventilation or invasive monitoring; whereas in other 
centers, in the absence of a dedicated ward or an HDU, ‘over-admit’ patients to 
ICUs because all their patients spent the first postoperative night in the ICU and 
were then transferred to the thoracic surgery ward if no complication occurred.

This policy not only causes inappropriate ICU bed occupation, increasing the 
hospital costs. Therefore, it appears logical to try and identify the predictors of an 
appropriate admission to an ICU in order to rationalize intensive care management. 
Anticipating, and preferably predicting, which patients undergoing thoracic surgery 
will require intensive care postoperatively assumes considerable clinical signifi-
cance and has implications for resource provision and utilization and for costs.

Risk of patient

Low

Thoracic surgical ward

Moderate
to high

HDU

Very high or
inestability *

ICU

High risk surgery
or major complication

ICU
PACU

Fig. 2.1  A model of postoperative care. PACU postanesthesia care unit, ICU intensive care unit, 
HDU high dependency unit
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Few studies have bothered to determine prognostic factors associated with the 
need for ICU admission, and in the literature there is no consensus regarding indica-
tions for ICU. Two larges studies [27, 28] have attempted to model predictive fac-
tors for poor outcome and in-hospital death. Factors significantly associated with 
the occurrence of in hospital death were: age (older than 70 years old), ASA score 
(≥3), dyspnea score, sex (male), performance status classification, priority of sur-
gery, extent of procedure (pneumonectomy versus lobectomy), comorbid disease 
(scores and cardiovascular risk assessment, mainly), diagnostic group (malignant). 
Some of these factors have been associated with need for admission to ICU in dif-
ferent studies.

•	 Pieretti et al. 2006 used a set of pre-established criteria for predicting the need 
for ICU admission and obtained satisfactory results. Multivariate analysis identi-
fied ASA score, predictive postoperative diffusion capacity of the lung for carbon 
monoxide (ppoDLCO), and predictive postoperative product (PPP) (was obtained 
by multiplying the predicted postoperative percent of predicted FEV1 by the pre-
dicted postoperative percent-of-predicted single-breath diffusing capacity of the 
lung for carbon monoxide) as independent predictors of a need for admission to 
an ICU [29].

•	 Brunelli 2008: developed and validated the first risk score for predicting the 
need for ICU admission after major pulmonary resection, principally for patients 
with lung cancer. It incorporates five preoperative adverse prognostic indicators. 
The risk factors were age older than 65  years (1 point), pneumonectomy (2 
points), ppoFEV1 of less than 65% (1 point), ppoDLCO of less than 50% (1 
point), and cardiac comorbidity (1 point). Up to 73% of patients with a score >3 
exceeded 20% ICU admission rate. This system may help in assessing and plan-
ning the need for additional postoperative resources and in modifying indicators 
used to determine the appropriateness of the initial transfer of postoperative 
patients from ICU [30].

•	 Okiror 2012: performed external validation of the scale developed and con-
cluded that the scale of Brunelli had a moderate discriminatory power for pre-
dicting the need for ICU admission [31].

•	 Pinheiro 2015, choose the presence of one or more risk criteria: (pneumonec-
tomy; severe/very severe COPD; severe restrictive lung disease; FEV1 or DLCO 
predicted to be <40% postoperatively; SpO2 on room air at rest <90%; need for 
cardiac monitoring; American Society of Anesthesiologists physical status ≥3) 
or postoperative characteristics (maintenance of mechanical ventilation or rein-
tubation; acute respiratory failure or need for noninvasive ventilation; hemody-
namic instability or shock; intraoperative or immediate postoperative 
complications). These criteria showed good accuracy, higher than 80%, for pre-
dicting ICU admission [32].

The validated multivariate model Thoracoscore of 2007 [27] is a scoring sys-
tem to evaluate the risk of in-hospital death among adult patients after general tho-
racic surgery and was developed with national data. Uses only nine variables and 
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has good performance characteristics. It appears to be a valid clinical tool for pre-
dicting the risk of death and could also help to decided which patients must been 
admitted to ICU. Although not previously reported as important in determining the 
need for ICU care, it would seem intuitive that those patients at higher risk of mor-
tality would be at higher risk of unplanned ICU admission.

In conclusion, the use of composite measures for predicting the need for ICU 
admission after pulmonary resection is feasible and accurate, uses clinical variables 
that do not require high technology. Accurate identification of patients at risk of 
postoperative ICU admission can facilitate appropriate (elective) planning in the 
expectation that this would lead to better postoperative monitoring and support and 
hence improve the outcomes of surgery in patients at risk.

In conclusion, after elective lung resection, the majority of patients can initially 
recover in PACU, where alternative resources and specialized teams are readily 
available, even in the presence of low risk factors for postoperative complications. If 
they are relatively stable but continued monitoring or specialized care is necessary, 
admission to a IMCU (SDU or HDU) is justified and cost-effective. The elective 
postoperative ICU management did not clearly improve the early outcome after 
major lung resection. Therefore, this policy should be limited to highly selected 
patients (through the development of risk-adjusted models and after optimization of 
their clinical and functional status) in order to correctly utilize the available resources 
in the most efficient manner. No randomized controlled trials have compared the 
outcome and treatment costs in similar thoracic surgical patients admitted either to 
the ICU, HDU, PACU or surgical wards. However, observational studies have dem-
onstrated the appropriateness and advantages of the HDU as reflected by low mortal-
ity and morbidity rates (2–3% and 10–20%, respectively). The provision of dedicated 
thoracic-HDUs would probably optimize the outcome and the resource utilization 
and these areas should be implemented to optimize the postoperative management.

Increasing use of specialist HDUs, PACUs or similar may allow delivery of some 
of the important elements of ICU after thoracic elective surgery while avoiding 
some of its undesirable effects.

The trend for moving thoracic surgical postoperative care from the ICU towards 
HDUs or PACUs depends on the patient, procedure-related risk factors and on local 
specificities.
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3.1	 �Introduction

Currently, only 10–20% of patients diagnosed with lung cancer are eligible for cura-
tive surgical resection [1]. Reasons to dismiss surgical treatment are not only related 
to advanced disease stage or histological type (small cell carcinoma), but also to 
comorbidities and poor functional capacity and low aerobic capacity [2].

Besides preexisting chronic obstructive lung disease (COPD), ventilatory-induced 
lung injury, and fluid overload, poor aerobic fitness is an important contributory factor 
of postoperative pulmonary complications (PPCs) [3]. Insufficient lung expansion 
due to respiratory muscle weakness results in atelectasis and hypoxemia that favor 
bacterial proliferation and emergence of pneumonia. A growing body of evidence 
indicates that patients with PPCs are more likely to die from cancer recurrence after 
hospital discharge [4]. Local tumor recurrence and reduced life expectancy can be 
explained by the combined effects of surgery-induced immunosuppression and upreg-
ulation of vascular adhesion molecules owing to local bacterial growth.

From the diagnosis of lung cancer to decision to operate, there is a limited time 
frame to control and stabilize active illnesses such as coronary artery disease, heart 
failure, COPD and possible infection. Patient physiological condition can also be 
optimized by correcting anemia and encouraging patient to adopt a healthier life. In 
this chapter, we review the evolving evidence supporting the implementation of a 
bundle of interventions aimed to enhance patient functional status and to reduce 
major complications after thoracic surgery.
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mailto:marc-joseph.licker@hcuge.ch
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3.2	 �Nutritional Aspects

Nutrition is a key factor in preoperative optimization and all patients should be 
screened for malnutrition before lung surgery. Malnutrition is a potentially modifi-
able risk factor for adverse outcomes after major surgery and perioperative nutri-
tional status optimization may be helpful in decreasing postoperative complications. 
Malnutrition and loss of muscle mass are frequent in the preoperative period and 
have a negative effect on clinical outcome as a result of inadequate food intake, low 
level of physical activity and catabolic derangements associated with 
chemotherapy.

Currently, nutritional components have been included in the ERAS guidelines 
(Table 3.1), suggesting that when patients receive such optimized nutritional and 
metabolic care, the metabolic response to surgery can be minimized [5].

Nutrition assessment should be done routinely before the surgery. In cases where 
severe malnourishment is present (weight loss >10%, body mass index <18.5 kg/m2 
or serum albumin <30 g/L) a multidisciplinary approach is needed, as patient may 
benefit from delaying the surgery to supplement nutrition and improve overall status 
[6, 7]. This decision should be individualized in order to achieve optimal preopera-
tive status without worsening oncologic prognosis.

The MUST (Malnutrition Universal Screening Tool) score is a five-step 
screening tool to identify adults, who are malnourished, at risk of malnutrition 
(undernutrition), or obese. It is easy to perform and useful to detect patients at 
risk who may specially benefit from optimizing its preoperative nutritional sta-
tus. An algorithm of screening and management according to MUST score is 
proposed in Fig. 3.1.

Protein intake should be specifically assessed, especially in those patients attend-
ing to prehabilitation or pulmonary rehabilitation with exercise training as they have 
higher dietary demand. An intake of 1.5 mg/kg/day of protein is recommended and 
high quality protein supplementation such as whey protein isolate supplementation 
should be considered in those who are unable to reach such amount with dietary 
counselling alone.

Table 3.1  Recommendations of perioperative nutrition included in the ERAS programme

Preoperative
 � – Patients should be screened for nutritional status
 � – �Oral supplements should be considered in malnourished patients, including immune-

enhancing nutrition
Intraoperative
 � – Clear fluids should be allowed until 2 h before the surgery
 � – Oral carbohydrate loading may be useful to decrease insulin resistance
Postoperative
 � – Oral intake should be restarted as soon as possible
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3.3	 �Education and Counselling

Preoperative counselling is useful to decrease fear, fatigue and pain and facilitate 
recovery and early discharge. Patient and next of kin should be instructed by dedi-
cated health care professional trained in education therapy. These important mes-
sages should be reemphasized at preoperative visit by the surgeon, the 
anesthesiologist and the physiotherapist. Traditional leaflets describe the periop-
erative pathway including preoperative medical assessment, general nutritional 
and life-style recommendations, description of the surgical and anaesthetic proce-
dures and key steps in postoperative care. Even considering that evidence is lim-
ited, it seems that patient empowerment through information booklet and diary 
keeping is useful to improve quality of care regarding postoperative pain [8]. 
Information and communication technology (ICT) and new portable applications 
describing the surgical pathway are being developed and may be useful tools to 
guide patients in the perioperative period and facilitate communication between 
patient and health care system.
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Fig. 3.1  Nutrition flowchart according to MUST (Malnutrition Universal Screening Tool) score
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3.4	 �Smoking Cessation

Smoking is a modifiable risk factor for reducing the risks for postoperative compli-
cations, and cessation has long-term health benefits. In lung surgery, smoking may 
be associated with a higher risk of postoperative complications, especially pulmo-
nary postoperative complications [9]. However, evidence is controversial regarding 
timing of quitting smoking and some authors have even showed no significant 
increase in complications in current smokers, specially those who underwent inten-
sive physiotherapy [10]. Moreover, some studies described a paradoxical effect, 
described as an increase in complications in patients who quit smoking a few weeks 
before surgery, although other authors were not able to reproduce those findings.

Current guidelines recommend that smoking should ideally be stopped at least 
4  weeks before surgery. Pulmonary effects of smoking can be improved within 
4 weeks of cessation. However, it is unclear what is the ideal delay between cessa-
tion and surgery because postponing the procedure could lead to an upstaging and 
decreased long-term survival in lung cancer patients.

Indication of surgery due to lung cancer may be a suitable moment for patients 
to quit smoking. Intensive behavioural support and pharmacological interventions 
are known to be effective strategies for smoking cessation [11]. Pharmacotherapy 
(nicotine substitution, varenicline, and bupropion) with behavioural support is indi-
cated in nicotine dependent patients (those smoking within 30 min of waking, >10 
cigarettes/day, history of withdrawal symptoms in previous weaning).

Few data support the use of electronic nicotine device systems (ENDS) in smok-
ing cessation. The amount of nicotine they contain is variable and they also contain 
additives such as propylene glycol and vegetable glycerin, that are added to facili-
tate nicotine absorption but they have never been used in inhalers before. They 
contain less carcinogenic substances and less concentrated when compared to con-
ventional cigarette, but concentrations can change according to the voltage and tem-
perature. In fact, exposure to nicotine to in-vitro cells stimulates proliferation, 
migration, invasion and angiogenesis and it seems that cells exposed to ENDS show 
similar changes that those exposed to smoke. So far, there is little evidence about the 
perioperative management of patients who use ENDS [12]. Harm reduction and 
harm escalation is difficult to assess, considering the risk of toxicity and postopera-
tive pulmonary complications and the potential risk of re-starting conventional ciga-
rettes if withdrawn. Individual assessment considering previous smoking history, 
nicotine dependence, anxiety and personal predisposition to quit smoking may be 
helpful when determining the preoperative management of ENDS [13].

3.5	 �Alcohol Dependency

Apart from the well-known alcohol-induced disorders of the liver, pancreas, and 
nervous system, heavy drinking results in impaired immune response, nutritional 
defects and alteration in autonomic nervous control as well as cardiac performances. 
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Accordingly, alcohol abuse increases the risk of postoperative complication and 
may decrease long-term survival [14]. Specifically, alcohol abuse has been identi-
fied as an independent risk factor for primary acute lung injury after thoracic sur-
gery for lung cancer.

Preoperative abstinence may help to modify at some extent the pathophysiologi-
cal processes seen among alcohol abusers. Preoperative abstinence has been shown 
to significantly reduce the incidence of arrhythmia in the postoperative period [15]. 
Two to four weeks of alcohol abstinence immune control and bleeding time are both 
improved, and after 8 weeks, delayed hypersensitivity and the neuroendocrine stress 
response are restored to normal levels. Intensive alcohol cessation interventions 
include patient empowerment, with detailed information and recommendations 
regarding prophylaxis/treatment of alcohol withdrawal. Prior to elective surgery, 
these strategies may help to reduce postoperative complications if started at least 
4 weeks before the surgery. The relatively short period of abstinence required to 
normalize damaged organs and systems among hazardous drinkers may explain the 
beneficial effects of alcohol cessation interventions on postoperative complication 
rates. However, there is little evidence regarding the underlying protective mecha-
nisms of these interventions although no effect on hospital length-of-stay and mor-
tality has been reported. Even if optimal timing of preoperative alcohol cessation 
remains unclear, a 4-weeks period is recommended.

3.6	 �Oral Hygiene

Patients with cancer—particularly those receiving chemotherapy—are prone to 
develop periodontitis and odontogenic foci [16]. Indeed, colonization of dental 
plaque by Gram-negative bacteria has been recognized as an important contributor 
to the oropharyngeal bacterial pool. In anesthetized patients, infrequent swallowing 
and lack of spontaneous movement of the tongue and jaws, can result in formation 
of a biofilm or plaque that constitutes a reservoir of respiratory pathogens as early 
as 24 h after initiation of mechanical ventilation. Moreover, the potential of recur-
rent nerve paralysis increases the risk of bronchial aspiration and dissemination of 
oral bacteria into the upper respiratory tract. Mouth rinses with chlorhexidine or 
brushing the teeth more than three times a day have been shown to remove and pre-
vent the formation of biofilms [16]. A recent meta-analysis based on six studies 
supports the view that perioperative decontamination of the nasopharynx and/or 
oropharynx reduce the number of nosocomial infections in general, and specifically 
respiratory tract infections and surgical site infections after cardiac surgery [17]. In 
a recent pilot study including patients undergoing pulmonary resection, close adher-
ence to chlorhexidine toothbrushing protocol was associated with reduced occur-
rence of postoperative pneumonia. Interestingly, from a nationwide database in 
Japan focused in major cancer surgery (N = 509,179), preoperative oral care by a 
dentist was associated with a decreased rate in postoperative pneumonia and all-
cause mortality within 30 days of surgery [18].
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3.7	 �Psychological Support

There is good evidence that show how negative feelings and thoughts before surgery 
affect outcomes after surgery [19]. Negative psychological factors such as anxiety, 
depression and catastrophizing have been found to predict postoperative pain. 
Persistent distress, depression, and pain are among the predisposing risk factors for 
cancer anorexia-cachexia syndrome. Moreover, lung cancer patients have one of the 
highest malignancy-associated suicide risks.

A wide variety of mechanisms exist by which psychological variables could 
affect recovery after surgery. Negative emotions can enhance pain sensations, cog-
nitions and emotions influence behaviour (modifying adherence to physiotherapy 
exercises, medication intake) and are likely to influence pain and return to usual 
activities. Stress has also an effect on psychoneuroimmunological mechanisms 
(mechanisms whereby psychology interacts with the nervous and immune systems), 
there has been shown to be a negative association between stress and wound healing 
and positive influence of optimism, conscientiousness and emotional stability.

Many mediators and blood cytokine levels may play a role between psychologi-
cal status and cancer. Levels of interleukin (IL)-10, IL 6, and TNF-α are more ele-
vated in lung tumor patients than in healthy individuals and that they can be 
positively correlated to the depression scoring index.

It is therefore logical to think that psychological interventions that try to reduce 
negative emotions such as anxiety, worry about surgery and perceptions of stress, or 
that change patients’ recovery-related behaviour, may help to improve postoperative 
outcomes [20]. However, there has been a long-standing controversy about whether 
psychiatric and psychological treatments improve the survival of patients with cancer.

Interventions described to improve psychological status are diverse and include 
procedural information, sensory information, behavioural instruction, cognitive 
intervention, relaxation techniques, hypnosis and emotion-focused interventions.

The evidence suggests that psychological preparation may be beneficial for the out-
comes postoperative pain, behavioral recovery, negative affect and length of stay, and 
is unlikely to be harmful. However, at present, the strength of evidence is not enough to 
reach firm conclusions on the role of psychological preparation for surgery.

Psychological support may play a role in the multimodal prehabilitation of 
patients who are programmed for lung surgery. Evidence as an isolated preoperative 
action to improve outcomes may be hard to obtain, as action differ widely and bias 
is difficult to be ruled out. Nevertheless, psychological support may be useful when 
combined with other strategies such as exercise training, alcohol and smoking ces-
sation, anaemia and nutrition optimization.

3.8	 �Physical Fitness

3.8.1	 �Preoperative Functional Assessment (Table 3.2)

Physical inactivity is highly prevalent in both Western and Emerging countries 
(31% in men and 34% in women) and has become the fourth leading risk factor for 
global mortality just behind hypertension, tobacco and diabetes mellitus [21]. 
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Approximately 3.2 million deaths are attributable each year to insufficient physical 
activity. Likewise, assessing physical performance has become a key parameter in 
preoperative risk stratification since a low level of aerobic fitness is highly predic-
tive of early mortality and morbidity as well as prolonged hospital stay following 
major surgical procedures [22].

Using self-report questionnaires such as the Duke Activity Status Index or sim-
ple instruments (accelerometer, pedometer), physical fitness can be qualitatively 
rated in Metabolic Equivalents of Task (METs), one MET being equivalent to the 
amount of energy expanded or oxygen consumed (VO2) at rest (0.8–1 kcal/kg/h, 
VO2 2.5–3.5 mL/kg/min) [23]. Physical fitness level is correlated with long term 
survival regardless of the presence of cardiopulmonary disease and socioeconomic 
factors, mortality increasing by 13% for every 1 MET decrement in exercise capac-
ity (starting at 8–10 METs).

Cardiopulmonary exercise testing (CPET) on a cycloergometer or a treadmill 
represents the gold standard test to evaluate aerobic capacity with maximal or peak 
oxygen consumption (peakVO2, VO2max) that reflects the integrative functioning of 
the pulmonary and circulatory systems, blood oxygen carrying content (hemoglo-
bin) and skeletal muscles mechanical performances [24]. Additional parameters—
peak heart rate (peakHR), peak workload, respiratory exchange ratio and anaerobic 
threshold (AT)—have demonstrated great interest in exercise physiology and as 
prognostic markers in cardio-pulmonary diseases. Noteworthy, the slope (or ratio) 
of ventilation to carbon dioxide [VE/VCO2]), has been shown useful in predicting 

Table 3.2  Physical assessment tools

Cardiopulmonary exercise 
testing CPET

Stair climbing or 
other maximal stress 
test

Shuttle or 
6-min walk 
test

Age-predicted 
HR test

Maximal Submaximal
Principle Direct measurements 

VO2, VCO2, power, HR, 
BP, lactate

Estimated VO2max 
from highest 
workload, HR 
achieved

Distance 
(m)

Workload 
achieved at 
70–85% PredHR

Equipment Cycle ergometer/
treadmill
Expired-Inspired gas
HR (SpO2, BP)

Stair climbing (1–6 
floors)
Cycle ergometer/
treadmill (SpO2, 
BP, ECG)

30 m 
corridor
Monitor 
HR, SpO2, 
stop watch

Cycle 
ergometer/
treadmill
Monitor HR, 
SpO2, BP 
(ECG), stop 
watch

Duration 8–12 min 5–20 min 4–6 min 5–20 min
Operative risk
Low peakVO2 > 20 ml/kg/min >22 m altitude or 

six floors
>600 m

Moderate peakVO2 15–20 ml/kg/
min

8–20 m alt. or 3–5 
floors

High peakVO2 10–15 ml/kg/
min

3–7 m alt. or 1–2 
floors

400 m

Very high peakVO2 < 10 ml/kg/min <2.4 m alt. or 1 
floor

3  Prehabilitation in Thoracic Surgery



40

long term survival in patients with heart failure, pulmonary hypertension and pul-
monary fibrosis but also after lung cancer surgery [4, 24].

Alternate testing modalities of aerobic fitness have also been developed such as 
stair climbing (height of ascent, number of stairs) and the shuttle test or six minute 
walk test (6MWT) (Table 3.1) [23]. Simple assessment of active mobilisation (e.g., 
gait speed test, time up and go), the handgrip strength test, continuous recording of 
all motions throughout the day (with pedometer, accelerometer), the mini-mental 
test and subjective performance scoring status (e.g., Karnofsky Performance Status), 
may all provide valuable information particularly in elderly and frail patients [25].

The scientific rationale to assess aerobic capacity and functional status is to iden-
tify “unfit” subjects who might not be able to sustain the postoperative physiologi-
cal impairments and the increased metabolic burden consequent to the 
surgical-induced neuroendocrine and inflammatory responses. Cut-off values of 
15–16 ml/kg/min VO2max (4 METs) and 10–12 ml/kg/min anaerobic threshold (3 
METs) have been shown helpful to discriminate patients at low-moderate risk and 
those at high-(or very high) risk of major postoperative complications [2].

3.8.2	 �Causes of Poor Physical Fitness

The predicted VO2max or peakVO2 takes into account patient’s age, gender, height 
and ideal body weight. As genetics accounts for only 20–30% of peakVO2 values, 
morphometric characteristics, lifestyle and concomitant diseases are main contribu-
tory determinants of human aerobic capacity. Compared with men, VO2max is 
approximately 15–25% lower in women and decreases on average by 5–15% per 
decade, the decline being sharper among sedentary persons and after the age of 60 
[26].

Poor aerobic physical fitness is primarily dependent on ventilatory limitations 
(respiratory muscle and gas exchange capacity), cardiovascular limitations (cardiac 
and vascular components, hemoglobin level) and/or skeletal muscle limitations 
(muscular deconditioning, joint disorders or neurological deficits).

Associated with the loss of muscular mass, poor aerobic physical fitness result 
from the combined effects of aging, physical inactivity, metabolic and cardio-
pulmonary diseases as well as chemotherapy [27]. Muscle wasting (sarcopenia) 
often coexists with anemia, neural dysautonomia, impaired ventricular function 
(down-regulation of adrenergic receptors) and increased vascular stiffness (endo-
thelial dysfunction). Systemic inflammatory processes involving the release of reac-
tive oxygen species (ROS) and cytokines such as tumor necrosis factor-alpha 
(TNF-α) and interleukin-1 have been implicated in causing to deregulation of mito-
chondrial function and degradation of striated muscle proteins via the ubiquitin-
proteasome system and overexpression of cathepsin-L and muscle-specific E3 
ligases. Interestingly, among all skeletal muscles, the diaphragm is most prone to 
inactivity- and inflammatory-induced proteolysis. Consequently, diaphragm weak-
ness and atrophy result from the combined effects of ventilator-induced diaphrag-
matic inactivity, oxidative stress and systemic inflammation.
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Following major surgery, the high levels of counterregulatory hormones (e.g., 
cortisol, catecholamines) lead to decreased uptake/utilization of glucose (insulino-
resistance) and increased breakdown of skeletal and visceral proteins into amino 
acids [28]. Postoperatively, urinary nitrogen excretion increases to 40–100 g/day 
resulting in early muscle wasting (loss of 2–4 kg skeletal muscles) that takes several 
weeks for complete recovery [29]. Importantly, the acquired diaphragm dysfunction 
impairs the ability of the respiratory pump to compensate for an increased workload 
due to lung injury, fluid overload and pain. Muscle weakness and fatigability when 
completing minor tasks impede early deambulation, full expansion of chest and 
therefore promote atelectasis, hypoxemia and later pneumonia [30, 31].

3.8.3	 �Exercise-Induced Improvement in Muscular 
and Cardiopulmonary Function

Physical exercise training is currently recognized as the most efficient intervention 
to improve health in patients with cardiovascular, pulmonary or rheumatic diseases 
as well as with cancer, obesity or mental disorders [32].

Physical activity fall in four main categories: endurance (aerobic), strength 
(resistive), balance (stretching) and flexibility. Building up muscular mass is usually 
achieved by “resistive work” or static (isometric) contraction with little change in 
muscle length but increasing load [33]. In contrast, improvement in aerobic capacity 
which speeds up heart rate and breathing, is largely promoted by dynamic (isotonic) 
concentric and eccentric contractions leading to muscle shortening and lengthening, 
respectively. Some activities fit into more than one category, for example, many 
endurance activities also build strength and strength exercises can also help improve 
balance.

The energy-rich phosphate compound adenosine 6-triphosphate (ATP) is the main 
fuel used for cross-bridging formation between myosin and for maintenance of trans-
membrane ionic gradients. Given the limited storage capacity of muscle ATP and 
creatinine-phosphate (CP), these high-energy compounds are continuously regener-
ated through anaerobic (glycolytic) and/or aerobic (oxidative) metabolic pathways. 
Human skeletal muscles contain at least three types of fibers that are tailored for 
specific contraction and working conditions: fibers expressing type I Myosin Heavy 
Chain (MHC) isoforms, type IIa/IIb MHC isoforms and type IIx MHC isoforms 
[33]. Slow twitch (ST) or type I fibers are strongly associated with endurance activity 
and contain large amounts of mitochondria. In contrast, fast twitch or type II fibers 
are involved in power production with high glycolytic activity (FTb) or in fast con-
tractile activity coupled with higher aerobic metabolism (FTa).

3.8.3.1	 �Mechanisms of Exercise-Induced Improvement in Physical 
Fitness

In “frail” sarcopenic subjects, resistance exercises (isometric and eccentric contrac-
tions) produce hypertrophic changes in skeletal muscles and are particularly effec-
tive in restoring muscle mass, with significant improvement in strength and joint 
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mobility [34]. In contrast, aerobic exercises lead to minor increase in muscle mass/
strength but mitigate systemic inflammation and transform cardiac and skeletal 
myocytes into oxidative phenotypes that result in most beneficial health benefits 
(Fig.  3.2). The mechanisms underlying the aerobic exercise-induced increase in 
VO2max are multifactorial involving partial reversal of endothelial dysfunction and 
adrenergic receptor responsiveness, higher capillary density, restoration of insulin 
sensitivity and enhanced mitochondrial performances owing to tighter coupling 
between beta-oxidation and the tricarboxylic acid cycle. The enhanced cardiac out-
put, facilitated tissue oxygen diffusion coupled with greater extraction of oxygen 
extraction by the working muscle all contribute to increase in aerobic capacity after 
short training periods.

In skeletal muscles, nuclear factors such as the peroxisome proliferator-activated 
receptor (PPAR) and their co-regulators, sirtuin (SIRT) and adenosine monophos-
phate activated protein kinase (AMPK) play important roles in sensing energy 
homeostasis, coordinating metabolic flux and up-regulation of genes involved in 
fatty acid uptake and oxidation [34]. Endurance exercise and electrical stimulation 
of ST fibers have been shown to induce PPARβ/δ expression in skeletal muscle and 
has been associated with muscular hyperplasia, angiogenic response and a shift 
towards oxidative ST fibers [35]. Likewise, structured exercise interventions have 
been associated with increased muscular expression of Insulin Growth Factor [IGF-
1] and down-regulation of pro-inflammatory mediators such as TNF-α, IL-1β and 
IL-6. The enhanced IGF-1 activity could promote muscle hypertrophy or prevent 
muscle atrophy via an Akt- and Foxo-1-dependent signaling pathway and/or down-
regulation of MuRF-1.
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Fig. 3.2  Type of exercise and metabolic pathways muscle fibers (Russell AP, Foletta VC, Snow 
RJ, Wadley GD: Skeletal muscle mitochondria: a major player in exercise, health and disease. 
Biochimica et biophysica acta 2014, 1840(4):1276–1284)
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In animal models of myocardial ischemia-reperfusion, repeated bouts of intense 
muscular activity (equivalent to High Intensity Training [HIT]) have been demon-
strated to limit the size of myocardial infarct and attenuate ventricular dysfunction 
[36]. Protective cellular processes are mediated by sarcolemmal and mitochondrial 
ATP-sensitive potassium channels, generation of antioxidants molecules (superox-
ide dismutase, catalase), overexpression of heat shock protein (HSP70, HSP27) and 
up regulation of autophagic responses (Table 3.3). Exercise-induced cardiac mito-
chondrial adaptations were shown to result in decreased ROS production, increas-
ing the heart ability to tolerate high calcium levels and to sustain subsequent acute 
ischemic events.

Regarding the risk of ventilation-induced diaphragmatic dysfunction, Sollanek 
et al. elegantly demonstrated that endurance training (10 days, 60 min treadmill at 
70% VO2max) increased both antioxidants and HSP72 capacity while minimizing 
oxidative damage, protease activation, diaphragm myofiber atrophy and contractile 
dysfunction induced by 12 h mechanical ventilation [37]. Similar global training 
programs (running in a wheel) have been shown to protect against lung ischemia-
reperfusion injuries, preserving alveolar-capillary permeability by limiting proin-
flammatory mediators (TNF-α and IL-1) and oxidative stress (superoxide dismutase 
activity) [38].

3.8.4	 �Impact of Exercise Training in Thoracic Surgery

So far, rehabilitation training conducted over 6–12 weeks has been shown suc-
cessful in improving exercise tolerance and quality of life in patients with COPD, 
heart failure and various neuromuscular disorders [39, 40]. These programs typi-
cally entail physical exercise, breathing techniques, psychological support, nutri-
tion counseling and education about nutrition, tobacco and alcohol withdrawal as 

Table 3.3  Mechanisms of exercise-induced improvement in oxygen transport and utilization 
components
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well as hospital clinical pathways. The term “prehabilitation” refers to all inter-
ventions that are implemented within the limited preoperative time frame with the 
aim to optimize patient physiological condition and secondarily speed the recov-
ery process. The preoperative period represents a window of “therapeutic oppor-
tunity”, patients are in better physical condition than in the early postoperative 
period and more receptive to adopt a “healthy behavior” (diet, tobacco or 
alcohol cessation, mobilization). Whether patient’s poor physical fitness could 
be “reversed” within a period of 2–4 weeks by implementing structured exer-
cise programs associated with nutritional and psychological support remains 
questionable [41].

Several systematic reviews have examined the impact of exercise programs in 
patients undergoing major surgery [42–46]. From a total of 26 RCTs, ten included 
patients scheduled for thoracic surgery (N = 560) and the effectiveness of respira-
tory muscle training (deep breathing, vital capacity maneuver, diaphragmatic and 
abdominal muscle exercise), endurance training (cycloergometer, treadmill) or a 
combination of both was evaluated compared with usual care. Training sessions 
varied in duration (from 6 to 45 h) and intensity (continuous or high-intensity inter-
val, 50–90% maximal load) and were applied over 1–4 weeks before surgery. Such 
patient-centered physical training protocols represent attractive non-pharmacological 
intervention aimed to maximize preoperative physiological reserve by stimulating 
mitochondrial aerobic processes, reversing muscle weakness and therefore facilitat-
ing functional recovery after surgery.

Altogether, these data support favorable clinical and functional effects of physical 
prehabilitation as demonstrated by fewer occurrences of PPCs and shorter hospital 
length of stay that was associated with improved aerobic fitness and increased inspi-
ratory muscle strength. Although perioperative mortality and cardiovascular compli-
cations rate were not reduced with prehabilitation, the reduction in early PPCs could 
result in important health cost savings and increased long-term survival. Minor 
adverse effects such as transient hypotension, low back pain or exacerbation of 
shoulder arthritis have been reported anecdotally. However, some patients could not 
perform the prescribed exercise program due to osteoarthrosis or neuromuscular dis-
orders and others failed to exhibit beneficial effects to prehabilitation. Nonresponse 
to exercise training can be attributed to genetic factors, physical disabilities, adjunc-
tive chemotherapy, low volume/low intensity or inappropriate training modality.

Despite these encouraging preliminary results, it is currently not possible to 
establish the optimal exercise protocol in patients requiring curative lung cancer 
resection given the low number of RCTs and substantial heterogeneity in training 
modalities and study outcomes.

3.9	 �Conclusions

Implementation of an effective prehabilitation protocol represents a truly multidis-
ciplinary endeavour where anaesthetists, surgeons, oncologists, pneumologists, 
physiotherapists, specialist nurses and dieticians all have important roles to play [47]. 
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Particularly in cancer patients, the time scale is often very tight to implement an 
integrative bundle of care including physical exercise training, nutritional adjust-
ments, counseling on healthier life styles as well as psychological support. 
Importantly, delivering such evidence-based non-pharmacological interventions to 
optimize physiological status have the potential to improve clinical outcome by 
increasing the number of patients deemed suitable for curative lung cancer surgery 
and by reducing efficiently the occurrence of complications while speeding up the 
recovery process [48].
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4Lung Isolation Versus Lung Separation: 
Double-Lumen Tubes

Laszlo L. Szegedi and Marc Licker

4.1	 �Introduction

First described in anesthetic practice in 1931, selective endobronchial intubation 
combined with positive pressure ventilation was the long awaited solution to the 
deadly pneumothorax problem associated with chest opening [1]. Whilst providing 
positive pressure ventilation, various types of catheters with an inflatable distal bal-
loon (e.g., urinary catheter, Fogarty embolectomy catheter or Swan-Ganz catheter) 
were inserted within bronchial divisions to exclude the ventilation of the distal lung 
parenchyma [2]. These techniques were hazardous and the shape of the balloon was 
not designed for airway blockade.

Over the next decades, different techniques for securing the airways and selec-
tively ventilating the lungs have largely contributed to the development of intratho-
racic surgery [3]. With the recent advances in video technology, endoscopic 
instruments, and mini-invasive approaches, the demand for selective one-lung ven-
tilation (OLV) has increased not only in thoracic surgery but also for various car-
diac, orthopedic and neurological procedures [4–7].

Currently, two main techniques are available to achieve selective OLV coupled 
with the exclusion of the opposite lung: the double-lumen tubes (DLTs) or the endo-
bronchial blockers (BBs). The ultimate choice between DLTs and BBs depending 
on the clinical settings, the specific properties of these devices and the operator’s 
personal preferences [8]. In emergency conditions and in pediatric patients, a 
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standard single lumen tube (SLT) can also be advanced into a main bronchus stem 
or a Fogarty catheter can be inserted along the SLT, to prevent soiling of the venti-
lated lung and/or to facilitate transient collapse of the lung according with the tra-
cheobronchial anatomy (Fig. 4.1).

According to recent surveys in the United Kingdom, Italy the Middle East and a 
survey conducted by the European Association of Cardiothoracic Anesthesiologists, 
DLTs are preferred by a large majority of thoracic anesthesiologists (more than 
90%) [9–11]. Interestingly, although most of these experts declare being familiar 
with BBs, up to 30% acknowledge never using BBs.

A working knowledge of tracheobronchial anatomy, expertise in fiber-optic 
bronchoscopy (FOB) and familiarity with specific lung isolation devices are essen-
tial conditions for successful placement of BBs and DLTs as well as for safe man-
agement of OLV [12]. Anesthesiologists with limited exposure to thoracic surgery 
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Fig. 4.1  Anatomy of the 
upper airways, from the 
mouth to the segmental 
bronchial divisions 
(average distances and 
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should develop basic knowledge and practical skills with anesthesia simulator train-
ing, computer-based programs and continuous education via thoracic anesthesia 
workshops [13–15].

4.2	 �Indications

Besides ensuring adequate gas exchange, selective lung ventilation techniques have 
three main purposes: (1) preventing contamination of a healthy lung with pus, blood 
or other fluids from the contralateral lung, (2) facilitating exposure of intrathoracic 
anatomic structures for diagnostic and therapeutic procedures, and (3) providing 
differential ventilation and securing the airways in unilateral thoracic disorders 
(e.g., bronchopleural fistula, giant bulla, lung contusion) [8].

The purpose of OLV is to provide a good surgical exposure of a collapsed lung 
while ensuring adequate gas exchange with the other. Currently, DLTs or BBs are 
used to achieve these goals. The separation of the lungs today means a completed 
“anatomical” sealing with a DLT, and the isolation of the lung means a “functional” 
sealing with a BBs [8, 16, 17]. In the first case, there are some absolute indications 
in which a protective strategy for the contralateral lung is needed, including poten-
tially life-threatening conditions such as: massive pulmonary bleeding, pneumonia 
with pus, broncho-pleural and broncho-cutaneous fistulae, as well as giant unilateral 
bullae. Maintenance of adequate gas exchange, prevention of soiling/flooding the 
other lung with contaminated material/blood and avoidance of barotrauma are best 
achieved with DLTs in these situations. Some surgical interventions as sleeve pneu-
monectomy, or bronchopulmonary lavage for alveolar proteinosis or cystic fibrosis 
require lung separation with a DLT. In all the other situations, in which lung separa-
tion is a relative indication, lung isolation could be best considered (Table  4.1) 
[18–22].

Overall, the DLT remains the gold standard technique in various surgical pro-
cedures requiring lung separation/isolation and are favored by most thoracic 
anesthesiologists [23]. The BBs offer the advantage of being placed through a 
conventional SLT. In emergency situations, securing the airways is a priority and 
this is performed easier and faster with an SLT for all anesthesiologists. Moreover, 
in patients with abnormal airway anatomy (post-laryngeal/pharyngeal surgery, 
tracheotomy), predicted difficult intubation or at risk of vocal cord injuries (e.g., 
singers) as well as in children, BBs are most suitable for lung separation as far as 
the chest wall and lungs compliances are normal. Likewise, if postoperative ven-
tilation is needed, the use of a BB is a good choice, avoiding the (risky) replace-
ment of the DLT by an SLT with an airway exchange catheter [24, 25]. Finally, 
BBs remains the sole option in children and in patients who have undergone 
pneumonectomy and those requiring selective lobar exclusion (e.g., severe lung 
disease).
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4.3	 �Methods for Lung Ventilation (OLV)

In modern practice, endobronchial double-lumen tubes (DLTs) are most widely 
employed (Figs. 4.2 and 4.3). The DLTs available in the recent years, have a fixed cur-
vature and do not have a carinal hook, in order to avoid tracheal laceration and reduce 
the likelihood of kinking. Numerous manufacturers produces clear disposable 
Robertshaw design DLTs, which are available in French sizes from 35 to 41 [26]. 
Essentially, they all have similar features but modified cuff shape and location. A col-
ored bronchial cuff, commonly blue, permits its easy identification by fiber-optic bron-
choscopy. The right endobronchial cuff is donut-shaped, and allows the right upper 

Table 4.1  Indications for lung isolation technique

Indications Main goal Suggestion
Absolute indications Unilateral lung abscess or 

cyst
Contralateral Lung 
protection

DLT

Unilateral lung hemorrhage 
(e.g., thromboembolism, 
aneurysm)

Contralateral Lung 
protection

DLT

Bronchoalveolar lavage with 
saline to treat alveolar 
proteinosis

Contralateral Lung 
protection

DLT

Bronchopulmonary fistula, 
trachea-bronchial injury

Secure the airways and 
gas exchange

DLT

Severe unilateral disease 
(giant emphysematous bullae)

Differential lung 
ventilation

DLT

Lung transplantation Secure the airways and 
differential ventilation

DLT

Relative 
indications

High 
priority

Pneumonectomy, sleeve 
resection on the bronchial 
mainstem
Tumor obstructing the main 
bronchial stem

Surgical exposure DLT

Thoracic aneurysm with 
cardiopulmonary bypass

Surgical exposure DLT > BB

Lobectomy and lesser lung 
resection (any surgical 
approacha)

Surgical exposure DLT = BB

Low 
priority

Interventions on the pleura 
and mediastinal structures

Surgical exposure DLT = BB

Oesophagectomy Surgical exposure DLT = BB
Orthopedic surgery on the 
chest, thoracic spine surgery

Surgical exposure DLT = BB

Minimally invasive cardiac 
surgery

Surgical exposure DLT = BB

Bilateral cervical 
sympathectomy

Surgical exposure EBBs > DLT

DLT double lumen tube, BB bronchial blocker
aVideo-assisted thoracoscopy, robotic surgery or open thoracotomy
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Left DLT Right DLT

Fig. 4.2  Left and right double lumen tubes (DLTs)
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Fig. 4.3  Sizes of 
bronchoscope reported in 
mm of external diameter 
(OD) fit differently from 
26 to 41 Fr Double Lumen 
Tubes (DLTs) with 
different internal diameters 
(ID)
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lobe ventilation slot to ride over the right upper lobe orifice. Most authors refrain from 
using right-sided DLT simply to avoid potential obstacles. Instead of its extensive use, 
one of the major challenges for a DLT is the lack of an objective method and guideline 
for selecting the proper size and its optimal depth. The most accurate method to select 
a left-sided DLT size is to measure the left bronchus width and the outer diameter of the 
endobronchial lumen of the DLT, then the largest tube that safely fits that bronchus can 
be selected [27]. For a right-sided DLT there is no study available that addresses the 
issue of optimal size for a determined patient. In general a 37 Fr DLT can be used in 
most of the adult females, while 39 Fr can be used in the average adult male. Keeping 
in mind that, undersized or oversized DLTs could led to serious airway complications, 
including tracheo-bronchial rupture. The optimal depth of insertion for a left-sided 
DLT is strongly correlated to the patient’s height. In general, the depth of insertion for 
a DLT should be between 27 and 29 cm at the marking of the incisors [28, 29]. An 
inadvertent deep insertion of a DLT could lead to rupture of the left main stem bron-
chus or unilobar ventilation. Three other sizes (26 and 28 Fr for pediatrics and 32 Fr for 
small adults) have recently been introduced in the market.

When a conventional laryngoscopy reveals a grade III view (only the epiglottis) 
or a grade IV view (only the soft palate) in the Cormack-Lehane scale, the airway 
may be termed difficult [30]. When the separation of the lung is strictly indicated, 
the use of tubes such as DLT or Univent, that are inherently difficult to insert, cannot 
be recommended [31–33]. If the patient has a recognized difficult airway, awake 
intubation with fiber-optic bronchoscopy (FOB) can be attempted using a SLT. The 
same approach may be used for the patient with an unrecognized difficult airway 
[34]. However, thoracic anesthesiologists’ expertise and propensity with a DLT 
rather than a BB and vice versa, and their knowledge in fiber-optic tracheobronchial 
anatomy, plays an important role in that choice. On the other hand, for the occa-
sional thoracic anesthesiologist, DLTs and BBs are difficult to use and none of these 
devices provides any advantage over the other [35].

In modern clinical practice, this instrument has been replaced by three different 
types of 9 Fr BBs with a steering mechanism and a patent 1.6 mm lumen to facilitate 
the collapse of the lung and/or oxygen insufflation through continuous positive air-
way pressure (CPAP) to the nondependent lung [20]. Of these three devices the 
Arndt blocker is available in 7 and 5 Fr for small adults and pediatrics; it uses a 
wire-guided mechanism [21]. The Cohen blocker possesses a rotating wheel that 
allows it to flex the tip of the blocker [5]. Both blockers use a multiport adapter. The 
Uniblocker. which has a fixed curve similar to a hockey stick, has been recently 
introduced in clinical practice. It is essentially the same blocker as the Univent tube 
which is somewhat bulky, but now available as an independent blocker [22].

4.4	 �Comparative Performances and Limitations of  
DLTs and BBs

Several randomized control trials including more than 800 patients have compared 
DLTs versus BBs [20, 35–46]. The time needed for initial insertion and for lung 
collapse as well as the success rate for proper position and the quality of surgical 
exposure have been rated quite similarly with both techniques. The major drawback 
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was related to more frequent displacements of the EBB when the surgeon manipu-
lates the lung and the difficulties encountered to reposition the blocker with FOB 
while the patient lies on his side.

Transient symptoms such as sore throat (10–45%), voice hoarseness (15–25%) 
and irritative cough have been more frequently reported postoperatively with DLTs 
than with SLTs combined with BBs [38, 44]. Likewise, a higher incidence of muco-
sal damage and hematoma has been observed within the larynx and the trachea-
bronchial tree following the utilization of DLTs versus BBs [37, 38]. Anecdotal 
cases of rupture of the trachea-bronchial membrane have been related to placement 
of an oversized DLT or keeping the stylet in place whilst attempting to guide the 
endobronchial tip into the mainstem bronchus [47–49]. In the rare case of tracheal 
bronchus (prevalence ranging from 0.1% to 1%), the use of a left (or right) sided 
DLT will fail to achieve satisfactory lung isolation or may result in lobar atelectasis 
[50, 51]. Successful lung isolation can be achieved by using one (or two simultane-
ous) BBs. On the other hand, inadvertent resection of the guide-wire and stapling 
the distal tip of the BB have been reported that required surgical re-exploration. 
Near-fatal hypoxic complication may also result from dislodgment of the inflated 
BB balloon into the trachea, leading to complete airway obstruction or severe gas 
trapping into the lung(s) associated with cardiovascular collapse. Table 4.2 sum-
marizes the advantages and disadvantages of DLTs and BBs.

Table 4.2  Advantages and disadvantages of double lumen tubes and endobronchial blockers

Double-lumen tubes (DLTs) Endobronchial blockers (BBs)
Advantages • � Suctioning and drainage of blood, pus, 

secretions (protection against 
contralateral lung contamination or 
flooding with any fluid)

•  Secure damaged (or operated) airways

• � Suitable in patients with 
difficult airways, abnormal 
anatomy (e.g., porcine 
trachea)

• � In patients/surgeries 
requiring nasal intubation

•  Failure to pass a DLT
• � Lesser risk of intraoperative 

displacement
• � Easier to correct position under FOB 

guidance (with patient in lateral 
position)

• � Lesser interference with surgical 
manipulation

• � Lesser risk of laryngeal 
injuries and postoperative 
sore throat or hoarseness

• � Lesser risk of tracheal cuff 
damage (during intubation)

• � Conversion from two- to one-lung 
ventilation (vice versa),

• � CPAP to correct intraoperative 
hypoxemia

• � Differential lung ventilation (if 
different lung compliance), 
re-ventilation of the excluded lung at 
the end of surgery

• � CPAP to correct 
intraoperative hypoxemia

• � Possibility of “blind” insertion (if FOB 
not available)

• � Postoperative ventilation 
through the standard single 
lumen tube (no need to 
re-intubate the patient)
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4.5	 �Double-Lumen Tubes: First Step—The Positioning

Following intubation, the tracheal cuff should be inflated first, and then the tube’s 
correct position should be confirmed. To avoid mucosal damage from excessive 
pressure applied by the bronchial cuff, the cuff is inflated with incremental vol-
umes until air leaks disappear. Inflation of the bronchial cuff seldom requires 
more than 2 ml of air. If the cuff needs less than 1 ml to obtain a correct seal means 
that the DLT is too big, if the inflation volume of the bronchial cuff exceeds 3 ml 
means that the DLT is too small for that patient. Bilateral breath sounds should be 
re-checked to confirm that the bronchial cuff is not herniating over the carina, 
impeding the ventilation of the lung. An important step is to verify that the tip of 
the bronchial lumen is located in the designated bronchus. One simple way to 
check this is to first clamp the tracheal lumen, then observe and auscultate. 
Usually, inspection will reveal unilateral ascent of the ventilated hemithorax. 
Following proper auscultation, the bronchial lumen is clamped to ventilate the 
tracheal lumen. Each time a right-sided DLT is used, appropriate ventilation of the 
right upper lobe should be ensured. This can be accomplished by a careful auscul-
tation over the right upper lung field or more accurately by fiber-optic broncho-
scope [52–54]. When a left-sided DLT is used, the risk of occluding the left upper 
lobe bronchus by the bronchial tip advanced too far into the left main bronchus 
should be always kept in mind. If the peak airway pressure is 20 cmH2O during 
two-lung ventilation, for the same tidal volume that pressure should not exceed 
40 cmH2O on OLV.

Two techniques for DLT insertion are currently recommended: (1) a “blind” 
insertion, associated or not, with fiber-optic control and (2) the fiber-optic-guided 
approach [55], but there is no consensus about the correct insertion method. Fiber-
optic bronchoscopy may reveal a malposition in 20–48% of the DLTs thought to be 
correctly positioned by inspection and auscultation only. The simplest method to 
evaluate proper positioning of a left sided DLT is bronchoscopy via the tracheal 
lumen. The carina is then visualized, while only the proximal edge of the endobron-
chial cuff is visualized just below the tracheal carina. Herniation of the bronchial 

Double-lumen tubes (DLTs) Endobronchial blockers (BBs)
Disadvantages • � Difficulties to place in patients with 

abnormal airways, after lung surgery 
(e.g., post-pneumonectomy), in 
children (< 120 cm)

• � Small suction channel does 
not allow drainage of fluids

• � Laryngeal and trachea-bronchial 
injuries, sore throat

•  Difficulties in selecting proper size

• � More frequent intraoperative 
displacement or loss of seal

•  Difficulties in repositioning
• � Damage to tracheal and/or bronchial 

cuffs (during intubation)
• � No differential lung 

ventilation
• � Absolute requirement for 

fiber-optic guidance

Table 4.2  (continued)
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cuff over the carina to partially occlude the ipsilateral main bronchus should be 
excluded. Bronchoscopy should then be performed via the bronchial lumen to iden-
tify the patent left upper lobe orifice [56]. When using a right-sided DLT, the carina 
is visualized through the tracheal lumen. More importantly, the right upper lobe 
bronchial orifice must be identified while the bronchoscope is passed through the 
right upper lobe ventilating slot. This is somewhat complex to accomplish and 
requires a relatively skilled endoscopist. Moreover, anatomically, the margin of 
safety for positioning right-sided DLTs is much narrower than left-sided ones, given 
the distance from the carina to the splitting of upper-lobe bronchus. In the left lung 
this is about 5 cm, while at the right side just about 2.5 cm, and sometimes the right 
upper lobe bronchus emerges above the level of the carina, so it’s impossible to 
insert a right-sided DLT.

Several sizes of bronchoscope are available for clinical use: 5.6, 4.9, 3.9 and 
2.2 mm of external diameter. The 3.9 mm-diameter bronchoscope can easily pass 
through a 37 Fr or larger tube, while it is a tight fit through a 35 Fr tube and can not 
be used for smaller DLTs (Fig. 4.2) [52–56].

4.6	 �Terminating Surgery and Reintubating the Patient: 
Tube Exchangers

The vast majority of patients undergoing thoracic surgery are extubated at the end 
of surgery. However, after complicated or prolonged surgery, some patients require 
postoperative ventilation. Either the DLT is pulled back with the bronchial tip above 
the carina and the patient is ventilated via the DLT further, or the DLT is replaced 
by a SLT. However, after ventilating a patient via a DLT, airway edema may occur 
and re-intubating the patient may be difficult, so airway guides or exchange cathe-
ters should be used for facilitating this procedure. The airway guide may be used for 
inserting an SLT over a DLT and vice versa, or simply inserting a difficult tube. 
Several tube exchangers are available. All of these airway guides are commercially 
made, depth is marked in cm, the tip is atraumatic, are available in a wide range of 
sizes, and are easily adapted for either oxygen insufflation or jet ventilation. Critical 
details to keep in mind to maximize benefit and minimize risk of airway injuries are 
as follows: first, the size of the airway guide and the size of the difficult tube must 
be determined and should be tested in  vitro before the use of the airway guide. 
Second, the airway guide should never be inserted against a resistance; the clinician 
must always be aware of the depth of insertion. Two reported perforations of the 
tracheobronchial tree have occurred [57, 58]. Third, a jet ventilator should be imme-
diately available in case the new tube does not follow the airway guide into the tra-
chea, and the jet ventilator should be preset at 25 psi by the use of an additional 
in-line regulator [59]. Finally, when passing any tube over an airway guide, a laryn-
goscope should be used to facilitate the passage of the tube over the airway guide 
past the supraglottic tissues. Because of the potential injury to the bronchial tree 
from the stiff tip of the tube exchanger, a new catheter has been designed with a soft 
tip to reduce the risk of trauma.

4  Lung Isolation Versus Lung Separation: Double-Lumen Tubes



60

4.7	 �Conclusion

Thoracic anesthesia—still very fascinating—is the world of OLV during anesthe-
sia. The indications for OLV, classified as absolute or relative are more representa-
tive of the new concepts in OLV: it includes either the separation or the isolation 
of the lungs. Modern DLTs are most widely employed worldwide to perform OLV 
including the concept of one lung separation. Endobronchial blockers are a valid 
alternative to DLTs, and they are mandatory in the education of lung separation 
and in case of predicted difficult airways as they are the safest approach (with an 
awake intubation with a SLT through a FOB). Every general anesthesiologist 
should know how to insert a left-sided DLT, but he/she should also have in his 
technical luggage and toolbox, basic knowledge and minimal expertise with BBs, 
this option being considered a suitable alternative, particularly in emerging situa-
tion and/or difficult airways. One should keep in mind that extubation or re-intu-
bation after DLT might be difficult too, and additional intubation tools are 
necessary for the safety conditions. Protective lung ventilation with a tidal volume 
less than that used for two lung ventilation (i.e. 4–6 mL/kg) and with the lowest 
feasible peak/plateau airway pressure, I:E ratio of 1:2, with a rapid respiratory 
rate are considered the standard of care. Recruitment manoeuvres and PEEP 
should be used to reduce the amount of atelectasis in the dependent lung. They 
should be applied with sustained peak pressure of 40 cmH2O to be effective. Also 
CPAP and iNO or inhaled epoprostenol could improve oxygenation in selected 
cases. Fluid administration should be limited during thoracic surgery procedures 
to avoid fluid overload. Finally, a balanced anesthetic technique with inhalational 
agents and opioids to reduce the required concentration of potent inhaled agent 
appears the best choice during OLV.
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5.1	 �Introduction

Lung isolation techniques are designed fundamentally to allow for the ventilation of 
a single lung in patients who are about to undergo cardiac, thoracic, mediastinal, 
vascular, oesophageal, or orthopaedic interventions that directly implicate the tho-
racic cavity. Lung isolation is also employed in order to protect the lung from con-
tamination in cases of bronchopleural fistulas, pulmonary haemorrhage or 
bronchoalveolar cleaning in the contralateral lung. Lung isolation is also useful in 
lung transplant or thromboendarterectomy procedures where there lies the possibil-
ity of finding lesions produced by unilateral repercussions that require differential 
ventilation patterns, including the case of bilateral pulmonary injuries [1].

Currently there are three main methods for lung isolation: Double-Lumen endo-
tracheal Tubes (consult the previous chapter), Bronchial Blockers (BBs) or single-
lumen endotracheal tubes.

The double-lumen endotracheal tubes (DLTs) consist of a tube with two separate 
channels (endotracheal and endobronchial channels) that can be used to achieve the 
isolation of any of the lungs. There are two main types of DLTs, one including endo-
bronchial lumen for the main right bronchus that has a ventilation orifice for the 
upper right hand lobe, as well as a left DLT, with endobronchial lumen for the left 
main bronchus. This left DLT is most commonly used for trainees with less clinical 
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experience, because they think it seems easier than right DLT or BBs. Nevertheless, 
complications are still possible, making the BBs a more reliable option in other 
types of intervention.

BBs allow for the blocking of one main bronchus in order to achieve the collapse 
of lung tissue distal to the obstruction. There are two types of BBs, the first being an 
independent BB that is introduced through a standard endotracheal tube, and the 
second which is inserted through a specialised channel within a special tracheal 
tube, such as the Univent tube [2].

The final alternative consists in selective isolation using a conventional endotra-
cheal tube that is directed towards the main bronchus of the lung in need of ventila-
tion. This technique is currently not in use for adult patients due to the difficulties 
produced when inserting the tracheal tube into the main bronchus. Nevertheless, 
this technique has important disadvantages but this technique is still sometimes 
used for infant and lactating patients, guided using a paediatric bronchoscope. BBs, 
however, are currently decreasing in size and are replacing this technique for 
younger patients.

5.2	 �History of Bronchial Blockers

The first selective bronchial blockade was carried out by Gale and Waters in 1931. 
In 1936 Magill used for the first time a catheter with an inflatable balloon to block 
a lung. These devices, however, presented some limitations, needing a great deal of 
clinical experience for their correct handling and requiring the introduction of a 
rigid bronchoscope before intubation. The description of DLTs was carried out by 
Carlens in 1949 and by Björk in 1952. In the 1960s Robert Shaw designed a new 
DLT adapted for bronchial anatomy that greatly resembles those used today. The 
recommendations of Robertshaw gave way to the origin of different double-lumen 
tubes that were adaptable to the anatomy of both the right and the left main bronchi. 
The first tubes (Carlens) where manufactured using a red latex (Leyland, London, 
UK) and were reusable. Versions in Polyvinyl Chloride (PVC) were later produced 
by multiple manufacturers such as Rusch (double-lumen bronchial tubes, Willy 
Rüsch AG, Waiblinger, Germany), Sheridan (Sher-I-Bronch, Argyle, NY) and 
Mallinckroot (Broncho-Cath, Glen Falls, NY). These were disposable, eliminating 
the problem of cleaning and re-sterilising these pieces after each use [2].

The use of BBs was partially abandoned in the 1950s with the incorporation of 
the DLTs. Nevertheless, as seen in recent literature, reports exist of cases where BBs 
were unavoidable, considering cases where introducing DLTs produced additional 
complications [3].

Developments in optical fiber technology and the introduction of fiber broncho-
scopes of a smaller calibre have been able to facilitate the creation of new tools that 
can achieve pulmonary separation.

In 1981 Ginsberg described the use of the Fogarty catheter (Baxter Healthcare 
Corporation, Santa Ana, CA) for the blocking of bronchi through a single-lumen 
tube. In 1982 Inoue described an endotracheal single-lumen tube that consisted of 
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a channel that included a Bronchial Blocker, known as the Univent® (Fuji Systems 
Corporation, Tokyo, Japan). Available since 1999, the endobronchial blocker Arndt 
(Cook Medical Inc., Bloomington, IN, USA) has been used to wire guided using a 
characteristic nylon loop protruding from the distal lumen. In more recent years, 
the Cohen blocker (Cook Medical Inc. Bloomington, IN, USA) has also appeared 
on the market, as well as the Uniblocker (Fuji-BB, Fuji Systems Corp., Tokyo, 
Japan). The most recent to appear has been the Rusch EZ blocker (Teleflex Medical 
Europe Ltd., Athlone, Ireland) presenting a forked point and inflatable balloon on 
each side [3].

In recent years clinical practice have begun to use new types of tubes, including 
single-lumen (VivaSight-SL, AMBU, USA) and double-lumen (VivaSight-DL, 
AMBU, USA) aided using miniature HD cameras on the distal tip. This facilitates 
orotracheal intubation using the camera (for SL) or endobronchial intubation (for 
DL), without the need for a fiberscope to guide the device, even in cases of tracheal 
stenosis. The VivaSight-SL can thus achieve lung isolation and unipulmonary ven-
tilation with the use of any BB that could be inserted into a bronchus guided through 
the camera of the orotracheal tube during procedure [4].

5.3	 �Indications for Lung Isolation

The objective of separating or isolating a lung is for the selective interruption of 
ventilation of one lung (total pulmonary collapse) or a lung lobe (selective lobar 
collapse). Several absolute and relative indications for lung separation exists. There 
are some absolute indications of lung isolation using DLTs as the prevention of the 
contamination of the healthy lung in the case of abscess or haemorrhaging. In addi-
tion, other absolute indications are due to the need for differential ventilation of 
both lungs in the case of giant emphysematous bullae, bronchopleural fistulas or 
bronchial interruptions finally, some other absolute indications are lung transplants 
or about carrying out any type of unilateral, pulmonary lavage or cleaning activities. 
Relative indications using BBs or DLTs can consist in cases that need to improve 
the surgical exposure as in upper lobectomy and lesser lung resection, thoracic aorta 
aneurisms, lung volume reduction or minimally invasive cardiac surgery. On the 
other hand, unipulmonary ventilation is a highly useful practice, however is less 
useful in cases such as oesophageal surgery, middle or lower lobectomy, mediasti-
nal mass resection (e.g. thymectomy), pleural procedures, orthopedic surgery on the 
chest (e.g. thoracic spine surgery) and bilateral sympathectomy [5].

5.4	 �General Indications for Bronchial Blockers (BBs)

To date, the majority of anaesthesiologists and most surgeons prefer to use DLTs 
rather than BBs in their everyday clinical practices [6]. This is due to the greater 
advantages produced when collapsing lung tissue in order to expose the lung. As clini-
cal indications for pulmonary exposure have increased, multiple limitations of the use 
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of double-lumen tubes have grown. Because of this, alternative options have grown in 
importance for pulmonary isolation, such as BBs despite the lower availability of dif-
ferent BBs in many hospitals. Neither do many studies exist comparing the superiority 
of one technique in contrast with another in cases of pulmonary collapse [7, 8]. 
Morever, there are some comparative studies on the time needed to introduce these 
devices, with minimal differences between BBs and DLTs without clinical relevance 
[9, 10]. Finally, it has to be pointed out how BBs move more often than DLTs during 
the positioning of the patient and the surgical procedure, therefore the amount of 
attempts to reposition the device is higher than in DLTs [9].

In a number of specific disorders BBs can be found preferable over DLTs [11]. 
Patients with a known or predicted difficult intubation and patients who have under-
gone previous surgical oral or cervical operations may present a distorted upper airway 
and it can difficult the intubation, requiring pulmonary isolation for intrathoracic sur-
gery. In these conditions, a single-lumen tube introduced into the trachea through the 
nasal or oral tract is preferred, performed while the patient is spontaneously breathing 
or using a previous tracheotomy that protects the respiratory tract. After that an inde-
pendent bronchial blocker can be positioned to achieve lung isolation. Another group 
of patients who would benefit from BBs are oncological patients that have previously 
undergone contralateral pulmonary resection. In these cases, a selective lobar block-
ade is sometimes needed with a BB in the ipsilateral side of the surgery, thus improving 
the oxygenation and facilitating the surgical exposure [12, 13]. In this case, any BB is 
introduced into the lobar bronchus that needs to be collapsed guided by direct vision of 
the fiberscope or VivaSight SL or in a different way an Arndt BB can be introduced 
through the fiberscope to the selected lobar bronchus.

Other important advantages of BBs inserted through a tracheal tube is that this 
technique allows remove the BB at the end of surgery without changing for any 
other tube. This is very important during prolonged thoracic or oesophageal surgery. 
In many cases, these patients present a swollen respiratory tract towards the end of 
the surgical procedure.

It is also indicated the use of BBs in patients already intubated with orotracheal 
tubes for any other reason. Patients with a patent tracheostomy orifice are an indica-
tion of the use of BBs.

The impossibility of using DLTs for some pediatric patients implies the need to 
use pulmonary isolation with BBs.

5.5	 �Types of Bronchial Blockers

5.5.1	 �UNIVENT (Fuji Systems Corporation, Tokyo)

UNIVENT is not specifically a bronchial blocker, yet comprises of a conventional 
endotracheal tube of a single lumen, with a bronchial blocker incorporated. This 
design presents a channel in the wall where the blocker slides into place. A high 
volume distal balloon can be inflated between 2 and 6 cc, depending on the intro-
duction into lobar or main bronchus. These consist in a channel of 2 mm lumen that 
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allows for air aspiration once inflated, thus facilitating pulmonary collapse. 
Moreover, this channel facilitates the administration of oxygen or can be connected 
to a CPAP system (Fig. 5.1).

The external diameter of the Univent tube should always be noted, considering 
its considerably larger size that a conventional tube. The reason for this is the pres-
ence of the secondary channel for the blocker. This is especially important in paedi-
atric patients, where the size of the Univent should be considered according to the 
age of the patient.

This device was initially used for patients with a difficult airway because double 
lumen tubes are more difficult to insert. In the last decade, the introduction of sev-
eral independent BBs has produced a reduction in their use, so that they are no 
longer recommended in patients with difficult airway for its greater risk than the 
independent BBs [14].

Moreover this device has also been considerated necessary in cases when the 
bronchial bleeding from different etiologies must be controlled, using the bronchial 
blocker at the same time as isolating the healthy lung [15].

5.5.2	 �The Arndt Bronchial Blocker (William Cook  
Europe, Denmark)

The Arndt Bronchial Blocker was the first BB independently designed specifically 
for unipulmonary ventilation. It is characterised by a nylon loop that protrudes from 
the distal extremity, thus allowing for the guided insertion of the Arndt BB using a 
standard paediatric fiberscope that is passed throught the hole loop to introduce the 
Arndt BB that must be attached to the fibroscope (Fig. 5.2).

This BB is ideal to achieve selective lobar blockade, considering the ability to 
perfectly introduce the BB next to the fibroscope to the lobar bronchus of the 

Fig. 5.1  The UNIVENT tube. It’s an endotracheal tube with a channel in its walls where the 
blocker is passed through
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Table 5.1  Bronchial blockers’ characteristics

Arndt blocker Cohen blocker Fuji uniblocker EZ-blocker
Size 5, 7 and 9 Fr 9 Fr 5 and 9 Fr 7 Fr
Length 5 Fr: 40 cm, 7 Fr: 

65 cm, 9 Fr: 78 cm
65 cm 65 cm 75 cm

Balloon design Spherical or 
Elliptical

Spherical or 
Elliptical

Spherical Both are 
Spherical

Type of balloon High volume, low 
pressure

High volume, 
low pressure

High volume, 
low pressure

High volume, 
high pressure

Average insuflation 
volume of the 
balloon

5 Fr: 0,5–2 ml
7 Fr: 2–6 ml
9 Fr spherical: 
4–8 ml
9 Fr elliptical: 
6–12 ml

6–9 ml 5 Fr: 3 ml
9 Fr: 8 ml

Left balloon: 
11 ml
Right balloon: 
14 ml

Murphy eye Present in 9 Fr Present Absent Absent
Central canal 
diameter

1.4 mm 1.6 mm 2 mm 1.4 mm

Minimum 
recommended size of 
the endotracheal tube

5 Fr: TET 4.5 cm
7 Fr: TET 7 cm
9 Fr: TET 8 cm

TET 8 cm 9 Fr: TET 8 cm TET 7 cm

Fig. 5.2  The wire-guided Arndt Blocker with the nylon loop protruding from the distal end, 
allowing for a guided insertion via a standard pediatric fiberscope that is inserted into the interior 
of the loop
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pulmonary lobe that we wish to isolate [3]. The complete characteristics are speci-
fied in Table 5.1.

Before introducing the tube into the patient, the fiberscope and BB should be 
correctly positioned in the corresponding orifices of the multiport airway adapter. 
This step should assure that each instrument is connecting to the device in such a 
way that the output of both in the destination connection and the endotracheal tube 
connection should link, passing the distal extremity of the fiberscope through the 
loop of the Arndt BB, fixed 1 cm away from the distal extremity. Afterwards, both 
should be introduced inside the endotracheal tube and fixed to the multiport airway 
adapter with the endotracheal tube, orientating the point of the fiberscope until the 
bronchus that is intended to be blocked. Once inserted into this bronchus, the BB is 
pushed until it can be seen beyond the point of the fiberscope, leaving the BB posi-
tioned in place checked by the fiberscope view.

The largest problem presented by Arndt is seen in the difficulties found when 
adjusting its placement once the nylon loop has been retracted in order to achieve 
pulmonary collapse or apply CPAP. This issue is caused by how the loop cannot be 
redirected with the same accuracy, especially after having retracted the link that 
joined with the fiberscope. This Arndt BB is the device that presents the highest 
count of dislocations than all other BBs [9]. The difficulties in placement have con-
sequently limited its general use, regardless of its success in general applications 
and use in selective lobar blocking.

5.5.3	 �The Cohen Bronchial Blocker (William Cook Europe Aps, 
Denmark)

The Cohen BB is one of the most used on a global scale and presents some highly 
favourable characteristics for its general use (Table 5.1). In principle, the method of 
insertion is similar to that of the Arndt. The device presents a multiport airway 
adapter, where the blocker and paediatric fiberscope is introduced separately. The 
Cohen BB also contains a small wheel in its proximal extremity that enables a 90° 
unidirectional movement of the distal extremity (Fig. 5.3). This device also presents 
a 9Fr caliber for adults. Above the balloon, an arrow is drawn so that, via the fiber-
scope, the specialist can see where the blocker is aimed. The proximal wheel can 
change the direction of the blocker, thus aiming at the lobe we try to block. This 
device also has two distal orifices that allow for the aspiration of secretions, facili-
tating the collapse of the lung and allows the application of a CPAP system.

In order to correctly position the device, the fiberscope is positioned more than 
2  cm from the carina, thus allowing for the optimum visualisation of where the 
blocker will be placed. In the case where the BB is aimed directly at the bronchus 
of interest, all that is needed is the gentle insertion of the BB. In the opposite case, 
the arrow should be simply oriented towards the direction of the selected bronchus 
by applying a rotation to the BBs and the tip can be flexed by means of the proximal 
wheel, which facilitates the placement of the BBs. Once positioned, the balloon is 
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inflated between 4 and 8 ml, controlled via the fiberscope or with the camera avail-
able in some endotracheal tubes such as the Viva Sight SL.

The Cohen BB is very easy to reposition in the case of accidental displacement, 
during the movement of the patient as well as during surgery, thus implicating a 
great advantage in relation to the Arndt BB [16].

5.5.4	 �Fuji Uniblocker Bronchial Blocker

The Uniblocker is another form of BB, and much like other blockers allows for 
selective isolation of the lung. This device shares multiple characteristics with 
UNIVENT (incorporated  BBs), yet in this case is independent from the  single-
lumen tube (Fig. 5.4).

This piece of equipment includes multiple different sizes, including adult (9 Fr) 
and paediatric (5 Fr) models. The Uniblocker has, as most blockers do, a multiport 
airway proximal adapter that allows for the introduction of the blocker, paediatric 
fiberscope and respiration connections.

One of the main advantages of this equipment is found in its greater internal cali-
bre that facilitates the collapsing of the lung and CPAP, as well as an easier insertion 
[17] through small movements of the proximal end of the BB. This is also made 

Fig. 5.3  The Cohen Blocker presenting a wheel in its proximal extremity that turns 90°, orientat-
ing the point of the blocker towards a designated area. Above the balloon there is a small arrow 
drawn, visible through the fiberscope indicating where the blocker is pointed to

M. Granell Gil et al.



73

easier by the direct vision via fiberscope [13] or other optic device such as the 
VivaSight SL tube (Video nº1).

Blind lung isolation using the Uniblocker has presented a degree of success of 
over 85% in the case of right lung isolation and lower than 60% in the case of left 
lung isolation. Nevertheless,  it is highly recommendable to use this BB guided 
by an optic device, unless such conditions are not available.

5.5.5	 �EZ-Blocker Bronchial Blocker (Teleflex Life Sciences Ltd., 
Athlone, Ireland) (EZB)

The EZ-Blocker BB, in comparison with the aforementioned blockers, presents a 
biforked distal extremity in a “Y” shape (Fig. 5.5). Each of the distal extensions 
includes a high pressure polyurethane balloon colour coded to coincide with each of 
the proximal balloons. This device has a distal point with a central lumen of 0.7 mm.

This design allows for the distal Y-shaped extremity to hook on to the tracheal 
carina during the insertion into the trachea, fixing the device in place and hindering 
its displacement. For this, its use in surgical practices associated with sequential 
episodes of isolation for either lung, such as the case of bilateral thoracoscopic 
sympathectomy, is highly recommended (video nº2). In such cases, once the proce-
dure has been completed in a hemithorax, the only additional steps are the disinfla-
tion of the balloon in this side in order to reinflate the lung, followed by its 
contralateral balloon insufflation in order to collapse the other lung [8].

For the introduction of this device, it is recommended that the endotracheal tube is 
positioned approximately 4  cm from the tracheal carina, assuring that the vision 
through the FBS or endotracheal tube with incorporated camera (Viva Sight SL) has 
enough distance to allow for a separation between either terminals, facilitating the 

Fig. 5.4  The bronchial blocker Uniblocker, is easily introduced through the rotation of the proxi-
mal part of the BB to the left or right side and it must be  inserted guided by direct vision 
using a fiberscope or a single-lumen tube with embedded camera 
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introduction of each extremity in the corresponding principal bronchi. Finally, two 
disadvantages are present in comparison with other BBs. The first is that the balloons 
are of high pressure, presenting difficulties and inconveniences in multiple situations 
[1]. The second is related to the internal diameter of both terminals (0.7 mm), present-
ing a distinct inconvenience that makes collapsing the lung a lengthy process. Because 
of this, the use of discontinuous aspiration through the internal channel or a period of 
disconnection or apnea to shorten it is recommended.
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6Utility of Bronchoscope  
in Thoracic Surgery

Antonio Villalonga and Mohamed El Tahan

6.1	 �The Flexible Bronchoscope

The flexible bronchoscope (FB) is an optical instrument that allows visualization of 
the airway from the mouth or nose to beyond the tertiary bronchi. Its design has 
changed with the passage of time and its indications have been gradually increasing.

The technique of rigid bronchoscopy, preceded flexible bronchoscopy, was 
developed in 1897 by Gustav Killian, and perfected two decades later by Nathan 
Faux who managed to visualize the trachea and the main bronchi. This technique 
has persisted to this day, as a diagnostic and therapeutic procedure, although with 
more restricted indications.

In 1966 Shigeto Ikeda developed the first FB, he said: “There is more hope with 
the bronchoscope”. It used filaments of coherent optical fiber, therefore it was called 
fiber-optic bronchoscope. In 1967 Murphy described the first tracheal intubation 
with a fibroscope [1, 2].

If a fiber is broken to the fiber-optic bronchoscopes a black dot appears in the 
image. The new FB have been improved and transmit the image by a system based 
on a charge coupled device (CCD) that is located at its end distal and have a defini-
tion 15 times greater. Although the term fibrobronchoscope is still used, in reality 
many are videobronchoscopes and it is more correct to call all of them flexible 
bronchoscopes. The FB is an instrument of high price, fragile and delicate, which 
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requires a theoretical and practical training for its correct use and a careful cleaning 
and asepsis after its use to avoid the transmission of infections [3, 4].

6.1.1	 �Flexible Bronchoscope Dimensions

The most common type of FB currently used by anesthesiologists is the white light 
with a length of 600 mm that can cover the entire bronchial tree. There is a great 
variety of FB, the main trademarks are Olympus, Pentax, Storz, Machida, Fuji, 
Wolf, etc., in addition, other brands such as Ambu have developed the single-use FB 
that allows its availability at any time and avoid the cleaning process.

The FB can have different widths of the insertion cord that determine which can 
be used with a double lumen tube (DLT). Although DLTs can be positioned blindly, 
most anesthesiologists use the FB to see the correct position of both tracheal and 
bronchial lumen. For DLT from 35 to 41 Fr it is necessary to use a FB < 4 mm in 
diameter that can pass through both lumen. The FB of 4.8 mm can pass through the 
tracheal lumen of the DLT of 39 Fr and also of the bronchial lumen of the DLT of 
41 Fr. For the DLT of 32 Fr it is necessary to use FB < 3.4 mm. There are pediatric 
FB of 2.7 mm for 35 Fr DLT and 1.8–2.2 mm for 26 Fr DLT.

In general bronchial blockers (BBs) need a thin FB to be placed in the desired 
place of the bronchial tree and see how the cuff is located once inflated.

6.1.2	 �Disposable Flexible Bronchoscope

Currently, disposable single-use videobronchoscopes (Ambu® aScope™ 4) are 
available, with an external monitor screen, and have the advantage of easy avail-
ability and transport to use it immediately and avoid the risks of cross-infection. The 
third generation has already been marketed, which has achieved a level of perfection 
similar to that of non-disposables, they are very ergonomic, the quality of vision is 
excellent and they have the possibility of recording in external video systems. Its 
drawback is the price, but by not incurring repair costs, nor those that entails clean-
ing, they become effective cost.

There are three different sizes, in relation to the external diameter of the insertion 
cord and the working channel of the instrument, the large 5.8 mm/2.8 mm, the regular 
5.0 mm/2.2 mm and the slim 3.8 mm/1.2 mm, all have an insertion cord of 600 mm. The 
slim can be used for the DLT 35-37-39-41 Fr and tracheal tube (TT) 5 mm, the regular 
one serves for the DLT 41 Fr and TT 6 mm and the large one does not work for DLT but 
for TT ≥ 7 mm [5, 6].

6.1.3	 �Recommendations for Flexible Bronchoscopy

A flexible bronchoscope is considered to be the most reliable device for tracheal 
intubation in patients with difficult airways (see Chap. 10), and is fundamental for 
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the correct placement of DLTs (see Chap. 5) and BBs (see Chap. 6) and to solve 
problems related to thoracic surgery, but considerable skill with the FB is required. 
The practice of FB requires certain standards to be carried out safely and effectively. 
It begins with the correct training of the bronchoscopist and the staff, with this pur-
pose there are resources to acquire this training, such as practical courses with dum-
mies and simulators [7].

Proper patient preparation, monitoring of basic cardiorespiratory parameters, 
ensuring proper oxygenation and ventilation, and patient comfort and safety are 
essential through the application of adequate premedication, topical anesthesia, and 
sedation or anesthesia.

In addition, it is necessary to ensure the own safety and that of the staff avoiding 
the risk of contamination by infections of the patient by means of the use of masks, 
hat, gloves and gown and at the end to carry out a correct cleaning and disinfection 
of the equipment. It is necessary to know and avoid possible complications and treat 
them immediately when they appear. The British Thoracic Society published com-
prehensive guidelines in 2001, which have been updated in 2013, and include rec-
ommendations for the good practice of bronchoscopy [8].

6.1.4	 �Anesthesiologist’s Role in Flexible Bronchoscopy

The anesthesiologist can be found in different scenarios regarding bronchoscopy: 
(1) The most common is as a user, usually to perform a tracheal intubation with FB. 
(2) Administering anesthesia or sedation in the bronchoscopy department of the 
pulmonology departments. (3) In the context of thoracic surgery and (4) In the criti-
cal patient either the postoperative thoracic or other. We will refer to these last three 
fields below.

6.1.4.1	 �Anesthesia in the Bronchoscopy Cabinet
The pulmonology bronchoscopy cabinets are increasing their procedures, is the so-
called interventional pneumology that is a expanding specialty who often perform 
invasive procedures necessitating an anesthesiologist for deep sedation or general 
anesthesia. Consequently, anesthesiologists need to be familiar with these new pro-
cedures to formulate appropriate anesthetic plans and anticipate potential 
complications.

There are two main branches of interventional pneumology: diagnostic bron-
choscopy and therapeutic bronchoscopy. The main diagnostic indications of FB are 
reported in Table 6.1.

Early detection is crucial to improve survival of lung cancer. Although tissue 
biopsy obtained by flexible bronchoscopy remains the gold standard for diagnosing 
malignant or premalignant airway disease, only 29% of carcinoma in situ (CIS) and 
69% of microinvasive tumors are detectable using conventional white light bron-
choscopy (WLB) alone [9, 10].

To increase the diagnostic accuracy new innovations in bronchoscopy incorpo-
rate developments in imaging technology [11, 12], such as endobronchial 
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ultrasound-guided transbronchial needle aspiration, to improve the yield, sensitiv-
ity, and specificity of diagnostic pulmonary procedures which are summarized in 
Table 6.2 [13–20].

6.1.4.2	 �Diagnostic Bronchoscopy Before Thoracic Surgery
The diagnostic FB immediately before the surgery is a procedure that is fundamen-
tal to know the extension and type of the tumor and the possibility of resectability, 
and in the case of tracheal surgery it will indicate the height at which the tracheal 
narrowing is found, the tumor or the fistula, and also the remaining light to pass the 
orotracheal tube. After studying the airway we can know if it is possible to place a 
conventional endotracheal tube and the size of it, if possible ventilation with laryn-
geal mask or will have to perform jet ventilation through a cannula. The information 
provided by the FB is of great value in these cases.

6.2	 �Therapeutic Bronchoscopy

The field of interventional bronchoscopy using FB is rapidly advancing and include 
electrocautery-diathermy, argon plasma coagulation and thermal laser, cryotherapy, 
cryoextraction, photodynamic therapy, brachytherapy, tracheobronchial stenting, 
electromagnetic navigation bronchoscopy, endobronchial valves for emphysema 
and bronchial thermoplasty for asthma (Table 6.3).

Table 6.1  Diagnostic indications of flexible bronchoscopy

1. Taking microbiological samples: bronchial aspirate, bronchoalveolar lavage …
2. Sampling of masses and nodules: bronchial biopsy, transbronchial aspiration …
3. �Staging of neoplasms. Diagnosis of dysphonia, stridor, cough and other pneumological 

signs and symptoms
4. Identification and treatment of hemoptisis
5. Lacerations or tracheal ruptures or bronchi. Thoracic trauma
6. Tracheoesophageal fistula
7. Bronchopulmonary fistula (after pneumonectomy)
8. Lung cryobiopsy in interstitial or diffuse lung diseases

Table 6.2  Developments in 
diagnostic bronchoscopy

1. �Autofluorescence bronchoscopy (AFB) and narrow band 
imaging (NBI) [13]

2. High magnification bronchovideoscopy (HMB) [14]
3. Optical coherence tomography (OCT) [15]
4. Confocal laser endomicroscopy (CLE) [16]
5. Linear endobronchial ultrasound (EBUS) [17]
6. Radial endobronchial ultrasound (R-EBUS) [18]
7. Electromagnetic navigational bronchoscopy (EMB) [19]
8. Laser Raman spectroscopy (LRS) [20]
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Although bronchoscopic procedures are considered less invasive than their cor-
responding surgical ones, the risks should not be underestimated, since these 
patients usually have multiple comorbidities and are too sick, so they are excluded 
from surgery. On the other hand, these procedures are urgent or emergency and 
these patients are not optimized before their procedure, therefore, it is a great chal-
lenge for the anesthesiologist to perform the anesthesia or sedation of these patients 
given the high morbidity and mortality associated with these procedures [21].

6.2.1	 �FB, Pulmonary Emphysema and Lung Volume Reduction

In patients with pulmonary emphysema, duly selected, volume reduction surgery 
improves the clinical symptoms (dyspnea, ability to exercise, etc.) and also pulmo-
nary function. However, this surgery is associated with high morbidity (30–50%) 
and mortality (4–7%). Therefore, less invasive techniques have been developed 
using FB to achieve the same results as surgery [22, 23]. These techniques include:

•	 Sclerosants and targeted lung denervation are additional modalities on the hori-
zon for COPD treatment. Substances are administered by FB that produce inac-
tivation of the surfactant and, later, an inflammatory and cicatricial reaction, with 
contraction of the affected parenchyma.

•	 Insertion of unidirectional valves, through bronchoscope, in the bronchial tree, 
prevent the entry of air into the isolated lung segment, but allow the drainage of 
secretions and exhaled gas, distal to the valve. This leads to the collapse of the 
isolated emphysematous segment, mimicking the result of surgical procedures 
for lung reduction [24].

•	 Endobronchial coils are a much newer technology for patients with emphysema 
and air trapping. Results of the latest randomized clinical trial showed improve-
ment in exercise tolerance but with an increased likelihood of major complica-
tions [25].

Table 6.3  Therapeutic indications of bronchoscopy

1.  Elimination of mucus and foreign bodies. Resolution of hypoxemia produced by atelectasis
2.  Endotracheal intubation, placement of DLT or BB
3.  Treatment of tumors or tissues that occlude the airway
4.  Cryotherapy
5.  Balloon dilatation/placement of tracheobronchial stents
6. � Bronchial thermoplasty: weakening of the smooth bronchial musculature for the treatment 

of asthma refractory to medical treatment
7.  Photodynamic therapy
8.  Electrocoagulation
9.   Placement of catheters for brachytherapy
10. Bronchoalveolar lavages in alveolar proteinosis
11. Lung volume reduction in emphysema
12. Assistance for percutaneous dilatational tracheostomy
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Kemp et al. summarizes recent clinical trials for and emerging technologies in 
bronchoscopic treatment of COPD, including thermal ablation, valves, lung dener-
vation, and cryospray [26].

6.2.2	 �Bronchial Thermoplasty for the Treatment of Refractory 
Asthma

Involves bronchoscopic delivery of radiofrequency energy to decrease smooth mus-
cle thickness. The studies have shown BT to be safe and effective in reducing severe 
exacerbations, improving quality of life, and decreasing emergency department vis-
its. Bronchial thermoplasty is performed in three separate visits [27, 28].

6.2.3	 �FB in Percutaneous Dilatational Tracheotomy

Percutaneous dilatational tracheostomy with flexible bronchoscopy assistance is 
effective and safe in critically ill patients under mechanical ventilation when per-
formed by experienced specialists [29].

6.3	 �Sedation and Anesthesia in the Bronchoscopy Suite

The number and diversity of procedures performed by FB is increasing. At the same 
time, there is a flow of relocation of pulmonary interventional procedures including 
rigid bronchoscopy that were previously assigned to a traditional operating room 
and are now performed in the bronchoscopy suite because of improved provider 
flexibility, presents more cost-effective options while maintaining patient safety and 
satisfaction [30, 31].

With the widespread use of FB with more complex and longer procedures, the 
importance of proper sedation and anesthesia is crucial. It is debatable and contro-
versial if it is acceptable for it to be administered by non-anesthesiologists. It is 
generally accepted that they could administer superficial sedation for short proce-
dures in non-deteriorated patients. However, for the interventional bronchoscopy it 
is imperative an anesthesiologist [32].

The initial basis of a correct sedation or anesthesia is a correct topical anesthesia, 
usually performed with lidocaine and avoiding not exceeding toxic doses. There is a 
growing body of literature highlighting the advantages and benefits of propofol anes-
thesia for both flexible and rigid bronchoscopy. Propofol is the agent of choice, in 
boluses it is usually sufficient in brief procedures, and in the most complex ones 
administered by perfusion pumps and with other drugs such as opiates, alfentanil, 
remifentanil, etc. Most procedures can be performed in spontaneous ventilation, 
although they require a laryngeal mask or a tracheal tube and in an outpatient setting 
[33–36]. Dexmedetomidine has been used, which is a hypnotic with antisialagogue 
properties and minimal effects on the respiratory system. In addition, its vagolytic 
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effects are beneficial to attenuate the sympathetic response associated with intuba-
tion but for its prolonged recovery times, it is not favorable for outpatients [37–39].

6.4	 �Bronchoscopy in the Postoperative Period of Thoracic 
Surgery

Thoracic surgery includes procedures in which a high percentage of patients can 
develop serious complications. Therefore, the immediate postoperative period takes 
place in critical care units, where it is important to have a FB for the diagnosis and 
treatment of many of these complications. In intubated patients, preoxygenation is 
essential, increasing the FiO2 up to 100%. It is advisable to continue with this con-
centration for the duration of the bronchoscopy and for a short period afterwards. 
The respirator must be adjusted in controlled mode to ensure ventilation. The limit 
pressure of the ventilator must be increased to ensure an adequate tidal volume dur-
ing each cycle, but without exceeding the values at which a barotrauma can be 
caused. It is necessary to place a special connector with a perforated diaphragm 
between the endotracheal tube and the ventilator, so that the FB can be introduced 
through it and continue the ventilation and maintain the PEEP / CPAP. This is par-
ticularly important in patients with hypoxia or with adult respiratory distress syn-
drome (ARDS). In the patient without tracheal intubation, the preferred route for 
bronchoscopy in resuscitation is the nasal route. We highlight the following 
complications:

6.4.1	 �Atelectasis

Is the most frequent postoperative complication of thoracic surgery. It can occur in 
the operated lung or in the contralateral lung. The causes are multifactorial: due to 
mucociliary alteration, hypoventilation and alteration of diaphragmatic function, 
among other mechanisms. Other complications include hypoxemic respiratory fail-
ure. In this context, we are in need of a therapeutic bronchoscopy in a patient who 
may be in treatment with invasive mechanical ventilation. The FB allows in many 
cases to know its etiological, being the bronchial secretions the most frequent. In 
this case, the FB is useful for solving the problem, since it allows to aspirate the 
secretions through the working channel of the FB with the help of physiological 
serum or acetylcysteine.

6.4.2	 �Hemoptysis

A small bleeding is relatively frequent if it increases or persists, it is necessary 
through the FB to determine if its location and amount is possible. In cases of mas-
sive hemorrhage, the FB may be insufficient to locate the bleeding. In these cases, a 
rigid bronchoscopy may be necessary, through which the problem can be identified 
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and resolved more easily. Tracheal or bronchial injury or rupture. Its incidence is 
1% with intubations with TDL. The clinic usually appears in the first hours of the 
postoperative period, in the form of dyspnea, subcutaneous emphysema in the neck 
and chest, hemoptysis and cyanosis. The FB together with the CT scan are the diag-
nostic methods of choice to determine the location and magnitude of the tracheo-
bronchial break.

6.4.3	 �Torsion of Lobe or Lung Segment

In the postoperative period of pulmonary resections in the operated hemothorax, a rota-
tion of part of the parenchyma on its bronchovascular pedicle may occur in the areas 
adjacent to the resection. The bronchoscopy is indicated in the presence of a pulmonary 
consolidation that does not improve with conservative measures, when carrying out a 
stenosis of the bronchus and its mucosa with engorged vessels. It may be feasible to 
pass the FB through the stenosis, but it collapses again upon removal. The treatment 
will be a new emergency thoracotomy that often requires lung resection.

6.4.4	 �Bronchopleural Fistula

It is one of the most feared complications in the postoperative period of thoracic 
surgery. The FB is useful as a diagnostic tool and in some cases therapeutic, as in 
small fistulas where it can be used, always under endoscopic vision, repeated cau-
terizations, placement of tissue adhesive materials, stents, etc.

6.4.5	 �Bronchoscopy in the Lung Transplantation

In lung transplantation (see Chap. 20), bronchoscopy may be required if problems 
such as those described above appear. In addition, at the end of the transplant, the 
endobronchial tube is changed to a tracheal tube and a bronchoscopy is performed to 
check the condition of the sutures and aspirate secretions and take samples for Gram 
and culture studies. It will also be repeated in the postoperative period before extuba-
tion of the patient. The FB remains the gold standard to establish the presence or 
absence of acute pulmonary allograft rejection or infection after lung transplantation. 
The use of FB modified clinical management in one third of airway evaluation and 
microbiological sampling procedures for critically ill lung transplantation recipients. 
No fatalities were attributed to bronchoscopy in this critically ill population [40, 41].
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7Video Laryngoscopes in  
Thoracic Surgery

Mohamed El Tahan and Antonio Villalonga

7.1	 �Introduction

There are several supportive tools and adjuncts can facilitate endobronchial intuba-
tion and extubation like as flexible bronchoscope, videolaryngoscopes (VLs), fluo-
roscopy, and intubation/extubation adjuncts (e.g. Airway Exchange Catheter, 
Bougie, etc.).

VLs provide a better laryngeal view without the need for airway alignment for 
endobronchial intubation with double lumen tubes (DLTs). Shulman and Connelly 
[1] have been described the use of VL for placement of Double Lumen Tubes (DLT) 
using a Bullard VL in 1999. VL-assisted DLT intubation is associated with improved 
glottic visualisation [2], however, that does not always translate into easier tracheal 
intubation. A recent meta-analysis has shown that, compared with the direct laryn-
goscopy, the VLs provided a higher success rate at first attempt for DLT intubation, 
a lower incidence of oral, mucosal or dental injuries and postoperative sore throat, 
and comparable intubation time [3]. These observations are common when used by 
experienced operators [4]. Unfortunately, the use of VLs can be associated with a 
higher incidence of malpositioned DLT [3].
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7.2	 �Lung Separation in the Era of VLs

VLs have several potential roles in lung separation for thoracic surgery including: 
(1) placement of a DLT in patients with predicted or unanticipated difficult airway, 
(2) the airway can be secured with a single lumen tube (SLT), then exchange a DLT 
for the SLT, using a VL, (3) the trachea can be intubated, then a bronchial blocker 
can be advanced alongside the SLT under VL-guidance [5].

7.3	 �Classification of VLs

There are three main classes of VLs including the angulated-blade VL, those with a 
guidance channel that facilitate DLT or SLT guidance into the trachea, and video-
stylets, however the performances are likely to be different between these devices [6].

A recent meta-analysis has shown that the performance of both channelled and 
non-channelled VLs was superior to the direct laryngoscopy in terms of improved 
glottic visualisation and success rate in obese patients, however, the intubation time 
was longer with the non-channelled VLs [7]. Compared with the angulated-blade 
VLs, the channelled VLs have equipped with thinner blades and pronounced curva-
ture that make them useful in patients with limited mouth opening and restricted 
neck movement [8] (Fig. 7.1).

7.3.1	 �Angulated Blades VLs

7.3.1.1	 �GlideScope
There are several emerged types of the GlideScope (Verathon Medical Canada 
ULC, Burnaby, BC, Canada), a VL with a 60° angled blade, including: (1) light-
weight and thin reusable GlideScope® Titanium angled (sizes: LoPro T3 and LoPro 
T4) and MAC-style blades (sizes: MAC T3 and MAC T4), (2) thin single-use 
GlideScope Titanium blades (angled sizes: LoPro S1, S2, S3 and S4, and MAC-
style sizes: MAC S3 and S4), and (3) a portable GlideScope Go™ with single-use 

Fig. 7.1  From left to right: the Clarus Trachway, King Vision™, Pentax AirwayScope, Yellow 
Airtraq, C-MAC (D-blade), McGrath series 5, and GlideScope Titanium angled LoPro T4
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blades and 3.5″ colour display (Fig. 7.1). The GlideScope has been described for 
DLT intubation. The newly thinner blades can potentially facilitate intubation using 
the larger and more rigid DLTs particularly in patients with limited mouth opening. 
The GlideScope takes variable times to achieve DLT intubation according to the 
previous experience of the operators [9, 10].

Comparisons with Other VLs
Compared with the King Vision VL, the GlideScope was easier to use and required 
less frequent optimizing manoeuvers in the simulated easy airway scenario by nov-
ice operators [11]. Contradictory, the use of GlideScope for DLT intubation required 
a longer time for DLT intubation and was more difficult to use than the Airtraq in 
humans by operators with mixed experience, although failures did occur with the 
Airtraq [12, 13]. However, the GlideScope and Airtraq have comparable success 
rates of DLT intubation in patients with a predicted or known difficult airway [14].

Tips to Facilitate GlideScope-Guided Double-Lumen Tube Intubation
The use of GlideScope for DLT intubation can be facilitated with several tricks as 
follows: (1) Bending the stylet of the DLT so that the distal 20 cm of the DLT curve 
follows the curve of the GlideScope blade [15] (Fig. 7.2a). (2) The use of an Airway 
Exchange Catheter (AEC) alongside the GlideScope guidance for DLT intubation 
particularly in patients with the unanticipated difficult airway [16]. Compared with 
the Rusch (Bronchopart®, Teleflex, Research Triangle Park, NC) and Mallinckrodt 
(Broncho-Cath®, Covidien, Mansfield, MA) DLTs, the Fuji-Phycon DLT 
(Silbroncho®, Fuji Systems, Tokyo, Japan) can facilitate the passage of DLT over an 

a b c

Fig. 7.2  (a) The GlideScope GVL blade size 4 with reshaped distal 20 cm of the stylet of DLT, 
(b) the Yellow Airtraq with a removed stylet of the DLT, and (c) the non-channeled King Vision 
blade with a reshaped distal 20 cm of the stylet of the DLT to follow the blade
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AEC [17]. (3) Combined use of the GlideScope and fiber-optic bronchoscope for 
DLT intubation in a patient with difficult airway [18, 19]. (4) Sequential rotation of 
the DLT after introducing the tip of the bronchial lumen of the left-side DLT into the 
glottis using a bended malleable stylet with an initial 180° counter-clockwise rota-
tion to align the axis of the bronchial lumen with the patient’s tracheal axis, then, an 
additional 90° clockwise rotation is performed to align the DLT with the left main 
bronchus [20]. (5) Angulating the distal tip of DLT to a hockey-stick shape with more 
acute angle concealing the tracheal orifice [21] (Fig. 7.3). (6) Using a specifically 
designed semi-rigid intubating GlideRite DLT Stylet for the use with DLTs [22].

7.3.1.2	 �McGrath® Series 5
The McGrath® Series 5 VL, an angulated tip VL with reusable thin Mac blades, offers 
improved glottic visualisation for DLT intubation when used by experienced opera-
tors [23] (Fig. 7.1). However, this was associated with a longer time to achieve DLT 
intubation and more frequent DLT malposition [23]. Surprisingly, the use of McGrath® 
VL for placement of DLT by anaesthesia residents (>50 experiences with DLT intuba-
tion) took a shorter time to achieve DLT intubation and improved laryngeal visualisa-
tion than with the direct laryngoscopy [24]. However, that study was not powered to 
test that outcome variable [24]. Additionally, the use of McGrath® VL improved the 
glottic view and facilitated DLT intubation in patients with in-line stabilization [25].

Comparisons with Other VLs
Compared with the Airtraq, the use of the McGrath® VL for placement of a DLT 
resulted in a longer time for DLT intubation by 11 s and comparable intubation dif-
ficulty score and incidence of DLT misposition [26].

a b

Fig. 7.3  (a) Non-concealed tracheal orifice and (b) angulating the distal tip of DLT to a hockey-
stick shape with more acute angle concealing the tracheal orifice
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Tips to Facilitate McGrath®-Guided Double-Lumen Tube Intubation
These include: (1) the combined use of the McGrath® VL and the Parker Flex-IT™ 
Stylet (Parker Medical, CO, USA) can navigate the tip of the DLT towards the glot-
tis by pushing the sum button at the top of the stylet [27]. (2) The use of a 12-cm 
pillow height to achieve an appropriate sniffing position [28]. (3) The combined use 
of McGrath® and fibre-optic bronchoscope in patients with difficult airway [29].

7.3.1.3	 �C-Mac D-Blade VL
The C-Mac with D-blade videolaryngoscope™ (Karl Storz GmbH and Co.KG, 
Tuttlingen, Germany) (Fig. 7.1) offers an 80° field of view which can facilitate DLT 
intubation using a reshaped distal curvature of the DLT to follow the curve of the 
D-blade [1]. Compared with direct laryngoscopy, the use C-Mac with D-blade has 
comparable time to achieve DLT intubation, improved laryngeal visualisation, how-
ever, it was more difficult to use, which can be explained with the less experience of 
operators in using the C-Mac with D-blade for placement of a DLT [30].

7.3.1.4	 �CEL-100 Videolaryngoscope™
The CEL-100 videolaryngoscope™ (Connell Energy Technology CO.  Ltd., 
Shanghai, China) has a 40° angulated Macintosh blade.

Lin and colleagues [31] had demonstrated the successful use of the CEL-100 VL 
for DLT intubation in patients with difficult laryngoscopy and failed placement of a 
DLT using the Macintosh laryngoscope when used by experienced anaesthesiolo-
gists (>30 times) [31]. Similarly, the use of the CEL-100 VL for DLT was associated 
with improved laryngeal visualisation and success rate than with the direct laryn-
goscopy [32].

7.3.2	 �Channelled VLs

7.3.2.1	 �Airtraq
Airtraq (Prodol Limited, Vizcaya, Spain), a channelled VL, has a unique 90° shape 
which could potentially minimise cervical hyperextension and reduces force 
required (Figs. 7.1, 7.2b, and 7.4) Multiple viewing options are available for Airtraq 
including direct view, WiFi camera, Endo cams, and compatible phone adaptor with 
smart phones (Fig. 7.4). The yellow Airtraq can facilitate placement of the 35- and 
37-Fr DLT without using the stylet (Fig. 7.4). Contradictory, a previous observa-
tional study showed that removal of the stylet could increase the possibilities of 
DLT misplacement, however it included few patients without predicted difficult air-
way [33]. Interestingly, Airtraq has been described to be used for awake intubation 
using a DLT in patients with predicted potential difficult airway [34].

Comparisons with Other VLs
Airtraq, when used by operators with limited prior experience in using VLs for DLT 
intubation, required more time over the MacIntosh laryngoscope for DLT intubation 
in simulated easy and difficult airways [11]. Obviously, growing the learning curve 
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can potentially reduce the time to DLT intubation. The use of channelled Airtraq by 
operators with mixed experience required less time for DLT intubation and was 
easier to use than the GlideScope, although failures were more frequent with Airtraq 
[12]. Of note, the success rates of DLT intubation were similar in patients with a 
predicted or known difficult airway when using either a GlideScope or Airtraq 
device [14].

7.3.2.2	 �Pentax Airway Scope
Pentax Airway Scope (AWS) (Hoya Corp., Tokyo, Japan), a 2.4-in., 300 kilo-pixel 
high-definition colour LCD monitor-integrated VL, has a cross-hair displays on-
screen, which facilitates dependable intubation (Fig. 7.1). The disposable standard 
P-blade has 80° angle view (height: 131 mm; width: 52 mm; depth: 96 mm). The 
thinner P-Blade (height: 134 mm; width: 52 mm; depth: 95 mm) allows placement 
of tracheal tubes sizes 7.5–10.0 mm, which might potentially facilitate placement of 
the bulky DLT in patients with restricted mouth opening.

The guiding channel of the P-Blade cannot accommodate the DLT size 37 Fr 
or larger, however, it could be used in conjunction of an airway exchanger cath-
eter to place a DLT [35, 36]. Sano et  al. reported a successful endobronchial 
intubation with the AWS, equipped with the Intlock, using size 35 Fr DLT, in a 
patient with restricted mouth opening and head tilting [37]. Similarly, Ono et al. 
described the successful use of the AWS with an infant-size Intlock for place-
ment of DLT size 32 Fr in a patient with predicted difficult airway [38]. AWS has 
been successfully used for placement of a DLT either over an airway exchanger 
catheter or through the guiding-channel during cricoid pressure for rapid 
sequence intubation [39, 40].

Fig. 7.4  Left: The DLT with a stylet inserted, a Yellow Airtraq, and smart phone adaptor, and 
Right: The 35-Fr DLT without using the stylet inserted through the channel of the Yellow Airtraq
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7.3.2.3	 �King Vision™

The King Vision™ VL (Ambu, Ballerup, Copenhagen, Denmark) has two blades 
styles: a standard non-channeled blade and a channeled blade. The former requires 
the use of a reformed stylet to direct the tracheal tube towards the glottis (Figs. 7.1 
and 7.2c). The height and width of the standard non-channeled and channeled 
blades are 13 mm and 26 mm vs. 18 mm and 29 mm, respectively [41].

El Tahan et al. [41] have described the successful use of King Vision™ to place 
a left-side DLT in a morbidly obese patient with a predicted difficult airway using 
four steps: “first, bend the DLT stylet so that the distal curve of the DLT follows the 
curve of the standard non-channeled blade and the proximal curve of the DLT 
remains directed to the right side (Fig. 7.2c). Next, insert the DLT, exercising cau-
tion to avoid damage to the tracheal cuff by the upper teeth during its passage 
through the mouth opening. Then, after the bronchial cuff passes through the vocal 
cords, withdraw the stylet of the DLT. Finally, rotate the DLT 180° counterclock-
wise while advancing the DLT to the desired depth” [41].

Comparisons with Other VLs
The previous experience of the operators in using the King Vision™ might signifi-
cantly shorten the time taken to achieve DLT intubation. A manikin study included 21 
novice anaesthetists in using the VLs for DLT intubation showed that the use of King 
Vision™ for DLT intubation was more difficult than the GlideScope and Airtraq in 
both simulated easy and difficult airway scenarios and required more frequent opti-
mizing manoeuvres than the GlideScope in the simulated easy airway [11]. A recent 
study included 133 patients undergoing thoracic surgery, the use of the GlideScope 
and King Vision™ laryngoscopes by operators with mixed experience resulted in lon-
ger DLT intubation times than those with Macintosh laryngoscopy [12].

7.3.3	 �Video-Stylet

7.3.3.1	 �Bonfils Intubation Fiberscope
The Bonfils intubation fiberscope (Karl Storz GmbH and Co.KG, Tuttlingen, 
Germany), a rigid endoscope with an optical stylet, has a 40° curved distal segment of 
the shaft. The length and diameter of shaft are 35 cm or 40 cm and 3.5 mm or 5.0 mm, 
respectively. These dimensions may make it a potential tool to place a DLT particu-
larly in those with limited mouth opening or restricted neck movement [42]. The suc-
cessful use of the Bonfils intubation fiberscope (length: 40 cm, an outer diameter of 
5.0 mm) has been described for DLT intubation in patients with failed direct laryngos-
copy [43, 44]. However, this required shortening the length of the connecting tubes of 
both tracheal and bronchial lumens of sizes 37 and 39 Fr DLT by 1.5 cm and 3.5 cm, 
respectively, to fit the length of the Bonfils intubation fiberscope [43, 44] (Fig. 7.5).

7.3.3.2	 �Clarus Video System (Trachway) Video Stylet 
and the OptiScope®

The Trachway intubating stylet (Biotronic Instrument Enterprise Ltd., Tai Chung, 
Taiwan, China), a 32-cm rigid intubating stylet with adjustable malleable angle and 
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rotatable monitor, allows using of tracheal tubes with an internal diameter of 6.0 mm 
or larger [45–47] (Fig. 7.1).

Hsu and colleagues [46] found that the Trachway video-stylet-guided DLT intu-
bation was associated with a shorter time to intubation than the direct laryngoscopy 
by 20 s and reduced incidence of hoarseness of voice during the first postoperative 
day, however the studied patients had normal airway [46]. In similar to other video-
stylets, the stylet of the Trachway is shorter than the length of the DLT that requires 
cutting off the DLT bronchial connector. Then, a 6.5-mm tracheal tube can be short-
ened and used as a modified connector following inserting the modified DLT [47] 
(Fig. 7.5).

The Clarus Video System (Trachway) intubating stylet has been used also for 
DLT intubation in a patient with limited neck movement [48].

The OptiScope® (Pacific Medical, Seoul, Republic of Korea), a specifically 
designed video-stylet for DLT intubation, has a rigid video-stylet with a malleable 
tip (length: 40.5 cm and an outer diameter of 5.0 mm) that is derived from the Clarus 
Video System (Clarus Medical, Minneapolis, MN, USA) and can accommodate a 
35 Fr or larger Mallinckrodt DLT [49]. A previous study including 397 patients 
demonstrated faster DLT intubation (37 Fr for female and 39 Fr for male) using the 
OptiScope® [mean difference [95% confidence interval (CI)]: 5.5 (3.8–13.2)  s, 
P  =  0.010] and higher success rate of the first intubation [80.4% vs. 89.9%, 
P = 0.036] than with the direct laryngoscopy. However, that study was not blinded, 
and the operators had mixed experience [49].

Fig. 7.5  Left: A 6.5-mm tracheal tube can be shortened and used as a modified connector follow-
ing inserting the modified DLT.  Upper right: The shaft of the Bonfils intubation fiberscope is 
shorter than the length of 37 Fr DLT. Lower right: Shortened length of the connecting tubes of both 
tracheal and bronchial lumens of size 37 Fr DLT by 1.5 cm to fit the length of the Bonfils intubation 
fiberscope
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7.3.3.3	 �Shikani Optical Stylet
The Shikani optical stylet (Clarus Medical, Minneapolis, MN), a rigid video-stylet 
(length: 37.9 cm and an outer diameter of 5.01 mm), has a malleable stylet, high-
resolution eyepiece, Turbo LED, and oxygen port for insufflation. Its dimensions do 
not make it fit to accommodate the DLT without removal tube-stop and shortening 
of the bronchial lumen.

Compared with the direct laryngoscopy, the use of Shikani optical stylet can 
potentially reduce the time to achieve successful DLT intubation and the inci-
dence of mucosal and dental injury [50].The angulation of the tip of the Shikani 
optical stylet to a hockey-stick shape with alignment of the tracheal orifice of the 
DLT with the concave aspect of the distal curvature resulted in 11% shorter time 
to intubation and lower incidence of postoperative hoarseness and sore throat [51]. 
Unfortunately, that technique can potentially increase the incidence of malposi-
tion DLT [51].

7.3.3.4	 �Lighted Stylet
The lighted stylet (Light Way, Ace Medical, Seoul, Korea) relies on the principle of 
transillumination of the soft tissues of the neck to guide the tube into the larynx 
without direct visualization of the glottis. Chang and co-workers [52] have described 
the following steps for using the lighted stylet for placement of DLT: (1) cutting the 
proximal 1.5 cm of the tracheal and bronchial lumens of the DLT to accommodate 
the relatively shorter lighted stylet, (2) loading the DLT alongside the lighted stylet 
with an angulated distal end at 90°, (3) then the DLT with the lighted stylet is intro-
duced through the oropharynx and directed anteriorly through the midline towards 
the cricothyroid membrane under transillumination guidance, (4) the lighted stylet 
is removed, and (5) the DLT is rotated 90° counter-clockwise after lifting the jaw 
anteriorly and advanced into the trachea.

Comparisons with Other VLs
Compared with GlideScope, the use of the lighted stylet reduced the time for achiev-
ing DLT intubation by 15 s [52].

7.4	 �Awake Endobronchial Intubation Using VLs

The VLs can offer a new merit for awake DLT intubation in patients with antici-
pated difficult airway where there is high priority to place a DLT rather than using 
a bronchial blocker.

7.4.1	 �GlideScope

GlideScope has been shown to provide topical anaesthesia and successful DLT intu-
bation in an awake patient with predicted difficult airway and risk of pulmonary 
aspiration of gastric contents [53].
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7.4.2	 �Airtraq

Similarly, Airtraq has been successfully used for awake DLT intubation in two cases 
with predicted difficult airway [34].

7.4.3	 �Clarus Video System

Seo and colleagues [54] have described the successful use of Clarus VL and for 
awake endobronchial intubation using a size 37 Fr DLT in a patient with a large 
epiglottic cyst under the combined use of superior laryngeal nerve block and topical 
anaesthesia [54].
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8Intubation Guides, Tube Exchanger 
Catheter and Safe Extubation  
in Thoracic Surgery

Antonio Villalonga and Mohamed El Tahan

8.1	 �Intubation Guides

In 1973, Venn designed [1] the Eschmann endotracheal tube introducer also known 
as the gum-elastic bougie. It has a 35° curved tip, is longer in length (60 cm) and 
stiffness yet maintains flexibility, allowing it to enter the trachea with minimal 
trauma to the soft tissues and is reusable [2]. Now there are many single-use intro-
ducers available on the market: Frova (Cook UK Ltd., Letchworth, UK), Portex 
(Smiths Medical International), Pro-Breathe (Pro-Act Medical Ltd., Northampton, 
UK), Boussignac bougies (Vygon, Ecouen, France).

The tracheal tube introducers or intubation guides or bougie is a widely used 
device for facilitating tracheal intubation. It is one of the most widely, effective and 
commonly used device for management of the difficult airway and for this reason is 
in the intubation guide is an option of the ‘Plan A’ of the Difficult Airway Society 
(DAS) guidelines for management of the unanticipated difficult intubation [3]. It 
can also be helpful during videolaryngoscopy. Non-channelled videolaryngoscopes 
necessitate the use of a pre-shaped stylet or bougie to aid the passage of the tracheal 
tube through the cords [4, 5].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-28528-9_8&domain=pdf
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The characteristics of bougies vary, and this may affect their performance. 
Janakiraman et al. [6] found higher significant successful placement of Frova and 
Eschmann that with Pro-Breathe and Portex tracheal introducers and that the peak 
force that could be exerted by the Pro-Breathe, Portex and Frova single-use intro-
ducers were 3–6 times greater than that which could be exerted by the Eschmann 
introducer that are more likely to cause tissue trauma during placement. For this 
reason, the ‘hold-up’ sign that may signal the passage of the bougie as far as small 
bronchi, it is associated with risk of airway perforation and trauma, should not be 
elicited if a single-use bougie is being used and great caution should be exercised if 
attempting to elicit the hold-up sign with Eschmann reusable bougie [7]. The main 
complications reported are airway bleeding, pneumothorax and mediastinitis [8].

When encountering a difficult airway with videolaryngoscopy with an endotra-
cheal tube channel such as Airway Scope (AWS) a bougie can be inserted into the 
endotracheal tube in the channel. The angulated tip of the bougie can be guided 
toward the glottis by rotating it. Takenaka et al. tested the ease of rotating bougies 
(Eschmann reusable, Boussignac, Portex single-use, and Frova) in an endotracheal 
tube when placed in the AWS channel and conclude that Eschmann reusable and 
Boussignac bougies are a useful aid for intubation with an AWS and Portex single-
use and Frova bougies seem to be less suitable for this technique [4].

8.1.1	 �Intubation Guides in Thoracic Surgery

In anesthesia for thoracic surgery the intubation guides are used mainly for tracheal 
intubation and is a help with both the Macintosh laryngoscope and the videolaryn-
goscopes and can be used as an adjunct to DLT intubation. A 10-Ch, 70-cm bougie 
can be inserted into the trachea, then the DLT is introduced over the bougie through 
its tracheal lumen [9]. Additionally, Gottlieb et al. recommended use the bougie in 
emergency department to facilitate single lung intubation when visualization is lim-
ited. After the bougie enter in the trachea, then to turn the bougie 90° clockwise (for 
right mainstem intubation) or 90° counter-clockwise (for left mainstem intubation). 
Subsequently, either an endobronchial tube or a DLT can be then advanced over the 
bougie [10].

The intubation guides have been used as tracheal tubes and double-lumen tube 
exchangers, but it is preferable to use instruments designed specifically for this 
purpose. In particular there are reports of a fragment of a Frova introducer becom-
ing dislodged in the airway after use with a double-lumen tube [11].

8.2	 �Airway Exchange Catheter

The use of airway exchange catheter (AEC) had been proposed by Choby et al. in 
1979, as a guide to facilitate nasal reintubation in patients with intermaxillary fixa-
tion without removing the dental fixation [12]. Nowadays the AEC has been a sug-
gested as part of an extubation strategy when managing difficult airways that may 
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require re-intubation. No other specific tool or procedure to increase safety at extu-
bation has gained wide acceptance or has been routinely adopted in clinical algo-
rithms [13–18]. In fact, whit the use of AEC Mort [19] refers an overall success rate 
at reintubation of 92% (87% at first attempt) in intensive care unit (ICU) patients 
with “difficult airway.”

8.2.1	 �Characteristics

The AEC should be a long semirigid tube inserted through a tracheal tube before 
extubation to minimize trauma. Hollow catheters are preferred, as they offer the 
ability to insufflate oxygen and/or ventilate through their lumen. Commonly used 
and recommended model and sizes: Cook AEC catheters 8 F length 45 cm and 11 F, 
14 F and 19 F length 83 cm (Cook Critical Care, Bloomington, IN), compatible with 
tracheal tubes of internal diameters 3, 4, 5 and 7 mm, respectively. These sizes are 
large enough to provide adequate support in case of reintubation, and thin enough 
to be well tolerated by patients. In addition, it has connectors included for oxygen 
insufflation and capnography. After the tracheal tube is withdrawn over the AEC, it 
can serve as a conduit for re-intubation if required.

The Sheridan TTX tracheal tube exchanger (Sheridan Catheter Corp, Argyle, 
NY) and the Endotracheal Ventilation Catheter (CardioMed, Lindsay, Ontario, 
Canada) are other examples of hollow endotracheal tube exchangers. Nonhollow 
AEC have also been used, however the use of hollow catheters has been generally 
widely favored and recommended [16, 18].

An alternative ‘next generation’ is the Staged Extubation kit (Cook Critical Care, 
Bloomington, IN, USA). This recent modification has detachable connectors for 
emergency ventilation. This consists of a coated, high-quality wire and a re-
intubation catheter. Similar to the exchange catheter, the guidewire is inserted down 
the tracheal tube before extubation and left in situ to provide access to the lower 
airway should the patient require re-intubation. In this case, the re-intubation cath-
eter, that has a soft distal tip to attempt to decrease the risk of distal airway injury 
during tube exchange, is railroaded over the guidewire and this in turn facilitates 
railroading of a tracheal tube into the airway. Currently there is limited research 
concerning this two-step system for extubation [20, 21].

8.2.2	 �Indications

There are different clinical situations in which the AEC is useful:

•	 Difficult tracheal tube exchange. A tracheal tube may require urgent replace-
ment if displaced, blocked, kinked, if the cuff has failed, or if a small tracheal 
tube has been inserted during difficult or fibre-optic airway management. The 
AECs provides the safest method of tracheal tube exchange ensures airway con-
tinuity is maintained throughout the procedure [22–25].
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•	 Extubation strategy. AEC play an important role as part of an extubation strat-
egy when managing difficult airways that may require re-intubation. It is included 
in all the guidelines on tracheal extubation. This may occur after certain surgeries, 
such as head and neck surgery, in patients that tracheal intubation has been dif-
ficult or in patients with prolonged tracheal intubation in critical care. AECs are 
placed prior to extubation and retained in situ after extubation and that act as a 
conduit for TT if reintubation is required [16–18].

•	 Change a single tracheal tube for a double-lumen tube or vice versa. The first 
case can occur in a difficult intubation in thoracic surgery and the opposite in the 
end of surgery in a patient that requires mechanical ventilation in the postopera-
tive period as in the large esophageal surgery (Fig. 8.1).

•	 One study using two airway exchange catheters to exchange a DLT for a single-
lumen endotracheal tube showed that there was a reduction in the incidence of 
glottis impingement of the tracheal tube and that there was a higher success rate 
of passage of the single-lumen endotracheal tube when compared with the use of 
a single airway exchange catheter [26].

•	 Change a tracheal tube for a supraglotic dispositive at the end of surgery. In 
cases of extubation in normal airway requiring suppression of haemodynamic 
responses at the end of surgery. The TT can be removed of over an AEC and 
railroading the laryngeal mask airway through its airway lumen into the pharynx 
for its placement [26].

8.2.3	 �Technics

The use of an AEC requires prior knowledge and training by the staff who will per-
form the technique. Tracheal tube exchange should always be approached as a high-
risk intervention, with the same level of preparation and equipment provision as 
difficult intubation [27].

Fig. 8.1  Double lumen tube (DLT) with an Airway Exchange Catheter (AEC) inserted through 
the bronchial lumen

A. Villalonga and M. El Tahan



103

The patient. To perform the procedure the patient must be in an optimal posi-
tion, slightly semi-incorporated and the ‘sniffing’ position, in a neutral head-neck 
position in case of cervical spine immobilization the results are worse [28]. The 
patient will be given oxygen at 100% to have a greater margin of safety in case of 
difficulties. Oropharyngeal secretions will be aspirated and lidocaine can be admin-
istered through TT to abolish reflexes.

The AEC. The choice of the size of the AEC is important to facilitate the 
exchange, the most suitable is the one that approaches the internal diameter of the 
TT to avoid the gap that would make the passage of the TT by the glottis 
difficult.

After applying lubricating jelly over the AEC, insert the AEC to its appropriate 
depth ensuring the tip remains above carina. It usually about 20–22 cm orally or 
26–30 cm nasally. Never advance an AEC against resistance.

Remove the tracheal tube over the AEC, while maintaining the AEC position 
without advancing the AEC.

The TT. The gap between the catheter and the tracheal tube during re-intu-
bation may cause the tube to impinge on upper airway structures such as the 
epiglottis and arytenoids, causing a ‘hold-up’ and insertion failure [29]. The 
tube with a blunt beveled tip for use with an intubating LMA (Intavent Direct 
Ltd., Maidenhed UK), or the Parker Flex-Tip™ tracheal tube (Parker Medical, 
Englewood, CO, USA) has a curved tip and posterior-facing bevel, which mini-
mises this gap and allows smooth passage into the trachea [30]. These problems 
may be also reduced by passing an Aintree TM Intubation Catheter (William 
Cook Europe, Bjaeverskov, Denmark) over the AEC before re-intubation. This 
allows easier railroading of the tracheal tube, with less likelihood of hold-up 
[31–33].

Reintubation under laryngoscopy. Exchange tube should be performed with 
videolaryngoscopy better than direct laryngoscopy, leading to better glottic view to 
retract the tongue and improve visibility of the periglottic structures and facilitate 
advancement of the ETT into the trachea with higher success rate, and fewer com-
plications [34]. Full neuromuscular blockade increase safety. After reintubation, 
confirm the position of the tracheal tube with capnography.

Use of an airway exchange catheter for ‘at-risk’ extubation.
Secure AEC to the cheek or forehead with tape and clearly label the AEC to 

prevent confusion with a nasogastric tube. The patient should be nursed in a critical 
care unit and remain nil by mouth until the AEC is removed. Most patients remain 
able to cough and vocalize. In case of cough check that the tip is above the carina 
and inject lidocaine via the AEC.

Supplemental oxygen can be given via a facemask, nasal cannula or CPAP 
mask better than via AEC. Oxygen insufflation and jet ventilation through AEC 
may be associated with significant risk of barotrauma and should be reserved 
to selected life-threatening situations. In the context of rapid decompensation 
of a patient with an AEC in situ, the priority should be given to attempt reintu-
bation over attempting oxygenation and ventilation through the lumen of the 
catheter [34].

The optimal timing for removal of the AEC should be individualised in every 
situation. The Difficult Airway Society (UK) recommends retaining the AEC for 
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2 h, but the device may be kept for an extended period of up to 3 days. The guiding 
principle should be to leave the catheter in place as long as it is necessary to rule out 
complications that may lead to reintubation.

8.2.4	 �Complications

Most common complications associated with AEC use: pneumothorax (unilateral or 
bilateral, with or without subcutaneous emphysema), pneumoperitoneum and pneu-
momediastinum, hypoxia during airway management and unintended esophageal 
misplacement leading to gastric perforation.

Due to reports of barotrauma, it is now recommended that oxygen insufflation 
and manual ventilation through an AEC should only occur in emergency situations 
[34–39], if an AEC is left in place after extubation, it is safer to administer oxygen 
by other means [14]. Only experienced airway management personnel with a high 
level of training should use these devices or very closely supervise their use.

Postextubation complications may be prevented or mitigated by preemptive opti-
mization of the patients’ medical conditions, careful timing and logistics of the 
extubation process, preparation for urgent or emergent tracheal reintubation (includ-
ing routine use of AECs in case of extubation of difficult airways), and adequate 
level of postextubation monitoring and care.

An AEC was impinged at the distal tracheal lumen and snapped during manipu-
lation of a DLT replacement with a SLT. The authors suggest than AEC will be 
inserted into the bronchial lumen in optimal depth with the adjunct of video laryn-
goscope, as the safe method for double-lumen tube exchange [40].

8.3	 �Safe Extubation

In 1993, the ASA [41] developed the first difficult tracheal intubation guide, subse-
quently several societies introduced their own, and this has contributed to a marked 
decrease in morbidity and mortality related to tracheal intubation. It can be said that, 
rather than the introduction of new instruments, it has been the awareness of anes-
thesiologists to detect difficult airways and have concrete plans of action both in the 
planned and in the unforeseen and successive alternatives in case the initial 
approaches fail. The Practice Guidelines, updated in 2003, suggest that [42]:

“The preformulated extubation strategy should include

	1.	 A consideration of the relative merits of awake extubation versus extubation 
before the return of consciousness.

	2.	 An evaluation for general clinical factors that may produce an adverse impact on 
ventilation after the patient has been extubated.

	3.	 The formulation of an airway management plan that can be implemented if the 
patient is not able to maintain adequate ventilation after extubation.

	4.	 A consideration of the short-term use of a device that can serve as a guide for 
expedited reintubation.”
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However, those brief indications about tracheal extubation as those of the other 
guidelines have been insufficient, and in these years it has been proven that the 
complications in this phase of the intubated patient have increased as shown by the 
audits [43, 44]. For this reason, more recently review articles and specific guidelines 
for safe tracheal extubation have appeared [14–17], even specific for patients in 
intensive care [18], which will undoubtedly contribute to reducing the incidence of 
complications in this period.

At the time of extubation the patient may be more impaired than in the induction, 
the airway may be more altered and the effects of anesthesia and surgery may con-
tribute and facilitate the appearance of complications when extubating the patient or 
later. In the thoracic surgery is added the fact of the greater manipulation of the 
airway that involves the placement of DLT and BB, and the concomitant limitations 
to pulmonary resections and pain by thoracotomy.

Complications can appear due to anatomical or physiological alterations of the 
respiratory tract. The problems related to airway reflexes may be due to an abnormal 
response of these causing stridor, laryngospasm or bronchospasm or an absence of 
response that facilitates bronchoaspiration. Laryngospasm, if not resolved early, can 
cause pulmonary edema due to obstruction or negative pressure. The result can be 
oxygen desaturation and if the initial treatment is not effective, it can be compli-
cated by failed attempts of tracheal intubation that can damage the airway and cause 
arterial and intracerebral hypertension, myocardial ischemia and morbidity and 
mortality.

To avoid these disastrous consequences, the extubation guidelines recommend 
having a plan, specifically the DAS stages it in four steps (see Fig. 8.2) [14]:

The first step is the anticipation of the possibility of a difficult extubation by 
assessing the risks associated with the patient and surgery. It should be kept in mind 

DAS extubation guidelines: basic algorithm

Step 1
Plan extubation Plan

Assess airway and general risk factors

Prepare
Optimise patient and other factors

Recovery or HDU/ICU

Step 2
Prepare for
extubation

‘Low-risk’
Fasted

Uncomplicated airway
No general risk factors

‘At-risk’
Ability to oxygenate uncertain

Reintubation potentially difficult
and/or general risk factors present

Safe transfer
Handover / communication
O2 and airway management
Observation and monitoring
General medical and surgical management

Analgesia
Staffing
Equipment
Documentation

Step 3
Perform
extubation

Step 4
Post-extubation
care

Risk stratify

‘Low-risk’ algorithm ‘At-risk’ algorithm

Airway risk factors
Known difficult airway
Airway deterioration (trauma,
oedema or bleeding)
Restricted airway access
Obesity/OSA
Aspiration risk

General risk factors
Cardiovascular
Respiratory
Neurological
Metabolic
Special surgical requirements
Special medical conditions

Optimise patient factors
Cardiovascular
Respiratory
Metabolic / temperature
Neuromuscular

Optimise other factors
Location
Skilled help / assistance
Monitoring
Equipment

Fig. 8.2  Difficult Airway Society (DAS) extubation guidelines: basic algorithm [3]
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that difficult intubation is often followed by difficult extubation. Upper airway 
edema, vocal cord paralysis, upper airway bleeding, residual neuromuscular block-
ade, increased secretions and cough strength are the main risk factors for extubation 
failure. A TF ratio >0.9 [45], the visual assessment of the larynx by videolaryngos-
copy or FB or ultrasound, and the cuff-leak test (loss of 10–25% tidal volume that 
was measured before cuff deflation, or more than 110 ml in the adult) [46], help 
identify at-risk situations.

The second step serves to optimize the factors related to extubation, once com-
pleted it can be determined whether the patient is extubated at low or high risk. The 
DAS has two other algorithms for each of these situations.

In the third step extubation is performed. The low-risk (routine) extubation is 
considered the one that is not expected to reintubate the patient. It can be carried out 
in two ways: with the patient awake that is the usual (see Table 8.1) or deep extuba-
tion only performed by clinicians familiar with this modality. The deep or asleep 
extubation, before return of consciousness, is indicated to avoids coughing and 
fighting against ventilator which may lead to increased risk of rebleeding (e.g., at 
the site of neck/upper airway surgery) due to increased venous pressure and strain-
ing on sutures. Regular and effective spontaneous breathing must be present and 
easy intubation and mask ventilation are important prerequisites. The risk of aspira-
tion and airway obstruction is present and the risk of laryngospasm is increased if 
extubation is performed during transition between deeply anesthetized and awake 
state.

The respiratory criteria for tracheal extubation include a steady spontaneous 
breathing without difficulty (VT > 6 ml/kg), respiratory rate 12–25 breaths/min, 
negative inspiratory pressure <−20 cmH2O and SpO2 > 95% (air). Ensure that there 
is no residual neuromuscular blockade to prevent residual paralysis (TOF ratio 
should be greater than 0.9). It is important to remove the TT while the lung is in 
inspiration because reflex glottis closure and laryngospasm are facilitated by expira-
tory phase [47].

Table 8.1  Sequence for ‘low-risk’ extubation in an awake patient

1. Deliver 100% oxygen through the breathing system
2. Remove oropharyngeal secretions using a suction device, ideally under direct vision
3. Insert a bite block to prevent occlusion of the tube
4. Position the patient appropriately
5. Antagonise residual neuromuscular blockade
6. Establish regular breathing and an adequate spontaneous minute ventilation
7. Allow emergence to an awake state of eye-opening and obeying commands
8. Minimise head and neck movements
9. �Apply positive pressure, deflate the cuff and remove the tube while the lung is near vital 

capacity
10. �Provide 100% oxygen with an anaesthetic breathing system and confirm airway patency 

and adequacy of breathing
11. Continue delivering oxygen by mask until recovery is complete

From: Popat et al. [3]
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The at-risk extubation in relation to the degree of risk will involve awake extuba-
tion if it is low, and if greater extubation is done by advanced techniques (changing 
the TT by a LM or using an AEC) that require experience, or if the risk is high. 
Patient is not extubated waiting for conditions to improve or a tracheotomy is per-
formed directly.

The fourth step is the post-extubation care that begins with a safe transfer to the 
recovery room or ICU.

The Indian guidelines to tracheal extubation are very interesting, presenting 
three different scenarios of increasing difficulty: 1. Extubation in normal airway. 
2. (4 Ds) Extubation in difficult airway including difficult mask ventilation, dif-
ficult intubation/reintubation, delayed recovery or airway difficulty due to pre-
existing disease: and 3. (3 Ss) Extubation in difficult airway due to surgical 
cause, suspected airway oedema or suspected airway collapse. Based on these 
assessments, patient may be planned an awake extubation, under deep anaesthe-
sia or at times tracheostomy. A systematic approach complemented with good 
clinical judgement as outlined in this guideline could result in an uneventful 
extubation [16].

In conclusion, tracheal extubation is the final step of airway management, it is a 
routine manoeuvre but could be a high risk phase of anesthesia that required a pre-
defined strategy, of risk stratification and management to anticipate and prevent 
complications.
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9Difficult Airway Management  
in Thoracic Surgery

Javier H. Campos and Manuel Granell Gil

9.1	 �Introduction

One-lung ventilation (OLV) in the thoracic surgical patient who presents with a dif-
ficult airway can be achieved with the use of a double–lumen endotracheal tube 
(DLT) or a single-lumen endotracheal tube and or with a bronchial blocker [1]. It is 
estimated that between 5% and 8% of patients with primary lung carcinoma also 
have a carcinoma of the pharynx, usually in the epiglottic area many of these patients 
have undergone extensive surgery on the airway and the neck [2]. In addition, some 
of these patients have a potentially difficult airway because of previous radiation to 
the neck, or previous airway surgery, such as hemimandibulectomy or hemiglos-
sectomy, making intubation and achievement of OLV difficult due to distorted upper 
airway anatomy. Also, a patient who requires OLV might have distorted anatomy at 
or beyond the tracheal carina, such as a descending thoracic aortic aneurysm com-
pressing the entrance of the left mainstem bronchus or an intrabronchial or extra-
bronchial tumor near the tracheobronchial bifurcation that makes the insertion of a 
left-sided DLT relatively difficult or impossible.

This review will focus on the perioperative management of the difficult airway in 
the thoracic surgical patient requiring lung isolation and OLV.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-28528-9_9&domain=pdf
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9.2	 �Preoperative Evaluation of the Difficult Airway

An airway is termed difficult when conventional laryngoscopy reveals a grade III 
view (just the epiglottis is seen) or grade IV view (just part of the soft palate is seen). 
Figure 9.1 displays the normal airway anatomy, the grade III just epiglottis seen and 
grade IV just part of the soft palate is seen.

Once the airway is recognized as being potentially difficult, a careful examination 
of the patient ensues [3]. Previous anesthesia records should be examined for a history 
of airway management in the patient. Patients should be asked to open their mouths as 
wide as possible and extend their tongues. The length of the submental space should 
also be noted. Patients should be evaluated from side to side to asses any degree of 
maxillary overbite and their ability to assume the sniffing positing. Also, the patency of 
the nostrils must be assed in patients who cannot open their mouths, as a nasotracheal 
approach might be considered. For patients who have a tracheostomy cannula in place, 
the inlet of the stoma and the circumferential diameter must be assed when considering 
replacing the tracheostomy cannula with a specific device to achieve OLV [4].

Another group of patients considered to have difficult airways during OLV are 
those who have distorted anatomy at the entrance of the mainstem bronchus [5]. 
Such anomalies can be found by reviewing the chest radiographs and the chest 
regarding the mainstem bronchus diameter and anatomy which can be distorted or 
compressed. In some instances a flexible fiber-optic bronchoscopy will be necessary 
to assess the degree of distorted anatomy of the airway prior to the selection of spe-
cific device or bronchial blocker to achieve OLV. Table 9.1 displays the patients at 
risk of having difficult intubation during OLV [6].

Class I

Hard
palate

Soft
palate Uvula

Pillar

Class III Class IV

a b
Potential difficult airway

Fig. 9.1  Modified Mallampati classification for difficult laryngoscopy and intubation (a) normal 
(b) class III and IV
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9.3	 �Difficult Airway and Lung Isolation

9.3.1	 �Securing the Airway a Must

In patients who require OLV and present with the dilemma of a difficult airway, the 
primary goal after appropriate anesthesia is achieved is to establish an airway with 
a single-lumen endotracheal tube placed orally with the aid of a flexible fiber-optic 
bronchoscope. In selected patients who seem easy to ventilate, this may be per-
formed after induction of anesthesia with the use of a bronchoscope or with a video 
laryngoscope [7–10]. An alternative when securing the airway prior to placing a 
lung isolation device is the use of a laryngeal airway mask; with the aid of a flexible 
fiber-optic bronchoscope, a single-lumen endotracheal tube can be passed through 
the laryngeal mask airway [11].

9.4	 �Upper Airway Abnormalities and Lung Isolation

Patients requiring OLV can be identified during the preoperative evaluation to have a 
potentially difficult airway. This is in part because of the distorted airway anatomy 
caused by previous surgeries, radiation therapy or both. Distorted anatomy maybe 
found in the upper airway (tongue, pharynx, larynx). Various methods are available to 
provide lung isolation under these circumstances. The first step is to establish an air-
way with a single-lumen endotracheal tube placed orally when the patient is awake.

9.5	 �Use of a Flexible Fiber-Optic Bronchoscope During 
Awake Intubation in Difficult Airways

Patients undergoing an awake fiber-optic bronchoscopy must receive oxygen via 
nasal cannula and be monitored including the use of pulse oximetry. All local anes-
thetics used via spray or aerosolizes should be quantified to avoid overdose or com-
plications post local anesthetics administration, such as seizures or 
methemoglobinemia. Also, patients undergoing an awake intubation should receive 

Table 9.1  Patients at risk of 
having a difficult intubation 
during one-lung ventilation

Upper airway
 � • Short neck and increased neck circumference
 � • Prominent upper incisors with a receding mandible
 � • Limited cervical mobility
 � • Limited jaw opening due to previous surgery
 � • Radiation therapy of the neck
 � • Hemiglossectomy/hemimandibulectomy
 � • Tumors (mouth, tongue, epiglottis)
Lower airway
 � • Existing tracheostomy in place
 � • Distorted anatomy (trachea/bronchus)
 � • Compression at the entrance of left mainstem bronchus
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an antisialagogue medication such as glycopyrrolate. A simple approach to anesthe-
tize the posterior part of the tongue is to apply lidocaine 5% ointment to a tongue 
blade depressor and let the patient hold this in his/her mouth for about 5 min. After 
the tongue blade depressor is removed, the next step is to use a mucosal atomization 
device (MAD®) to spray the local anesthetic (lidocaine 4% 10 ml) directly to the 
pharynx, larynx and vocal cords. When the patient experience cough reflex it is very 
likely that the anesthetic has entered the vocal cords. The next step is to suction all 
residual secretions that were accumulated in the airway. In order to test that the gag-
ging reflex is abolished, a Berman® intubating pharyngeal airway impregnated with 
lidocaine 5% ointment at the posterior tip end of the cannula is advanced in the 
middle of the tongue until it its completely inserted in the oral cavity. The advantage 
of using the Berman® cannula is that it facilitates a view of the epiglottis and allows 
the direct passage of the fiberscope followed by a single-lumen endotracheal tube. 
Also the cannula protects the fiberscope against damage from the patient’s teeth.

The fiberscope must be positioned in the midline such that the single-lumen 
endotracheal tube faces posteriorly during the attempt for intubation. In some cases, 
retracting of the single-lumen endotracheal tube and 90° counter clock wise rotation 
will facilitate passage of the tube through the vocal cords. Sometimes it is necessary 
to complement the local anesthetic with an additional dose of lidocaine 4% (3 ml) 
through the suction channel of the fiberscope to abolish the cough reflex during 
manipulation of the airway. The best indicator of proper placement of the fiber-optic 
bronchoscope and the single-lumen endotracheal tube within the patient’s trachea is 
the direct visualization of the tracheal rings and the tracheal carina with the fiber-
scope along with the view of the tip of the single-lumen endotracheal tube inside the 
trachea [12]. After the patient is intubated with a single-lumen endotracheal tube, 
then an independent bronchial blocker should be considered to achieve OLV.

Common independent bronchial blockers used through or extraluminal to the 
single-lumen endotracheal tube include the following: a wire-guided endobronchial 
Arndt® blocker sized 5.0, 7.0 and 9.0 Fr, the Cohen® FlexTip blocker size 9.0 Fr, 
the Fuji Uniblocker® sizes 4.5 and 9.0 Fr or the EZ-Blocker® size 7.0 Fr [13]. A 
different alternative to secure the airway if a patient cannot open the mouth due to 
previous surgery and cannot be intubated orally, then an awake nasotracheal intuba-
tion can be performed taking all precautions of a nasal intubation, including the 
application of a vasoconstrictor followed by a local anesthetic and the passage of a 
single-lumen endotracheal tube. Once the airway is established, then an indepen-
dent bronchial blocker can be advanced [14, 15].

When an independent bronchial blocker is used, specifically size 9.0  Fr, the 
smallest acceptable single-lumen endotracheal tube size recommended is 8.0 I.D. 
mm, it is important to have enough space between the bronchial blocker and the 
flexible fiber-optic bronchoscope so that navigation can be achieved with the single-
lumen endotracheal tube. Once the single-lumen endotracheal is secured in the 
patient’s trachea, an independent bronchial blocker can be advanced with the aid of 
a flexible fiber-optic bronchoscope. An advantage of the Cohen, Fuji Uniblocker or 
the EZ-blocker over the Arnd® wire-guided endobronchial blocker is that while 
advancing it to a desired bronchus the distal tip of the blocker can be seen while 
entering a bronchus. With the Arndt blocker, the distal tip is looped into the 
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fiberscope and cannot be seen until disengagement occurs. To achieve OLV the 
bronchial blocker must be advance to the bronchus where lung collapse is required. 
One of the advantages of one-time intubation with a single-lumen endotracheal tube 
in a patient with a difficult airway is that it allows for the conversion of OLV with 
insertion of an independent bronchial blocker and simple removal of the blocker at 
the end of the procedure of postoperative ventilatory support is needed [16]. Once 
the blocker is within the targeted bronchus and the patient is turned into lateral 
decubitus position the endobronchial balloon is inflated. The amount of air needed 
to achieve a complete seal within the bronchus in an adult varies between 5 and 8 ml 
of air. The EZ-blocker required higher amounts of air to achieve a seal [17].

The optimal position of a bronchial blocker in the left or right bronchus is when 
the blocker balloon’s outer surface is seen at least 10 mm below the tracheal carina 
inside the blocked bronchus and proper seal achieved. Figure 9.2 shows the optimal 
position of the Fuji Uniblocker® through a single-lumen endotracheal tube.

9.6	 �Use of Laryngeal Mask Airway and a Bronchial Blocker 
During Difficult Airways

An alternative to achieve OLV in a patient with a difficult airway is with the use of 
a laryngeal mask airway in conjunction with the use of an independent bronchial 
blocker. The use of a ProSeal laryngeal mask airway has been used with a bronchial 
blocker in patients in whom the airway was deemed difficult and who required OLV 
during thoracoscopic surgery [18, 19].

a b

Fig. 9.2  (a) Displays the 
fully inflated balloon of the 
Fuji® Uniblocker in the 
right mainstem bronchus 
(b) displays the fully 
inflated balloon of the 
Fuji® Uniblocker in the 
left mainstem bronchus
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9.7	 �Use of a Double-Lumen Endotracheal Tube in Patients 
with Difficult Airways

Intubation with a DLT can be more difficult than intubation with a single-lumen 
endotracheal tube. The larger size, the rigidity, and the shape of the DLT without a 
bevel at the tip of the tube can obscure the view of the glottis. In practice there are 
different ways to place a DLT in a patient with a difficult airway. The first involves 
the use of airway topical anesthesia an awake fiber-optic bronchoscopy with pas-
sage of the flexible fiber-optic bronchoscope through the endobronchial lumen of 
the DLT, where the tube is advanced under bronchoscopy guidance [20]. The sec-
ond technique involves the use of ancillary lighted devices or video laryngoscopes 
that increase the visualization field of the epiglottis, vocal cords and passage of the 
tube. The use of a malleable lighted Stylette had been reported, it was used within 
the endobronchial lumen of the DLT where the tip of the bulb was positioned dis-
tally at the tip of the DLT in patients with difficult airways [21].

Others have reported the use of a fiber-optic laryngoscope, the WuScope during 
placement of a DLT in patients with abnormal airway anatomy [22]. One of the 
advantages of the fiber-optic laryngoscope is that it protects against rupture of the 
endotracheal cuff during laryngoscopy because the DLT is enclosed with the laryn-
goscope blade. One of the limitations of this device is the need for smaller size 
DLT’s such as 35–37 Fr. The GlideScope is a videolaryngoscope that has been used 
in patients with a difficult airway during placement of a DLT [23].

9.8	 �Tube Exchanger Technique for a Double-Lumen 
Endotracheal Tube

Another alternative is to intubate the patient’s trachea with a single-lumen endotra-
cheal tube during an awake fiber-optic bronchoscopy or after induction of anesthe-
sia, and then tube exchange technique can be used to replace the existing tube for a 
DLT after general anesthesia is induced [11].

For an airway exchange catheter to work, it must have a hollow center channel 
and universal adapter to insufflate oxygen. The exchange catheter must have a flex-
tip distally to avoid airway lacerations, be long in length, and have outer markings 
to control the depth of insertion while in use. For a DLT, the exchange catheter 
should be at least 83 cm long. The airway Aintree tube exchanger has a large inter-
nal diameter that allows fiber-optic bronchoscopy guidance. Also, a 14 Fr airway 
exchange catheter can be used to facilitate insertion of 39 and 41 Fr DLT’s. For a 35 
or 37 Fr DLT an 11 Fr airway exchange catheter can be used.

The airway exchange catheter, single-lumen endotracheal tube and the DLT 
combination should be tested in vitro before the exchange [24]. A sniffing position 
will facilitate tube exchange. After the airway exchange catheter is lubricated it is 
advanced through a single-lumen endotracheal tube. The airway catheter should not 
be inserted deeper than 24 cm from the lips to avoid accidental rupture or laceration 
of the trachea, bronchi or lung [25, 26]. After cuff deflation the single-lumen endo-
tracheal tube is withdrawn then the endobronchial lumen of the DLT is advanced 
over the exchange catheter. It is optimal to use a video laryngoscope during the tube 
exchange to guide the DLT through the glottis under direct vision [27].
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If a video laryngoscope is not available, then having an assistant to perform a 
standard laryngoscopy during tube exchange partially straightens out the alignment 
of the oropharynx and glottis and facilitates the exchange. Proper final position of 
the DLT is then achieved with auscultation, presence of end tidal carbon dioxide 
(ETCO2) wave form and a fiber-optic bronchoscopy examination.

9.9	 �Exchange of a Double-Lumen Endotracheal Tube 
for a Single-Lumen Endotracheal Tube

Replacement of a DLT for a single-lumen endotracheal tube can be done at the conclu-
sion of surgery with the use of a double airway exchange catheter. Figure 9.3 displays 
the double airway exchange catheter technique. (a) Displays the video laryngoscope, 
(b) displays a view of the airway exchange catheter through the vocal cords and (c) 
displays a DLT advanced with two airway exchange catheters 11 Fr, one through the 
tracheal lumen and one through the endobronchial lumen. One study using two airway 
exchange catheters to exchange a DLT for a single-lumen endotracheal tube showed 

a

c

b

Fig. 9.3  Double airway exchange catheter technique. (a) Displays the video laryngoscope, (b) 
displays a view of the airway exchange catheter through the vocal cords and (c) displays a DLT 
advanced with two airway exchange catheters 11  Fr, one through the tracheal lumen and one 
through the endobronchial lumen
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that there was a reduction in the incidence of glottis impingement of the tracheal tube 
and that there was a higher success rate of passage of the single-lumen endotracheal 
tube when compared with the use of a single airway exchange catheter [28].

The use of a double airway exchange catheter involves the following techniques: 
two 11 Fr 83 cm long airway exchange catheters from Cook® Critical Care are used. 
One catheter is passed through the endobronchial lumen of the DLT, making sure that 
the tip of the airway exchanger does not protrude distally in the tip of the DLT. A 
second exchange catheter is passed through the tracheal lumen; both wires provide 
easy placement of the new single-lumen endotracheal tube because of the increase 
rigidity with the two tube exchangers. For this technique to work, an 8.0 I.D. mm 
single-lumen endotracheal tube must be used. Another variation of the tube exchanger 
technique is using a double-diameter coaxial airway exchange catheter. This consists 
of a 4.0 mm outer diameter exchanger inside a 7.0 mm outer diameter exchanger. This 
device allows for a more rigid guide-wire for replacing DLT with a single-lumen 
endotracheal tube. During tube exchanger techniques, it is recommended to use a 
video laryngoscope to visualize the proper exchange and move the tongue away from 
the tube. Figure 9.4 displays the Aintree airway catheter from Cook® Critical Care.

Fig. 9.4  Displays the 
Cook® airway catheter 
Aintree (Cook® Critical 
Care) for exchange 
between double-lumen 
endotracheal tubes and a 
single-lumen endotracheal 
tube. This recent 
modification has a soft 
distal (purple) tip to 
attempt to decrease the risk 
of distal airway injury 
during tube exchange 
(right). The proximal 
stiffer green end (left) has 
detachable connectors for 
emergency ventilation. 
Shown is the standard 
15-mm outside diameter 
breathing circuit connector

J. H. Campos and M. Granell Gil



119

9.10	 �Lung Isolation Techniques in Patients 
with Tracheostomies

The patient with a tracheostomy in situ needs special airway management because 
the airway has been shortened or because a total laryngectomy will limit oral-
tracheal intubation. Although a left-sided DLT is the most common device used for 
lung isolation, opportunities for using a DLT in a patient with a tracheostomy in situ 
are limited because the DLT is too long or has a large outside diameter and rigidity, 
or the tracheostomy stoma may be too small to accommodate the DLT, which can 
damage the airway easily. Factors to consider when managing lung isolation devices 
in a tracheostomized patient include early-stage stoma within 7 days of insertion 
[29] when the airway can be lost immediately while attempting to remove the Shiley 
tube, versus a long-term tracheostomy where the is a well-formed stoma [30]. All of 
these factors play an important role in selecting the appropriate lung isolation device 
to be place thought a tracheostomy stoma [4].

In a patient with a tracheostomy in situ who had an early-stage tracheostomy, the 
Shiley tube and a bronchial blocker can be used [4]. In contrast for patients with a 
long-term tracheostomy stoma a single-lumen endotracheal tube can be used and 
guided it to a selective bronchus where lung isolation take place. A different alterna-
tive is the use of a single-lumen endotracheal tube followed by intraluminal or 
extraluminal placement of an independent bronchial blocker guided with the use of 
flexible fiber-optic bronchoscopy to achieve optimal position of the bronchial 
blocker. One-lung ventilation in tracheostomized patients has been reported with 
the use of Arndt® wire-guided endobronchial blocker, Cohen® flexitip blocker, 
Fuji® Uniblocker and EZ®-blocker with good results [4, 31]. Although a DLT has 
been used [32], the author (J. Campos), recommends as a first choice the use of a 
bronchial blocker unless there is an absolute indication for the use of a DLT. For all 
these cases a small-size fiber-optic bronchoscope (i.e. 3.5 mm outer diameter) is 
recommended. Figure 9.5 displays a patient with an existing tracheostomy where an 
Arndt® blocker has been used to achieve OLV.  Table  9.2 displays the 

Fig. 9.5  Patient with an 
existing tracheostomy. an 
Arndt® blocker [4] is 
advanced through a 
multiport connector 
attached to the Shiley 
tracheostomy cannula. 
(With permission: Campos 
JH, et al: J Cardiothorac 
Vasc Anesth 2019 [4])
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recommendations for patients with tracheostomy in situ based upon 70 cases with 
permission Campos JH, et al, J Cardiothorac Vasc Anesth, 2019 [4].

9.11	 �Lung Isolation in Patients with Lower Airway 
Abnormalities

Another important group to consider when dealing with the difficult airway and 
OLV is patients who present with lower airway abnormalities, specifically distal 
trachea or bronchial lesions. The common problems that will preclude or contrain-
dicate the use of left-sided DLT include an intraluminal tumor of the left mainstem 
bronchus or a descending thoracic aortic aneurysm that compressed the entrance of 
the left main bronchus. One option in these cases is to use a right-sided DLT guided 
with flexible fiber-optic bronchoscopy [33].

Recommendations for Patients with Tracheostomy and OLV

Early-stage tracheostomy <7 days

Shiley cuffed low pressure tracheostomy tube
in situ

•

•

•

Consider a bronchial blocker  

Arndt®,Cohen®, EZ-Blocker®

(based upon expertise) 

Flexible fiberoptic bronchoscope 
− size 3.5 mm  OD or 
− size 4.2 mm OD 

Long term tracheostomy >7 days

Assess the tracheostomy stoma

• Consider a bronchial blocker intra or extraluminal
placement 

• Arndt®,Cohen®,EZ-Blocker®,Fuji®  Uniblocker
  (based upon expertise) 

• Flexible fiberoptic bronchoscope 
− size 3.5 mm  OD or 
− size 4.2 mm OD 

• If difficulties are encountered with a bronchial
blocker then

Shiley tracheostomy tube 6 or 8 mm ID or SLT
7.5 or 8.0 mm ID  

Advance a SLT through the tracheostomy stoma to
block a main bronchus or pass a left-sided DLT 

Table 9.2  Displays recommendations to manage lung isolation in a patient with an existing 
tracheostomy

With permission: Campos JH, et al: J Cardiothorac Vasc Anesth 2019 [4]
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Another group of patients that has lower airway abnormalities and require OLV 
are patients with previous lobectomy. Sometimes in these cases the distorted anat-
omy may contribute to difficulties in recognizing the right and left bronchus because 
the loss of anatomical landmarks [34]. In these patients a complete fiberoptic bron-
choscopy exam of the trachea and bronchi prior to placement of lung isolation 
device is required in order to properly identify the anatomy of the tracheobronchial 
tree. Figure 9.6 displays a patient with a previous lobectomy indicating the missing 
(stapled) segmental bronchus for a right upper lobectomy.

9.12	 �Extubation or Mechanical Ventilation After Surgery

Extubation at the completion of surgery in a patient who has a difficult airway rep-
resents a challenge. Factors to consider prior to extubation include any mucosal 
edema, bleeding or lacerations to the pharynx during intubation, the length of sur-
gery, and the amount of fluid administered during the intraoperative period. 
Continuous access to the airway should be maintained in case re-intubation is 
needed. The single-lumen endotracheal tube or the DLT can be removed with an 
airway catheter exchanger in place prior to extubation [35]. In some circumstances, 
in a patient with a difficult airway and a DLT may require mechanical ventilation in 

Fig. 9.6  Patient with previous lobectomy the missing (stapled) segmental bronchus for a right 
upper lobectomy (please see arrows)
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the postoperative period. One option for extubation of these patients is to deflate 
both cuffs of the DLT, withdraw the tube above the carina, then reinflate the tracheal 
cuff and convert the DLT to two-lung ventilation, particularly if the conversion to 
exchange a DLT for a single-lumen endotracheal tube is considered too risky. 
Another alternative technique is to exchange a DLT for a single-lumen endotracheal 
tube using an airway catheter exchanger under direct vision with a laryngoscope or 
video laryngoscope [36–38].

9.13	 �Summary

Patients who require OLV, a key element during the preoperative assessment is the 
recognition and identification of the potentially difficult airway [39]. The safest way 
to establish an airway is by securing the airway with a single-lumen endotracheal 
tube placed orally or nasotracheally with the aid of flexible fiberoptic bronchoscopy. 
Lung isolation in these patients is achieved best with the use of an independent 
bronchial blocker. An alternative can be the use of a DLT with an airway exchange 
technique. For the patient who has a tracheostomy in place, the use of an indepen-
dent bronchial blocker through a single-lumen endotracheal tub or through a Shiley 
tracheostomy cannula in place is recommended. For all these devices, a flexible 
fiberoptic bronchoscopy examination is recommended prior, during placement and 
at the conclusion of the use of lung isolation device [40].
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10Respiratory Mechanics and Gas 
Exchange in Thoracic Surgery: Changes 
in Classical Knowledge in Respiratory 
Physiology
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Göran Hedenstierna, and Marcelo Gama de Abreu

10.1	 �Respiratory Mechanics

Usually, global respiratory mechanics is used to determine the settings of mechani-
cal ventilation; nevertheless, this approach does not take into account alveolar 
mechanics, which might be different [4]. Furthermore, monitoring of respiratory 
mechanics and graphics during mechanical ventilation describe the lungs as a single 
compartment [1]. Additionally, variations in body position lead to changes in the 
direction of gravitational force and therefore influence pulmonary blood flow distri-
bution, ventilation and respiratory mechanics. Most research of respiratory mechan-
ics during OLV has been undertaken in lateral decubitus position. All of this must 
be kept in mind when interpreting bedside respiratory system mechanics. Thereby, 
the information can be used to evaluate lung function and optimize mechanical 
ventilator support accordingly.
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10.1.1	 �Plateau, Peak Inspiratory Pressure and Transpulmonary 
Pressure

The driving force of spontaneous ventilation is the pressure difference between 
atmosphere and the alveoli, which becomes negative during inspiration. During 
positive pressure mechanical ventilation, this gradient is determined by the pressure 
in the airway and at end-expiration, which can be mathematically described by the 
so-called equation of motion:

	 Paw V C Raw Flow PEEPT RS= + ´ +/ 	

Where Paw is proximal airway pressure applied by the ventilator, VT is the tidal 
volume, CRS is the respiratory system compliance, Raw is the airway resistance and 
PEEP is the positive end-expiratory pressure.

At constant inspiratory flow, the peak inspiratory pressure depends importantly 
on Raw. In the intubated and ventilated patient, Raw is mainly determined by the 
diameter of the endotracheal tube. Therefore, peak inspiratory pressure during con-
stant inspiratory flow likely plays a minor role in VILI.

In the context of lung protection, the inspiratory plateau airway pressure, which 
is a surrogate of the alveolar pressure, plays a key role. Whereas in volume-
controlled ventilation, (VCV) plateau pressure can be measured by means of an 
appropriate inspiratory pause, in pressure-controlled ventilation (PCV) inspiratory 
pressure equals the plateau pressure when flow decreases to zero at the end of inspi-
ration. Thus, in both modes, zero-flow is necessary to determine the plateau 
pressure.

The alveolar distending pressure is the transpulmonary pressure, which equals 
the alveolar pressure (plateau pressure) minus the pleural pressure. During no flow 
conditions, while an inspiratory or expiratory pause maneuver is performed, trans-
pulmonary pressure equals the alveolar distending pressure. During the clinical rou-
tine, the pleural pressure is usually not measured directly. A surrogate of pleural 
pressure, namely the oesophageal pressure, as measured with a balloon catheter 
placed in the lower third of the oesophagus, may be used instead [5]. Different fac-
tors influence the pleural pressure, including body position, lung elastance and chest 
wall elastance, which are influenced by the weight of thoracic organs and abdominal 
pressure. In order to protect the lungs from high distending pressures and to avoid 
so called barotrauma or volutrauma, the plateau pressure should ideally be kept at 
values <30 cmH2O or even below 25 cmH2O, since higher values may overdistend 
lungs [1].

10.1.2	 �Positive End-Expiratory Pressure and Recruitment 
Maneuvers

OLV has major effects on ventilation/perfusion (V/Q) matching, and is associated 
with a reduction of the functional residual capacity of the ventilated lung [6]. In this 
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context, PEEP can improve the function of the ventilated lung by limiting formation 
of atelectasis, which leads to ventilation within a more compliant portion of the 
pressure-volume curve [7]. Also, PEEP may reduce atelectrauma, that is, cyclic 
opening and closing of terminal airways and alveoli [1]. However, PEEP can also 
result in over-distension of already open alveoli [1]. In the latter case PEEP will 
increase shunt by diverting blood to the non-ventilated lung, thus increasing func-
tional dead space [8]. There is intense debate on which PEEP should be set, and 
whether it should be individualized. Studies on this issue have brought conflicting 
results, with some investigations showing improvement [6, 9, 10], while others 
showed no effects [11] and even worsening of oxygenation due to PEEP [12].

Despite this controversy, the application of PEEP during OLV became part of 
standard of care during OLV in an attempt to improve gas exchange and respiratory 
mechanics [10, 13]. The physiological and clinical effects of a particular level of 
PEEP are different when PEEP is used isolated or in combination with an alveolar 
recruitment maneuver (RM) [8]. In fact, only when the critical opening pressure of 
closed alveoli is reached, appropriate PEEP levels will be able to maintain them 
opened throughout the respiratory cycle.

A RM is a maneuver aimed at increasing the transpulmonary pressure in an 
attempt to revert alveolar collapse [13]. Different RMs have been described to 
achieve this aim in the ventilated, and also the non-ventilated lung. These RM share 
a temporary increase of the airway pressure, usually with values ≥30 cmH2O.

During OLV in lateral decubitus position, a RM of the dependent lung can result 
in an increased compliance and improved arterial oxygenation [6, 14]. In order to 
keep the recruited alveoli open after the RM, PEEP can be set to optimize respira-
tory mechanics while minimizing alveolar over distension [8]. In contrast to a pre-
set PEEP, it can be titrated to reach the best compliance (CRS), e.g. by a decremental 
PEEP trial. Thereby driving pressure (ΔP  =  plateau pressure  −  PEEP) can be 
reduced and CRS improved [8, 15–17].

10.1.3	 �Auto-PEEP

Auto-PEEP, also known as intrinsic PEEP or occult PEEP, occurs when the expira-
tory phase is terminated prematurely and gas remains trapped in the lungs at end-
expiration. It can be measured by an end-expiratory pause during muscle relaxation 
and under controlled ventilation. The pressure measured at the end of this maneuver 
in excess of the PEEP set on the ventilator corresponds to the auto-PEEP [1]. 
However, if airways collapse during exhalation and air is trapped in the alveoli, 
auto-PEEP is underestimated.

On the one hand, air trapping in the ventilated and non-ventilated lung can have 
positive effects, reducing atelectasis, preserving oxygenation and delaying the onset 
of desaturation and hypoxemia [18]. On the other hand, it can have also deleterious 
effects, causing over-distension of the lung with increased deadspace, shift of blood 
flow towards the non-ventilated lung and hemodynamic impairment. In certain 
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cases, the auto-PEEP may be reduced by an RM or adjustments of the PEEP set at 
the ventilator [6], but allowing more time for the expiratory phase [19] is key.

10.1.4	 �Driving Pressure

In patients with ARDS, a driving pressure below 15 cmH2O has been suggested to 
be lung-protective [20]. Recently, a post-hoc analysis of a large observational trial 
[21] showed that when RM combined with PEEP led to a decrease of driving pres-
sure, the rate of postoperative pulmonary complications was reduced [22].

In a trial during OLV, [23], a driving pressure–guided ventilation resulted in 
improved lung protection as compared to a fixed level of PEEP at 5 cmH2O. However, 
that study was relatively small.

One has to keep in mind that the driving pressure is not the real lung-distending 
pressure. In fact, it is the transpulmonary driving pressure that effectively results in 
lung strain, which can be estimated using the oesophageal pressure. Transpulmonary 
driving pressure may be useful to understand how much of the driving pressure is 
due to elastance of the lungs and how much to chest wall elastance [24]. Accordingly, 
a high driving pressure that results from a high chest-wall elastance is likely less 
harmful to the lungs.

10.1.5	 �Tidal Volume

OLV with high tidal volumes has been shown to induce tidal lung over-distension 
(volutrauma), promoting VILI [25, 26]. During OLV, the tidal volume should be set 
between 5 and 6 mL/kg of predicted body weight (PBW) [27, 28]. The use of PBW 
is based on the assumption that volutrauma might be minimized by delivering a vol-
ume appropriate to the patient’s lung capacity [29]. Lung capacity and respiratory 
system compliance relate more closely to height than to weight [3, 30, 31]. Predicted 
weight for male and female patients can be calculated by the following formulas:

	
Male PBW centimetres of height: . .= + -( )50 0 91 152 4 	

	
Female PBW centimetres of height: . . .= + -( )45 5 0 91 152 4 	

10.1.6	 �Compliance and Functional Residual Capacity

When addressing the respiratory system mechanics, both static and dynamic condi-
tions must be taken into account. Static assessment is performed under no-flow 
conditions, while dynamic assessment is done during ventilation. Respiratory sys-
tem mechanics measured under dynamic conditions is usually preferable, since it 
reflects the full respiratory system [4]. Quasi-static CRS can be calculated by the 
following formula when ventilated in volume-controlled mode:
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C V plateau pressure PEEPRS T= -( )/ 	

The resistance of the respiratory system (RRS) can be calculated by the following 
formula when ventilated in volume-controlled mode:

	
R peak airway pressure plateau pressure flowRS( ) = -( ) / 	

In lateral decubitus position the dependent hemi-thorax is compressed by the mediasti-
nal structures and cephalad displacement of the lower diaphragm [32]. Therefore the 
static pressure-volume curve of the lung (P/V curve) has a rightward horizontal shift as 
compared to the upright position, with consequent reduced CRS [33]. Furthermore, in 
lateral decubitus position, the compliance of the dependent hemi-thorax is about two-
thirds of the contra-lateral one, when both lungs are ventilated (two-lung ventilation, 
TLV). When switching to OLV, the static P/V curve of the dependent lung, is shifted to 
the left and steeper, as compared to the P/V curve obtained in the same lung during TLV 
[34]. During OLV the elastic recoil of the non-dependent, collapsed lung and the com-
pression of the dependent lung are lower than the elastic, expanding force in the chest 
wall [24]. The consequence is that the compliance of the ventilated hemi-thorax 
increases during OLV compared to TLV of the same lung in the lateral decubitus posi-
tion. Importantly, CRS is altered by the formation of atelectasis, increased pulmonary 
fluid content, surfactant dysfunction and increased pleural and abdominal pressure.

The functional lung size is the volume of aerated lung available for tidal ventila-
tion [35], which is the end-expiratory lung volume (EELV). During mechanical 
ventilation, EELV can be determined by computer tomography, washout methods or 
indicator gas dilution. OLV abruptly reduces EELV. Usually, the left lung accounts 
for 45%, and the right lung for 55% of EELV [25]. Alveolar derecruitment during 
OLV further reduces EELV [36]. RM combined with appropriate PEEP can restore 
EELV [6]. A low preoperative EELV combined with the further reduction during 
anaesthesia might result in a EELV below closing volume. Closing volume is the 
lung volume at which airway closure occurs. When the closing volume is bigger 
than EELV, meaning that end-expiratory lung collapse is present, pulmonary shunt 
is increased. In this case PEEP can be used to increase EELV above closing volume 
to reduce shunt and improve gas exchange [17].

Once more it has to be kept in mind that respiratory mechanics mostly displays 
the lungs as a single compartment. The lungs are a constitute of different compart-
ments with a different time constant, so-called τ, which is the product of resistance 
and compliance. Lung units with a higher resistance and/or compliance will have a 
longer time constant and require more time to fill and to empty. In contrast, lung 
units with a lower resistance and/or compliance will have a lower time constant and 
thus require less time to fill and to empty [37].

10.1.7	 �Inspiratory to Expiratory Time Ratio

A prolonged inspiratory time with an ratio of inspiratory to expiratory time (I:E) of 
1:1 during OLV can result in a modest improvement in oxygenation and decreased 
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shunt fraction [38]. However, in patients with obstructive lung disease, expiratory 
time must be long enough though, to allow complete expiration and avoid air 
trapping.

10.1.8	 �Stress and Strain

In lungs, stress is the pressure applied to the lung parenchyma. Shear stress is gener-
ated when the force is applied at an angle. Strain is the physical deformation or 
change in shape of a structure, such as an alveolus, usually caused by stress [1]. The 
clinical equivalent of stress is the distending, transpulmonary pressure, while the 
equivalent of strain is the ratio of VT to the functional residual capacity (FRC) [1]. 
Lung stress and strain are global values and therefore do not reflect regional condi-
tions. Heterogeneity between lung units, in particular the interface between atelec-
tasis and normally expanded alveoli, has been described as a stress modifier [39] 
which results in shear stress [40].

Due to the loss of EELV during OLV high lung strain is present, especially when, 
large VT are used [2]. The consequence is an elevated risk for VILI. The use of 
PEEP can reduce the dynamic strain by increasing EELV, however it introduces an 
potentially injurious static strain component [3].

The so-called stress index, which is the coefficient of a power equation, can be 
used to guide ventilation. The stress index can be assessed qualitatively from the 
shape of the pressure-time curse during volume control ventilation. Thereby a linear 
increase of pressure equals a stress index of one, meaning that compliance is con-
stant and alveolar recruitment is adequate without over-distension taking place. If 
compliance worsens during increase of pressure, which is resampled by an upward 
concavity of the pressure time curve, stress index is >1, meaning over-distension is 
present. In this case, VT should be decreased in order to prevent VILI. When compli-
ance increases during inspiration, this leads to a downward concavity of the pres-
sure time cure and a stress index <1. This can be due to tidal recruitment, which 
might be stabilized when PEEP is increased [1].

10.2	 �Gas Exchange

Pulmonary gas exchange depends upon three processes: ventilation, diffusion and 
perfusion. Especially ventilation and perfusion can be altered during 
OLV. Hypoventilation occurs because of atelectasis formation and perfusion might 
be altered because of positive pressure ventilation with increased intra-thoracic 
pressure. During OLV, the absence of ventilation in the non-dependent lung and the 
atelectasis induced by anaesthesia in the dependent lung result in V/Q mismatch and 
hypoxemia [17]. Changes in the direction of gravitational force due to positional 
changes as well as mediastinal structure shifting, impact pulmonary blood flow dis-
tribution, ventilation, and therefore oxygenation [41]. Surgical positions influence 
the deterioration speed and the nadir value of PaO2 after the start of OLV [13]. The 
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diversion of blood flow from the non-ventilated lung to the ventilated lung is gravity 
related and best in the lateral decubitus position [42]. Given that the right lung is 
larger than the left one, derangement of gas exchange is more pronounced in right 
thoracotomies [43].

During the first successful performed pneumonectomies in 1931 and 1933, 
hypoxemia was a major issue during OLV [44, 45]. Currently, hypoxemia during 
OLV is less common, but may still pose difficulties, particularly in the supine posi-
tion. By increasing FIO2 hypoxemia can be prevented, nevertheless high FIO2 
increases the risk of resorption atelectasis, which itself increases shunt and thereby 
causes hypoxemia. Furthermore, RM of both lungs before OLV and RM of the ven-
tilated and/or non-ventilated during OLV can improve arterial oxygenation and ven-
tilator efficiency during thoracic surgery not only in the supine position [13].

During OLV a mild hypercapnia can usually accepted, if there are no contraindi-
cations. In fact, a mild hypercapnia was shown to reduce pulmonary inflammation 
during OLV [46]. An increase in respiratory rate to counteract hypercapnia is lim-
ited by the expiratory time on one hand, with possible auto-PEEP, and inspiratory 
time on the other hand, which may result in high inspiratory pressures [46].

10.3	 �Ventilation-Perfusion-Matching

The V/Q ratio describes the efficiency of gas exchange, ranging from zero (shunt) 
to infinite (alveolar dead space). Blood oxygenation (partial arterial oxygen pres-
sure) is mainly impaired by shunt, whereas dead space impact more pronouncedly 
on CO2 removal [10]. The physiological pattern of regional pulmonary blood flow 
is mainly determined by the relationship among pulmonary arterial, venous, and 
alveolar pressures [43]. The lungs can be divided in three functional different zones, 
the so called West zones [47]. The classic West zones of the lungs represent the 
relationship between the dynamic differential regional distribution of alveolar, arte-
rial, and venous pressures in the lung. The different lung regions experience a tran-
sition between the zones depending on the phase of the respiratory and cardiac 
cycle, as external forces and regional blood flow change [46]. Zone 1 is the zone that 
experiences the least gravity. There alveolar pressure (PA) exceeds both arterial (Pa) 
and venous (Pv) pressure (PA > Pa > Pv). Therefore, ventilation takes place without 
perfusion, which is alveolar dead space. The most gravity depended zone is zone 3 
wherein both Pv and PA are lower than Pa, resulting in perfusion of non-ventilated 
lung units, which is shunt. The zone in-between, zone 2, is where gas exchange 
takes place. Here Pa is higher than PA and Pv.

10.4	 �Ventilation

Ventilation describes the movement of gas during inspiration and expiration between 
atmosphere/ventilator and alveoli. The driving force is the pressure difference 
between these. While inspiration is an active process, contraction of the respiratory 
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muscles or applied pressure by the ventilator, expiration is usually passive. During 
OLV, the lung volume available for ventilation, the EELV, is significantly reduced 
because of the exclusion of one lung and development of intraoperative atelectasis, 
with an increasing risk for VILI [48]. Risk factors for lung injury include preopera-
tive characteristics such as age, history of chronic alcohol use, and multi-morbidity, 
whereas intraoperative risk factors include pneumonectomy, extended resection and 
duration of OLV [46].

10.5	 �Perfusion

During OLV perfusion is redistributed away from the collapsed lung to the 
ventilated lung. Gravity is a major determinant of shunt fraction and perfusion, 
and therefore influences oxygenation. PaO2 is higher during OLV in patients 
operated in the lateral position compared with the supine position. During OLV 
in a lateral decubitus position, gravity supports the redistribution of perfusion 
to the ventilated, gravity dependent lung, improving and maintaining V/Q 
matching [49].

During one-lung ventilation (OLV) in the lateral position, pulmonary shunt usu-
ally ranges from 15% to 40% because of the total collapse of the non-dependent 
lung [50]. Both atelectasis and hypoventilated zones in the dependent lung contrib-
ute to a V/Q mismatch and have an additive effect to the shunting in the non-
dependent lung [51].

Shunt, perfusion of non-ventilated lung units, activates hypoxic pulmonary vaso-
constriction (HPV), which leads to contraction of vascular smooth muscles in the 
pulmonary circulation in response to a low regional partial pressure of alveolar 
oxygen. HPV decreases shunt and redirects pulmonary blood flow to the well-
oxygenated and dependent lung [49, 52]. If HPV is intact, shunt fraction during 
OLV is 20–30% of cardiac output, as opposed to the 50% in the absence of HPV 
[32]. The maximal HPV response during OLV decreases blood flow to the non-
dependent lung by 50% [53]. However, if the hypoxic compartments are substantial 
in their size, e.g. bigger than 70% of the total lung, the effectiveness of HPV is 
reduced, since the size of normoxic lung units is not sufficient to receive diverted 
blood flow [54].

HPV is a biphasic reaction with an early response that usually starts within sec-
onds and reaches a peak between 20 and 30 min during OLV, followed by a delayed 
response during the next 2 h when the maximal vasoconstrictor response is reached 
[49]. This explains, why PaO2 gradually increases during OLV.

HPV might be altered during OLV by hypotension, hypocapnia, hypothermia, 
the presence of chronic obstructive pulmonary diseases and by the use of vasodila-
tors, vasoconstrictors and anaesthetic agents [49]. On the other hand, pulmonary 
hypoperfusion functionally enhances the effects of HPV. Pulmonary hypoperfusion 
can be due to decreased cardiac output and pulmonary arterial pressure which result 
in a decreased shunt fraction [32].
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10.6	 �Considerations for Non-tubed Procedures

The interest in the so-called non-tubed, or non-intubated, anesthetic management is 
increasing rapidly. Non-tubed thoracic anesthesia refers to thoracic procedures that 
are performed in spontaneously breathing subjects without endotracheal airway 
devices [55]. Thereby, adverse effects, including airway injury, prolonged mechani-
cal ventilation and VILI can be reduced, or even completely avoided.

During non-tubed procedures, efficient contraction of dependent hemi-diaphragm 
is preserved and results in a high ventilation and perfusion matching especially in 
lateral decubitus position. Even though the evidence is low, patients seem to tolerate 
non-tubed surgical procedure relatively well, with minor intraoperative impairment 
in gas exchange [55].

Nevertheless, paradoxical breathing patterns causing rebreathing of carbon diox-
ide from the non-dependent surgical lung can occur. Furthermore, the need for an 
open hemithorax causes a mediastinal shift with a consecutive reduction of the com-
pliance of the dependent lung and a reduction of tidal volume [56]. Hypercapnia 
might be more frequent in non-tubed procedures compared with invasive OLV, but 
is usually well-tolerated and rapidly resolves after the operation [57]. This has to be 
kept in mind especially in patients with elevated pulmonary pressures, raised intra-
cranial pressures and arrhythmias where a hypercapnia should be avoided [58].

Low oxygenation and hypercapnia during non-tubed video-assisted thoracos-
copy can be resolved when a chest tube is inserted at the beginning of the operation. 
Thereby the trocars can be closed intermittently allowing re-expansion of the non-
dependent lung during surgery [59]. A facial oxygen mask usually provides suffi-
cient oxygen supply, but if conversion to intubated general anesthesia and mechanical 
ventilation becomes necessary, a skilled anesthetist with expertise in this type of 
procedure is necessary [57].
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11Non-intubated Video-Assisted Surgery: 
A Critical Review
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and Tomaž Štupnik

11.1	 �Introduction

The development of thoracic surgery and thoracic anesthesia was revolutionized by 
the ability to collapse the operated lung using double lumen tubes (DLT) or, more 
recently, bronchial blockers (BB). A collapsed, motionless lung provides an optimal 
operating condition and thus expedites surgery. A DLT not only provided a col-
lapsed lung, it also helped avoid cross-contamination of the lungs with blood or pus 
from the contralateral lung. In cases such as broncho-pleural injuries, DLT provided 
the possibility of ventilation and oxygenation as such.

An important development in thoracic surgery has been the introduction of 
video-assisted thoracoscopic surgery (VATS). This approach minimizes tissue 
injury, reduces postoperative pain and improves postoperative recovery. General 
anesthesia protocols using either DLT or BB are commonly used and are the main-
stay of VATS and open lung surgery worldwide. Usually, two or three ports are used 
to introduce instruments into the thoracic cavity during VATS. More recently, sur-
geons have explored using two or even a single port to perform complex operations. 
The use of a single port introduced through one single small incision dramatically 
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decreases the invasiveness of surgery and improves patient well-being postopera-
tively. In 2004, Gaetano Rocco [1] introduced a uniportal VATS approach for lung 
wedge resection, which opened new horizons for minimal invasive video-assisted 
thoracic surgery.

Since intraoperative pain is reduced during VATS, it has been recently ques-
tioned whether all patients undergoing this procedure need general anesthesia and 
intubation with a DLT and lung collapse. Anesthetists has therefore recently 
explored less invasive approaches during VATS such as avoiding intubation and 
maintaining spontaneous breathing during the procedure. During such non-intubated 
VATS (NI-VATS), anesthetics and regional anesthesia have been used to provide 
sedation and pain relief during the procedures. Various anesthetics have been used 
to keep the patient arousable but sedated, pain relieved, and comfortable while 
maintaining sufficient spontaneous breathing during NI-VATS procedure. Regional 
anesthesia for more intensive pain relief used during the procedures has ranged 
from epidural anesthesia to local anesthesia applied selectively to intercostal nerves. 
In some series, local anesthetics have been applied to the vagal nerve to suppress 
cough during the procedure. NI-VATS is now one of the most widely discussed top-
ics in thoracic surgery in last few years.

Today at least some of VATS procedures can be performed without general anes-
thesia, without invasive airway management, and without mechanical ventilation 
but equally safely, without discomfort to the patient nor undue difficulty for the 
surgeon. A survey among the members of the European Society of Thoracic Surgery 
(ESTS) shows that non-intubated VATS technique has already been adopted espe-
cially for minor procedures in many European centers [2]. However, non-intubated, 
awake VATS (NI-VATS) procedures call for skilled and an experienced thoracic 
team. Careful patient selection is important, possible contraindications should be 
considered, short and long term risks and benefits for the patient should be taken 
into account.

11.2	 �History of Non-intubated Thoracoscopy

Awake thoracoscopic intervention has a long history. Limited, mostly diagnostic thora-
coscopic procedures were performed by pulmonologist long before thoracic surgeons 
started using it. Medical thoracoscopy started at the beginning of twentieth century 
when Jacobaeus applied the emerging technology of cystoscopy (visual examination of 
a cavity) to the thoracic cavity [3]. Jacobaeus named the procedure thoracoscopy and 
used the method both for diagnostic and limited therapeutic purposes. Medical thora-
coscopy is still used today applying local anesthesia and mild sedation [4, 5].

Surgeons and anesthesiologists came to use NI-VATS occasionally in geriatric 
patients, in patients with limited respiratory reserve, in sick and frail patients in 
whom general anesthesia was considered too risky. In 1998 Mukaida and coworkers 
[6] reported successful VATS procedure for intractable pneumothorax using only 
epidural analgesia without general anesthesia in four high risk patients. The non-
intubated VATS procedure was soon extended to less sick patients and more 
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complex surgical procedures. Today, NI VATS is reported not only for minor surgi-
cal procedure such as pleural and lung biopsies, metastasectomies, empyema evacu-
ation and pneumothorax treatment but also for major resections, such as lung 
reduction surgery, thymectomy and lung anatomical resections [7–10]. The devel-
opment has been especially rapid in China and Taiwan, there major lung resection 
for cancer such as lobectomy, sleeve resections and even tracheal resections have 
been performed in non-intubated patients [9, 11, 12]. However, as major resections 
are usually more time-consuming and may more often lead to bleeding and other 
complication, having the patient without a secured airway and without anesthesia 
may lead to risky management problems. Therefore, the decision to use the awake 
procedure should be well indicted, supported by surgeons and anesthetist, and the 
well-informed patient. The level of evidence for these risky and sometimes adven-
turous procedures is very low and patient safety not well regarded.

While using awake procedures, all professionals in the operating room should be 
familiar with the procedure and its potential for major complications. An emergency 
protocol especially for an immediate induction of anesthesia and management of 
the airway known to all professionals in the operating room should be available.

11.3	 �Pathophysiology of Breathing with an  
Open Pneumothorax

11.3.1	 �Decrease in Lung Volumes and Lung Function

During NI-VATS procedure, the patient (awake or sedated) breaths spontaneously 
with an open non-dependent thoracic cavity and is positioned in the lateral decubi-
tus position. Without muscle relaxation diaphragm activity is intact and allows 
spontaneous ventilation of the dependent lung. However, the dependent lung is 
under pressure from the weight of abdominal content caudally and from the pres-
sure of the operation table from below. Since the surgical-induced pneumothorax 
usually results in the spontaneous collapse of the non-dependent lung, its weight 
also increases the mediastinal pressure on the dependent lung. These pressures, in 
combination, lead inevitably to a reduction in lung volumes such as vital capacity 
(VT), functional residual capacity (FRC), residual volume (RV) and total lung 
capacity (TLC) [13–15]. Pompeo investigated lung volumes in sick and healthy 
patients in the lateral decubitus position and open pneumothorax. He found reduc-
tions in forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV1) 
which were more prominent in patients with healthy lungs (45% and 52% respec-
tively) as compared to patients with chronic obstructive pulmonary disease (COPD) 
(34% and 30% respectively) [14].

Clinically, the extent of lung collapse of the non-dependent lung as a result of 
surgical incision in the spontaneously breathing patient will depend on pulmonary, 
airway, and pleural pathology. Emphysema, increase in airway resistance (COPD), 
airway obstruction from secretions, and pleural adhesions would probably result in 
less effective lung collapse and less convenient surgical conditions.
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Lung collapse and the reduction in available lung volume for breathing leads to 
changes in lung function. One such change is paradoxic respiration which can lead 
to decreases in oxygenation and increases in carbon dioxide tension (Fig.  11.1). 
Paradoxical respiration results from active inspiration of the spontaneously breath-
ing patient with a pneumothorax, where an influx of fresh air from the atmosphere 
is mixed with waste air from the non-dependent, collapsed lung. During expiration, 
air is expired partly to the atmosphere and partly to the upper, operated lung. These 
complex changes in the spontaneous ventilation of the two lungs can decrease the 
efficacy of gas exchange and lead to hypercapnia and hypoxemia, which is may 
increase with sedation [15]. Hypercapnia due to paradoxic respiration may lead to 
an increase in respiratory rate.

Another physiological mechanism, contributing to impaired gas exchange dur-
ing awake VATS, is intrapulmonary shunt fraction. Although the upper lung is col-
lapsed, it is still perfused. Perfusion to the upper, collapsed, and only partially 
ventilated lung is a reason for increased shunt fraction and hypoxemia. The more 
collapsed the upper lung, the larger is the intrapulmonary shunt. Hypoxic pulmo-
nary vasoconstriction and gravity reduce the perfusion of the non-ventilated lung 
and help reduce the risk of hypoxemia. Theoretically, since the patient during 
NI-VATS is breathing spontaneously, airway pressure in the dependent lung will be 
low (i.e. much lower than during ventilated VATS), the expected diversion of blood 
flow to the nonventilated, collapsed lung may well be less than that during venti-
lated VATS. This mechanism will decrease shunt and improve oxygenation.

Despite these complex changes, especially hypoxemia and but also hypercapnia 
rarely pose a severe problem during NI-VATS. This will be especially the case when 
the procedure is not very long and sedation is not unduly deep. Supplemental oxy-
gen administration helps compensate for decreases in oxygenation. In one large 
study, hypoxemia as a problem was reported in only 2 out of 446 patients [11].

Expiration Inspiration

Fig. 11.1  Gas exchange during surgical pneumothorax in the spontaneously breathing patient. 
During expiration, air is expired partly to the atmosphere and partly to the upper, operated lung. 
During inspiration, influx of fresh air from the atmosphere is mixed with waste air from the non-
dependent, collapsed lung. This complex abnormalities decrease the efficacy of gas exchange
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11.3.2	 �Hemodynamic Changes of an Open Pneumothorax 
with Breathing

Surgical pneumothorax during spontaneous ventilation leads to non-dependent lung 
collapse and spontaneous breathing in the dependent lung leads to periodic downward 
mediastinal shift. Downward mediastinal shift is due to the negative pressure generated 
by active diaphragmatic contraction during inspiration in dependent lung. The medias-
tinum then returns to its previous position during expiration. The periodic mediastinal 
shift during spontaneous respiration in the lateral decubitus position with an open 
hemithorax may theoretically lead to hemodynamic instability and could represent a 
difficulty for surgery [13, 15]. However, this has seldom been explicitly reported as a 
clinical problem in the many NI-VATS series studied in the last 10–15 years.

Changes in PaCO2 may occur during NI-VATS and have affect hemodynamics. 
Severe hypercapnia (PaCO2 over 90 mmHg) may theoretically lead to arrhythmias 
and hemodynamic instability. However, severe hypercapnia is rare when sedation is 
controlled and not unduly deep. Mild hypercapnia due to hypoventilation and 
rebreathing from the collapsed lung increases cardiac output by sympathetic stimu-
lation and by peripheral vasodilation [16, 17]. Pulmonary vascular resistance is usu-
ally increased in hypercapnia because of hypoxic pulmonary vasoconstriction in the 
non-dependent lung but also because of increases in PaCO2 and acidosis [16] 
Hypercapnia may also increase cerebral perfusion and increase intracranial pres-
sure. These facts suggest that NI-VATS will be less suitable and probably unsafe for 
patients with right ventricular dysfunction, pulmonary hypertension, and increased 
intracranial pressure.

In summary, hemodynamic changes during NI-VATS are modest, blood pressure 
and heart rate are usually stable throughout the operation and major hemodynamic 
disturbances do not occur in the setting of a spontaneously breathing patient with an 
open hemithorax in the lateral decubitus position. Surgical stimulation which 
increases sympathetic activity may also be a factor in preserving cardiovascular 
function.

11.4	 �Patient Selection for Non-intubated Video-Assisted 
Thoracic Surgery

11.4.1	 �Indications

The indication for NI-VATS should be well supported by scientific evidence, good 
clinical judgement and assessment of risk for the individual patients. Informing the 
patients of the potential risks and benefits is mandatory.

Patients with good indications for NI-VATS are those in whom the risk of sur-
gery is low but the risk of general anesthesia is considered to be high. Procedures 
such as simple lung and pleura biopsy, bullae and small nodule excision, pleurode-
sis, simple decortication, and simple metastasectomy are those reported most often 
under this indication [5, 18, 19].
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Recent studies show NI-VATS can also be used for simple and short procedures 
for normal patients i.e. those with no apparent risk for general anesthesia. This 
might be an acceptable alternative for such patients as the need for conversion dur-
ing the procedure may be small and well balanced against avoiding general anes-
thesia and DLT intubation. Furthermore, operating room turnover time may be 
reduced [18].

Reviewing recent literature, especially from China, but also in limited scale from 
Europe, it would seem that as long as VATS as such is theoretically possible there is 
no clear cut surgical contraindication to NI-VATS anymore. Indeed, complex opera-
tions such as lobectomy, thymectomy and even sleeve-resections have been per-
formed without airway security with double lumen tube [7, 11, 20, 21]. However, as 
major resections are usually more time-consuming and may more often lead to 
bleeding and other complication, having the patient without a secured airway and 
without anesthesia may lead to risky management problems without apparent ben-
efits. At this time point, there is no scientific evidence, i.e. large, multicenter, ran-
domized and controlled studies, showing the superiority of NI-VATS to intubated 
VATS in major lung surgery in terms of short and especially long-term reduction of 
morbidity and mortality. As the method does not show superiority and 3–5% rates 
conversion to risky intubations, sound clinical judgment should preclude its use in 
complex and “open-end” procedures. It might be considered particularly premature, 
risky and irresponsible to use this method for cancer surgery. Recent studies show 
that minimally invasive surgery as such may presumably lead to less radical resec-
tion and to a long-term increase in cancer recurrence and decrease survival as com-
pared to open surgery [22]. Adding more risky scenarios such as non-intubated 
status with a more mobile operative field may lead to even greater chance of incom-
plete resection and decrease in long term survival. Were NI-VATS it a new cancer 
drug, it would have not been allowed to use it in this reckless manner. Therefore, for 
more complex surgery and especially for cancer surgery, the safety and long term 
survival of the patients should be our first priority and the indication NI-VATS 
should be used for limited non cancer surgery until hard evidence in properly con-
ducted studies for cancer surgery is available. Only in this setting is NI-VATS a 
good method and leads to more benefits than risks.

11.4.2	 �Contraindications to Non-intubated VATS (Table 11.1)

As a rule, NI-VATS is not suitable in patients who refuse or are very reluctant to 
undergo NI-VATS. Patient cooperation is important to a successful NI-VATS proce-
dure. An unprepared team should also be also considered a problem for a NI-VATS 
procedure.

Usually patients with known dense and extensive pleural adhesions, previous 
thorax surgery or radiation, or with large tumors (>6 cm) are not considered good 
surgical choices. Morbid obesity may also pose a technical problem because of 
cranial displacement of the diaphragm and less space in thorax cavity. Patients with 
risk of excessive bleeding because of coagulation disorders or for other operative 
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reasons would be safer under general anesthesia. The same goes for patients in 
whom surgery is anticipated to be difficult. Liu [23] did not include some of the 
following patients in their randomized study for NI-VATS: lesion size >6 cm, struc-
tural abnormalities, or tumor involvement of the trachea or bronchi; extensive pleu-
ral adhesion, and body mass index ≥30 kg/m2. Long duration of surgery (>2–3 h) 
may also be considered a relative contraindication.

Patient with known or anticipated difficult airways should not be selected for 
NI-VATS. When emergent conversion to general anesthesia is needed, difficult air-
way management would endanger the patient. Patients with mental or neurological 
impairment are also problematic because of poor communication and unintentional 
movements. Patients with sleep apnea or with high risk of aspiration should not be 
considered for NI-VATS for obvious reasons. On the one hand, severely compro-
mised patients and especially those with hemodynamic instability are considered 
poor choices for NI-VATS. On the other hand, limited surgery may nevertheless be 
performed on a case-to-case basis on patients using NI-VATS who are considered 
poor choices for general anesthesia. This may then indeed involve patients with 
limited cardiopulmonary reserve.

11.5	 �Anesthesia for Non-intubated Video-Assisted  
Thoracic Surgery

Ni-VATs at best usually means keeping the patient moderately sedated with mini-
mum effects on spontaneous respiration, using regional anesthesia for pain relief 
and improving oxygenation with an oxygen mask. However, NI-VATS, as practiced, 
represents a wide range of techniques ranging from awake procedures in epidural 
anesthesia [18] to those under more profound sedation needing supraglottic devices 
for airway patency [24].

Table 11.1  Possible contraindication for non-intubated video-assisted thoracic surgery

Surgical factors •  Dense pleural adhesions
•  Long duration of surgery
•  Large lesions >6 cm
•  Curative cancer resection surgery

Anesthesiological 
factors

•  Anticipated difficult airway
•  Risk of aspiration
•  Risk of hemodynamic instability

Patient factors •  Patient who refuse or are reluctant to consent
•  Uncooperative patients
•  Patients with increased intracranial pressure
•  Patients with pulmonary hypertension
•  Obesity (>30 kg/m2)
•  Patients with coagulopathy
• � Respiratory compromised patients (hypoxemia and/or 

hypercapnia)
•  Persistent cough
•  Profuse, uncontrollable bronchial secretions
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11.5.1	 �Regional Anesthesia

Regional anesthesia techniques include local infiltration, intercostal blocks, serratus 
anterior plane blocks, paravertebral block and epidural block as successful regional 
analgesia for NI-VATS [25]. Local infiltration is usually performed by the surgeon 
and can be best used for short, single-port procedures. However, depending on 
depth of the sedative regiment, local infiltration can also be used for more extensive 
surgery. There is no very clear-cut difference between intercostal blocks and infil-
tration blocks, because local infiltration can only make sense if local anesthetics are 
applied in the intercostal space where the port is to be inserted. Another option used 
by the surgeons is “internal”, camera-guided, multiple intercostal blocks after local 
infiltration of one intercostal space through the skin (external infiltration) and intro-
ducing camera [26].

Thoracic epidural anesthesia (TEA) provides excellent pain relief and would 
therefore seem to be a very good choice for providing analgesia for NI-VATS, spe-
cially for awake NI-VATS. However, epidurals need more time to be performed and 
are associated with hemodynamic side effects and the potential risk of neurological 
injury. Effective blockade of the intercostal muscles by epidural anesthesia can 
reduce FVC and FEV1 [27]. In a retrospective study in 238 patients intercostals 
block as compared to epidural analgesia was associated with like shorter anaesthe-
sia time and less haemodynamic side effects [11]. Serratus anterior plane blocks 
[28], erector spinae plane block [29], and paravertebral blocks have also been used 
for NI-VATS [30].

11.5.2	 �Sedation for NI-VATS

Sedative drugs used for Ni-VATS should, on the one hand, attenuate the tachypnea 
due to pain, anxiety and mild hypercapnia. On the other hand, sedation should not 
lead to hypoventilation i.e. low respiratory rates or shallow breathing thus poten-
tially leading to hypoxemia or excessive hypercapnia.

Sedation can be provided by many drugs and drug combination. Both long-
acting (fentanyl, ketamine, midazolam) and short-acting drugs (propofol, dexme-
detomidine and remifentanil) have been used to induce sedation and provide 
additional analgesia. BIS guided, target-controlled infusion of propofol and remi-
fentanil is often used [21, 25]. Infusion of remifentanil and propofol have ideal 
pharmacokinetic properties for use during sedation. Their short context-sensitive 
half-lives and the ease of increasing or decreasing levels of sedation and analgesia 
make them ideal agents for sedation. Furthermore, remifentanil can be readily 
antagonized with naloxone. Propofol in doses of 1–2 mg/kg/h with remifentanil in 
doses of 0.025–0.05 μg/kg/min is used routinely by one of the authors (W.K.) for 
non-intubated thoracoscopic interventions and has a very good record of safety, 
patient satisfaction and ease of use. Ketamine has some appeal as a preferred agent 
in COPD patient because it preserves inspiratory muscle tone and functional resid-
ual capacity [31], however, recovery period could be prolonged. Ketamine has 
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central nervous side effects which might be problematic during the procedure or 
during emergence. Dexmedetomidine, an alpha-2-adrenoreceptor agonist, is used 
for sedation in intensive care units but has recently also been adopted for intra-
operative needs. Excellent respiratory profile and good analgesic effects are its’ 
main advantage, although moderate cardiovascular depression (bradycardia and 
hypotension) should be taken into consideration [32]. Iwata et al. have described the 
combination of dexmedetomidine and epidural analgesia in patients with severe 
respiratory dysfunction undergoing VATS [33].

11.5.3	 �Airway and Oxygenation During NI-VATS

“Non-intubated”, “awake” or “tubeless” VATS usually means intubation is avoided 
and the patient is provided with oxygen face mask or nasal prongs to a mostly 
sedated but arousable patient. However, in some series nasopharyngeal airway or 
laryngeal mask airway have been used for airway patency in cases of deep sedation 
[23, 24]. Thus the choice of airway depends on the level of sedation one wants to 
achieve. Intermittent positive pressure ventilation using a face mask, laryngeal mask 
or non-invasive ventilation have been suggested as methods to improve ventilation 
and oxygenation during NI-VATS. However, if deep sedation is needed, it might be 
more prudent and safer to us a laryngeal mask airway or to opt for an intubated 
VATS in the first place.

Emergency intubation in lateral decubitus position during ongoing NI-VATS is 
not a rare event and may be needed in about 5% of the cases. Intubation in the lateral 
decubitus position should be considered difficult and a challenge for the anesthesia 
team. Intubation in the lateral decubitus position needs not only skill but also good 
preparation and coordination. Teams performing NI-VATS should have a standard 
procedure on how to proceed when emergent conversion to tracheal intubation is 
inevitable. The anesthesia team should be well prepared for conversion and have all 
necessary devices needed for a difficult airway ready at short notice. This should 
include a videolaryngoscope and a fiber-optic bronchoscope. Although the DLT is 
considered an airway device of choice, a single-lumen tube and lung isolation with 
an endobronchial blocker would be easier to employ in the lateral decubitus posi-
tion. In case of intrabronchial bleeding or other difficult issues the preferable but 
albeit more difficult choice would be to use a DLT.

11.5.4	 �Monitoring During NI-VATS

Standard monitoring during NI-VATS includes ECG, peripheral oxygen saturation 
(SpO2), and non-invasive blood pressure and end-tidal CO2 (EtCO2, capnography). 
A decrease in respiratory rate and shallow breathing are early signs of respiratory 
depression which precede hypoxemia and decreases in SpO2. Capnography can 
reliably detect decreases in respiratory rate and, to a degree, also shallow breath-
ing. Without capnography, the first sign of respiratory depression will be 
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hypoxemia (SpO2 < 90%) which would need immediate measures to alleviate it. 
With capnography, a decrease in respiratory rate would merely need readjusting 
sedatives with no immediate danger to the patient. Capnography is also crucial 
when adjusting opiate doses to patient’s needs. Arterial line should be considered 
in procedures lasting more than an hour, in all patients who have significant cardio-
vascular or respiratory disease and also in cases in which lung resection is planned. 
To monitor sedation levels, Ramsay sedation score or Bi-spectral index (BIS) have 
been used. It may be helpful to keep the patient sleeping but easily arousable. In 
terms of Ramsay sedation score this should be a target score of level 3, which 
translates as “moderately sedated, follows simple commands”. With deeper seda-
tion (BIS  <  60) airway patency and hypoventilation may call for—at least—a 
supraglottic airway device. High-flow nasopharyngeal cannula is also an option to 
improve oxygenation during NI-VATS, it doesn’t, of course, protect against the 
effects of respiratory depression [34].

11.6	 �Benefits of NI-VATS

Limited, mostly diagnostic, thoracoscopic procedures were performed awake by 
pulmonologist much before thoracic surgeons started using it. Such procedures 
which at the most involve evacuating pleural effusions, taking some biopsies and 
pleurodesis have a long history of safety and are accepted methods in the disciplines 
involved [5]. Stepping beyond those simple procedures and toward major VATS 
resection may mean leaving the safe zone. Nevertheless, proponents of NI-VATS 
argue that leaving the established practice is worth the trouble because it may be 
beneficial for the patients [35].

The proponents attack the established intubated VATS practice on several fronts. 
Risks of tracheal intubation with double-lumen tubes and its potential for minor and 
major airway injury is one such attack. Sore throat and hoarseness is indeed a most 
common side-effect of using a DLT [36]. The major and very serious complication 
is tracheobronchial trauma, which, especially when undetected, may be associated 
with morbidity but also mortality. However, the incidence of a tracheal tear is very 
low [37]. Although we do have some case reports of tracheal tears using DLTs [38], 
in a large series of patients, Brodsky and Lemmens did not have a single tracheal 
tear in more than 1100 patients [39]. In the department of one of the authors (W.K.) 
we have had one tracheal tear since 2001 and we have a yearly volume of over 
700–800 DLT uses. This single tear was treated successfully with repeated endo-
bronchial application of fibrin glue, no surgery was needed. With the introduction of 
video-laryngoscopes and other airway devices for improved view of the glottis, 
double lumen intubation became less traumatic even in patients with potential dif-
ficult airway [40]. Difficult airway in thoracic anesthesia is frequently a topic of 
reviews in major publications [41–43]. Mandatory bronchoscopy for tube position-
ing also reduces the incidence of malposition of the tube and possible hazard due to 
tube’s blind movement [44]. However, using hazards of DLT intubation to promote 
NI-VATS may be self-defeating as emergency intubation of the patient in fixed 
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lateral decubitus position places the NI-VATS patient at an increased risk for com-
plications for airway complications.

Another line of argumentation involves the side effects of ventilation and acute 
lung injury. Although lung injury occurs may occur in after lung resections and car-
ries a mortality rate, however, the etiology of lung injury is multifactorial and ven-
tilation does not seem to be the sole or the major causal problem [45]. Of course, 
high ventilating pressures can induce barotrauma, unusually large tidal volumes can 
lead to over-distension of the lung (volutrauma), and a ventilation strategy favoring 
repetitive closing and reopening of the alveoli (atelectrauma) may lead to lung 
injury. However, such ventilation strategies are rarely used today. Modern ventila-
tion strategies use smaller tidal volumes, lower airway pressures and positive end-
expiratory pressure which are not associated with lung injury [46]. Implementation 
of lung protective ventilation into thoracic surgery, the standard of day-to-day prac-
tice, has dramatically reduced any adverse effects older ventilation strategies may 
have had [47].

Side effects of general anesthesia, like nausea and vomiting, may also occur in 
NI-VATS since similar anesthetics are used for sedation. Avoiding muscle relax-
ation and its potential postoperative effects in NI-VATS may partly be a good argu-
ment as the incidence of postoperative residual curarization (PORC) is still high 
[48]. However, with good clinical practice and using readily available monitoring 
devices the incidence and side effects of postoperative residual curarization can be 
minimized. Therefore, neuromuscular monitoring techniques has become a stan-
dard of general anesthesia. Furthermore, the modern reversing agent sugammadex, 
a specific antidote for vecuronium and rocuronium, has brought an increased level 
of safety into postoperative care of patients under general anesthesia. A recent study 
by Brueckmann et al. report a 0% PORC rate in patients reversed with sugammadex 
versus 46% in neostigmine group [49].

Still another line of argumentation involves inflammatory mediators found in 
ventilated lungs. It has been frequently shown that OLV induces a pro-inflammatory 
reaction in the intra-alveolar compartment characterized by elevated levels of pro-
inflammatory mediators. In these studies however, increases in those cytokines in 
have not been shown to reliably and causally translate in overt lung injury. NI-VATS, 
as compared to intubated VATS, is associated with lower levels of inflammatory 
cytokines, including TNF alfa in broncho-alveolar lavage fluid and lower plasma 
levels of C-reactive protein, as well as preserved function of natural killer cells [50, 
51]. In a small retrospective study Ambrogi [52] showed a significant decrease of 
natural killer lymphocytes and increase of serum IL-6 level in intubated VATS as 
compared to NI-VATS. A follow-up retrospective study of the same group [53] did 
not add any further evidence. However, these small mostly nonrandomized studies 
in very small patient population show these abnormalities but fail to show any clini-
cal correlates of increase mediators. As of now, there is no convincing evidence that 
NI-VATS decreases clinical lung injury.

Still another line of argumentation involves operative time, hospital stay, costs 
and duration of postoperative fast. Non-intubated VATS technique could accelerate 
the possibility of the enhanced recovery after surgery (ERAS) in hospitals, shortens 
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the hospital stay and general costs [54]. Operation time as such might not be very 
different between NI-VAT and intubated VATS. Overall time might vary; anesthesi-
ologist would save the time needed for tracheal intubation etc. but need more time 
for regional block or local infiltration. A good case might be made for NI-VATS 
pleurodesis because of limited surgical trauma, low risk of bleeding, short operation 
time, no lung resection and especially its very long history of safety.

In conclusion, the line of argument, that NI-VATS is less dangerous than intu-
bated VATS, is not convincing. However, NI-VATS in minor thoracic procedures 
and biopsies could lead to a decrease in operating room time and other perioperative 
resources and promote short term wellbeing of the patients.

11.7	 �Safety of NI-VATS

Is non-intubated VATS surgery safe enough to be widely performed and recom-
mended? Yes and no. Yes, the evidence of many studies shows that NI-VATS is a 
reasonable choice for minor VATS procedures. No, because there is no evidence 
however, that it can be widely performed safely beyond these indications. 
Furthermore, no, it may be unsafe to use the procedure in major lung resections and 
especially in curative cancer surgery without concluding evidence in properly per-
formed randomized controlled trials.

One major problem with the “evidence” for NI-VATS depends mostly on a long 
list of publication with small sample size, usually retrospective case series, only one 
credible and properly performed small randomized study, a variety of different 
methods of sedation, regional anesthesia, airway management and operative proce-
dures. Also a small group of active proponents seem to produce a large proportion 
of these studies. It is therefore very difficult to extract “evidence” for sound clinical 
practice from these studies. Robust safety studies confirm that NI-VATS is a safe 
procedure with postoperative benefits in minor thoracic procedure, especially in 
pleurodesis or minor resections (biopsy). Bertolaccini a prominent thoracic sur-
geon, therefore correctly asses that “the currently available studies about non-intu-
bated VATS under loco-regional anaesthesia were all carried out in a small sample 
size, which lacks robust evidence to elucidate its actual feasibility and safety for 
thoracic surgery”. Therefore, large randomized studies are needed to show long 
term safety of any surgical method which involves tumor and lymph node resection. 
Since long term survival is at stake, it is difficult to endorse a method not yet prop-
erly studied for this indication. As long as no such study exists, long term patient 
safety may be at risk. This might also pose a legal issue to use an as yet experimental 
method where cancer survival (life time) is a concern and informed consent limited. 
A recent study published in the New England Journal of Medicine [22] points to 
hazards of easy answers to complex questions and of using retrospective studies and 
conclusions thereof as sole evidence to change established practice.

Coughing, simple physiological reflex, could become a safety problem during 
NI-VATS, interfering with surgery. Coughing may be induced by traction of hilar 
structures, stripping interlobar vessels, handling incomplete fissures, pulling at a 
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bronchus or the carina during major VATS procedures. Coughing may be difficult to 
control. Different methods are recommended. Unilateral infiltration with local anes-
thetic of the vagal nerve blocks afferent and afferent fibers to the cough center in the 
brain stem and can block the cough reflex effectively for 2–3 h [11]. He recom-
mends 2–3 ml of 0.25% bupivacaine injected close to the vagus nerve at the level of 
lower trachea in the right thorax or in the aorto-pulmonary window in the left tho-
rax. The proximity of the vagal nerve to major vessels calls for good needle control 
when applying the local anesthetic. Preoperative administration of an aerosolized 
5 ml solution of 2% lidocaine immediately before procedure and pleural surface 
dispersion of another lidocaine dose (5 ml of 2% lidocaine) are more simple meth-
ods, effective in minor procedures [52]. However, avoiding hilar traction and careful 
manipulation of hilar structures may obviate the need for local anesthetic infiltration 
of the vagal nerve [55].

Technical issues as extensive adhesions, major bleeding, and unexpected anat-
omy are possible reasons for conversion to general anesthesia. Surgical problems 
during NI-VATS major resections are mediastinal movement, cough control and 
precise balance of sedation to overcome severe hypercapnia. Time of non-intubated 
surgery should be limited as well. Two to three hours are reasonable and expected 
safe [56].

Conversion rate to general anesthesia and intubation was reported to be 2.3–10% 
or more, depending on the type of procedure and the experience of the surgical 
teams [7]. Intubation in the lateral-decubitus position is difficult and may cause 
hypoxemia and airway injuries. Furthermore, in case of complications such as major 
intratracheal bleeding, the patient the patient would be put in a double jeopardy: clot 
formation in both lungs leading to hypoxemia and need for lung separation (prefer-
ably with DLT) which would take time. In infectious cases, in which emptying of 
lung abscess of pleural empyema into the airway is a possibility, general anesthesia 
and DLT should be considered first choice. The published studies on NI-VATS do 
not have enough patients to adequately rule out such complication which are not 
trivial and put patients unduly at risk. It is of note, that even in experienced hands, 
conversion rates are especially high (>5%) in risky indications such as segment 
resection and lobectomy [11].

11.8	 �Conclusions

Intubated VATS procedures have been shown to minimizes tissue injury, reduce 
intraoperative and postoperative pain and improve postoperative recovery. Recently, 
anaesthetic management of VATS patients has also undergone changes and less inva-
sive anaesthetic approaches have been explored. One such approach is avoiding intu-
bation while providing monitored sedation, pain relief using regional anesthesia and 
maintaining spontaneous breathing during VATS procedure. Although no large pro-
spective randomized trial has studied the short- and long-term efficacy and safety of 
NI-VATS, a large number of retrospective studies and some prospective studies show 
that NI-VATS is a surgically and anesthesiologically feasible and, when employed 
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appropriately, a safe method of intraoperative care. This especially the case for minor 
VATS, where increased turnover times in operating room, improved immediate 
recovery after surgery and reduction in material costs have been shown for 
NI-VATS. The concerns which remain are problems of emergency intubation during 
the procedure and selecting appropriate patients for NI-VATS since properly ran-
domized studies showing reduction of major morbidity and mortality in complex and 
long operations are lacking. This is especially the case for cancer surgery.

We are aware that innovative minimally invasive methods in anesthesiology 
deserve to be integrated into our daily practice. However, in the excitement of inno-
vation we should not to forget that the first principle of our profession is not to do 
harm.
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12Changes in Ventilation Strategies During 
Thoracic Surgery: Do We Have to Focus 
“Only” in Oxygenation?

Mert Şentürk, Thomas Hachenberg, 
María Carmen Unzueta, Carlos Ferrando, 
and Manuel Granell Gil

12.1	 �Introduction

One-lung ventilation (OLV) is a “unique” ventilation method: one lung is excluded 
from ventilation, but the perfusion to the non-ventilated lung continues, leading to a 
significant increase in intrapulmonary shunt (Qs/Qt) and consequently a higher risk 
of hypoxemia. Until approximately 15 years ago, hypoxemia was considered as the 
most important—if not the only—problem during OLV. In 1970s, the incidence of 
hypoxemia during (OLV) was assumed to be between 20 and 25%. Therefore; the 
historical (“classical”) guidelines for OLV were primarily aimed at preventing and 
treating the hypoxemia (Table 12.1) [1].

Several mechanisms (above all, the “Hypoxic Pulmonary Vasoconstriction 
(HPV)”) cause a decrease of blood flow to the non-ventilated lung, resulting in a 
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decreased Qs/Qt. For anaesthesia and intensive care, the knowledge of the basic 
(patho)physiology of HPV is essential [2]. The historical guidelines suggest also the 
use of IV anaesthetics, as inhalational agents are known to inhibit HPV, leading to a 
further increase in pulmonary shunt.

Although the incidence has declined to 5–10% today, hypoxemia should still be 
considered as an important challenge of OLV because of several reasons.

However, the paradigm has changed. A growing number of studies have shown 
that lung injury (ALI) associated with/induced by the OLV is also an important 
problem [3]. Thoracic surgery is unique on that the target organ of both the surgeon 
and the mechanical ventilation is the same: the lung. One can assume that the post-
operative lung injury would be more likely due to the surgical trauma; however, it 
has been shown that the degree of radiological density increase was significantly 
greater in the non-operative lung compared to operative lung after lobectomy [4].

The mechanism of ALI and/or increased inflammation induced by the OLV has 
been explained recently [3, 5]. As a matter of fact, there are similarities of OLV and 
ARDS: OLV can be assumed as a “variation” of ventilation in ARDS, not at least 
because they both deal with smaller volumes of lung (“baby lung” in ARDS, and the 
“one-lung” in OLV) [6].

Consequently, it can be assumed that the “new paradigm” of the ventilation strat-
egy during OLV should deal not only with the maintenance the adequate gas 
exchange, but also with the protection of the lung: “protect both the lung and its 
functions”.

Mechanisms of hypoxemia during OLV:

•	 It should be noted that one of the most common reasons of hypoxemia (e.g. 38%) 
during OLV is dislocation of OLV devices [7], but this is out of the topic of this 
chapter.

•	 During OLV, the ventilation of one lung is interrupted, while the perfusion per-
sists: Qs/QT increases.

•	 Hypoventilation in the dependent lung as a result of derecruitment of the alveoli 
(increased risk of atelectasis).

•	 Inhibition of HPV: The “older” inhalational agents are claimed to have a relevant 
inhibitory effect on HPV. But there are also several other factors that can lead to 
an inhibition of HPV.

•	 Any application causing a diversion of blood flow to the non-ventilated lung (e.g. 
high airway pressures in ventilated lung) can lead, even without any impact of 
HPV, to hypoxemia [8].

Table 12.1  Historical 
recommendation for OLV  
(to avoid hypoxemia)

•  FiO2: 1.0
•  High TV (e.g. 10 mL/kg)
•  Normocapnia (if necessary, increase respiratory rate)
•  CPAP, if necessary
•  PEEP, only if necessary, should be <CPAP
•  TIVA instead of inhalational anaesthetics
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Mechanisms of lung injury during OLV:

•	 Application of the whole tidal volume into the—only—ventilated lung (as sug-
gested in classical guidelines) can lead to baro- and/or volutrauma, as experi-
enced in ARDS ventilation.

•	 No or very low PEEP to ventilated lung can lead to atelectasis as this lung is 
already under external pressure; opening of this collapse during inhalation can 
result in “cyclic recruitment” and consequently in atelectotrauma

•	 Atelectasis and the possible atelectotrauma can be worsened by application of 
high FiO2 (i.e. 1.0) [9].

•	 OLV is also associated with an increased pulmonary immune response [10] 
(“biotrauma”) and furthermore, the alveolar damage during OLV can be even 
more exaggerated than the one during two-lung ventilation [11].

•	 Recent findings have shown that the atelectasis and the re-expansion at the end 
of OLV lead to ‘oxidative stress’ with formation of reactive oxygen and reactive 
nitrogen species [5].

•	 The magnitude of oxidative stress correlates with the duration of SLV [5].

12.2	 �“Protective Ventilation”

The “protective ventilation” was defined and determined in ARDS patients [12]. For 
intraoperative management, it has three components:

	1.	 Low tidal volumes (TV)
	2.	 Recruitment manoeuvres (RM)
	3.	 Positive end-expiratory pressure (PEEP).

It has been shown that this approach is also appropriate in “healthy” lungs (but 
not thoracic surgery!) [13]. The effects of the combination of RM, low TV, and 
PEEP were examined. During 5 postoperative days, intraoperative protective venti-
lation was associated with an improvement in oxygenation (higher SpO2), fewer 
alterations on chest X-ray, and a lower “modified Clinical Pulmonary Infection 
Score”. However, during OLV, the classical guidelines controvert to all of the com-
ponents of protective ventilation in some degree. Therefore, precise changes in the 
“classical” guidelines have been necessary (Table 12.2).

We only “assume” that the application of the combination of all three compo-
nents of protective ventilation can be beneficial for both oxygenation and lung pro-
tection during OLV [14]. It is being discussed that in “healthy” lungs, applying 
PEEP and recruitment manoeuvre does not improve the postoperative outcome and 
is even associated with intraoperative hemodynamic instability, as shown in 
PROVHILO-study [12]. The debate about this so-called “permissive atelectasis” 
approach continues [15]. New studies entitled “PROTHOR” and “iPROVE-OLV” 
are running to test the effects of PEEP and recruitment manoeuvre during OLV.
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12.2.1	 �Tidal Volume (VT)

The detrimental effects of high VT during OLV are well documented. High TV dur-
ing OLV produces end-inspiratory lung overdistension, a recognized risk factor of 
lung injury [3, 16, 17]. Several clinical studies have proved it, showing that low VT 
is associated with a lower incidence of postoperative acute lung injury [17, 18]. 
Besides, low VT compared with high VT decreases the proinflammatory systemic 
response [10, 19, 20]. On the contrary, high VT during OLV induces diffuse alveolar 
damage [11]. Another factor involved in lung injury is the repeated alveolar opening 
and closing of unstable alveoli with each breath cycle.

Low TV ventilation based on predicted body weight (PBW) should be routine to 
avoid the use of excess TV. Predicted body weight is calculated by a formula based 
on gender and height. VT should be restricted to 4–5 mL/kg PBW. The use of a tidal 
volume of 4  mL /kg during OLV was associated with less lung water content than 
with larger tidal volumes of 6–8  mL /kg [21].

A recent meta-analysis has shown that the use of low VT can worsen gas 
exchange but reduces airway pressure. Preservation of postoperative oxygenation 
and reduction in infiltrates suggest a lung-protective modality with low TV [22]. 
Another meta-analysis has reported that low VT was associated with the reduced 
incidence of postoperative pulmonary complications [23].

Another study confirming the advantages of low VT has underlined that low VT 
without adequate PEEP, does not prevent postoperative respiratory complications. 
Thus, use of physiologic VT may represent a necessary, but not independently suf-
ficient, component of lung protective ventilation (LPV) [24]. This finding leads 
again to the recent question of how the different components of LPV should be 
combined to achieve the best results.

12.2.2	 �Lung Recruitment Manoeuvres

Recruitment manoeuvres (RM) are ventilatory strategies aimed to improve lung 
aeration by applying a brief and controlled increment in airways pressures. 
Originally this kind of ventilatory treatment was designed for ARDS patients in the 
ICU. Nowadays, RM are applied in the operating rooms because it was demon-
strated that lung function deteriorates and VILI potentially occurs even in patients 
with healthy lungs undergoing general anesthesia.

There are two types of RM described in the literature: one is the sustained infla-
tion (SI) manoeuvre, which consist in the application of 40 cmH2O of continuous 

Table 12.2  Current 
recommendation for OLV  
(to avoid hypoxemia and lung 
injury)

•  FiO2 < 1.0
•  Low tidal volume (max. 6 mL/kg)
•  Low driving pressure of ventilation
•  Permissive hypercapnia
•  Inhalational anaesthetics
•  Routine use of CPAP (if not contraindicated [VATS])
•  One-lung RM
•  Routine use of PEEP

M. Şentürk et al.



157

airways pressure during 10–30 s [25]. The other type, the cycling RM, is character-
ized by a step-wise increment in PEEP keeping a constant driving pressure in PCV 
mode. Each step of PEEP is increased every 5 cmH2O and maintained for 5 breaths 
until reach a final PEEP of 20 cmH2O and a plateau pressure of 40 cmH2O [26]. 
Although the first method is easier to perform, it is related to unacceptable hemody-
namic repercussion and high stress on the lung tissue [27, 28]; so that the second 
one is the preferred and the most accepted kind of RM.

The classical clinical response of lung recruitment in mechanically ventilated 
patients is an improvement in gas exchange, FRC and lung mechanics. Following 
some case-series studies showed those beneficial effects when RM was done during 
OLV [29, 30], controlled and randomized studies confirmed an increment in PaO2, 
a decrement in dead space and an improvement in respiratory mechanics when com-
pared patients with RM than those without having RM [31, 32].

The positive effect of RM on gas exchange during OLV suggested that part of the 
total shunt effect was caused by atelectasis in the dependent ventilated lung [29]. An 
experimental animal model using CT-scan images showed atelectasis in the most 
dependent zones of the ventilated lung and hypoventilated areas in the rest of the 
lung parenchyma [33]. Atelectasis was successfully treated and most of the venti-
lated lungs became well aerated after lung recruitment.

RM has also been shown to decrease the “dead space” (Vd/Vt) enabling a higher 
elimination of CO2 per breath during OLV [32, 34].

Lung mechanics improved after RM because normalizing FRC decreases air-
ways resistance and increases compliance [35]. The final result is a decrement in 
driving pressure when compared to protective ventilation without recruitment. 
Following RM, a decreased driving pressure can be obtained to achieve the same 
tidal volume [31, 32]. Driving pressure (DP) is the difference between the airway 
pressure at the end of inspiration (plateau pressure, Ppl) and PEEP; in that terms 
the denominator of the static compliance, whereas Cstat = VT/(Ppl − PEEP) = Vt/
DP.  In the Unzueta et al. study [32], the differences in DP between protective 
ventilation vs RM groups during OLV was around 2–3 cmH2O. Both groups used 
the same level of PEEP (8  cmH2O). However, in the study of Ferrando et  al. 
PEEP was individualized in the RM group (10  ±  2  cmH2O) while kept fixed 
(5 cmH2O) in the called protective ventilation group [31]. The differences found 
in DP between groups during OLV were higher than the one observed in the pre-
vious study. The conclusion of these results is that lung recruitment decreases DP 
and reaches it maximum effect when the selected PEEP is individualized by 
performing a PEEP titration trial. A current study of the same group has shown 
that incremental PEEP titration was also associated with a decrease in postopera-
tive pulmonary complications [36].

Obviously, RM is a non-physiological manoeuvre, can lead to some complica-
tions, such as the hemodynamic compromise and lung tissue stress [28, 35]. To 
avoid these complications:

•	 The pathophysiology behind the lung collapse-recruitment phenomenon should 
be well-known and should be well trained doing RM.

•	 There are contraindications of RM. Some of these contraindications can be very 
important during thoracic surgery, e.g. patients with a broncho-pleural fistula
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•	 The patient must be clinically and hemodynamically stable because the hemody-
namic repercussion is minimized in normovolemic patients.

•	 The type of RM plays a major role in those negative effects.

12.2.3	 �Positive End-Expiratory Pressure (PEEP)

RM opens the collapsed alveoli, but the effects of the RM are usually transitory or 
insufficient when they are not accompanied by a post-titration PEEP to “keep them 
open”.

Besides, the PEEP level has been always controversial because the negative 
effects in oxygenation described in several clinical studies [37–39]. This may be 
because PEEP per se does not restore functional residual capacity and just an arbi-
trarily set “higher” level of PEEP can contribute to overdistension which in turn can 
increase shunt by diverting pulmonary blood flow to nonaerated areas, and can 
cause unwanted hemodynamic side effects, especially in heterogeneous lungs. 
Moreover, the protective role of PEEP and its potential beneficial effects have not 
been clearly established, neither in patients during anesthesia (two or one-lung ven-
tilation) [12] nor in ARDS patients [40, 41].

More recently, after the inclusion of the RM as part of the standard ventilatory 
strategy during one-lung ventilation, all this changed because the physiological and 
clinical effects of a particular level of PEEP are different when PEEP is used iso-
lated or in combination with a RM.

As it is known, the lungs heterogeneity of those patients undergoing one-lung 
ventilation is high including obstructive, restrictive pulmonary diseases or even 
patients with healthy lungs. Which in turn means that a same PEEP value probably 
would have different effects on lung mechanics, efficiency, oxygenation, and poten-
tially in the prevention of postoperative pulmonary complications. From a more 
physiological point of view, we advocate for the use of an individualized 
PEEP. Nowadays, several bedside parameters such as Cdyn, VTCO2 or VDBohr 
can be used to individualized PEEP, showing that this strategy better maintains oxy-
genation, lung efficiency and lung mechanics after the RM [31, 42, 43]. The benefits 
of an individualized PEEP titration compared with a standard PEEP level after a 
RM have been shown both in peroperative oxygenation and lung mechanics [31], 
and also in postoperative pulmonary complications [36].

A recent study has also shown that during low VT one-lung ventilation, high 
positive end-expiratory pressure levels improve pulmonary function without 
increasing high V/Q and reduce driving pressure [44].

12.3	 �Ventilatory Modes

Pressure-controlled ventilation (PCV) and volume-controlled ventilation (VCV) 
have different working principles. In VCV the VT is preset and constant. It is deliv-
ered by means of a constant flow with a square waveform. In PCV the inspiratory 
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pressure is set and the pattern in flow is decelerating. The high initial flow rates are 
delivered to quickly achieve and maintain the set inspiratory pressure followed by 
rapidly decelerating flow. These high initial rates of flow lead to a more rapid alveo-
lar inflation. From a physiologic point, the decelerating flow pattern could allow a 
more homogenous gas distribution than a square flow. Initial studies had suggested 
a possible advantage in terms of gas exchange [45]. However, several other studies 
have not observed the alleged benefits of PCV [45–49]. Thus, the beneficial effect 
on gas exchange of PCV compared with VCV remains inconclusive.

The main advantage of PCV versus VCV appears to be lower peak airway pres-
sure that might decrease the risk for barotrauma during mechanical ventilation [50]. 
Nevertheless, peak airway pressure does not reflect peak alveolar pressure: peak 
airway pressure is much greater, and depends on endotracheal tube resistance, inspi-
ratory flow, and the respiratory mechanics of the lung. Further, there appears to be 
only a weak correlation between peak airway pressure and the incidence of baro-
trauma. In contrast, there is a strong correlation between plateau airway pressure 
and mechanical ventilation-induced barotrauma when plateau airway pressure lev-
els exceed 35 cmH2O [51]. Therefore, during VCV the risk of lung injury can be 
minimized by limiting the plateau airway pressure to 30 cmH2O. Senay found that 
there is no difference regarding inflammatory marker levels between VCP and PCV 
in prone position [51]. On the other hand, another study has shown that the use of 
PCV offers more improved right ventricular function than the use of VCV during 
OLV [52].

So far, there is no clear evidence to support the advantage of any one of these 
ventilation modes over the others. It is rather more important to keep the “driving 
pressure” (Plateau pressure − PEEP) as low as possible [53].

12.4	 �CPAP to the Nondependent Lung

Several studies have clearly shown that CPAP applied to the nondependent lung 
increased PaO2 [54, 55]. With the exceptions of VATS operation (where the total 
collapse is often absolutely necessary) and airway surgery, CPAP of 4–5 cmH2O is 
tolerated easily by many surgeons. This approach would also allow a wider margin 
of protection of the ventilated lung and lower FIO2 levels [55, 56]. It should be 
noted that CPAP has to be applied after delivering a VT to the nondependent lung; 
otherwise the application to collapsed alveoli would not obtain an adequate 
expansion.

CPAP also prevents the nondependent lung from complete collapse. In a recent 
RCT, it has been shown that CPAP to the nondependent lung was associated with a 
lower local immune response during OLV in oesophagectomies [57]. This new find-
ing suggests that CPAP is beneficial for both oxygenation and lung protection. A 
recent animal study has confirmed the previous findings and has shown that CPAP 
applied to the nonventilated lung during OLV suppresses blood flow shift and 
decreases inflammatory cytokines and water content in both lungs. Application of 
CPAP may attenuate lung injury during and after OLV [50].
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12.5	 �Inhalational vs IV Anaesthetics

Historical guidelines discourage using inhalational anaesthetics as they inhibit HPV, 
and recommends TIVA during OLV which was found to be associated with an 
increased PaO2 and a decreased Qs/Qt [58, 59]. Today, we know that in “equi-
anaesthetic” doses, inhalational agents do not aggravate hypoxemia when compared 
with intravenous propofol; at least the difference in PaO2 is not clinically relevant, 
probably because of the interaction of other hemodynamic effects of anaesthetics 
(both inhalational and IV) [60]. Very probably, the inhibitory effects of the newer 
generation of inhalational anaesthetics (sevoflurane and desflurane) are less relevant 
than the older ones (halothane, enflurane, isoflurane). A RCT has shown that sevo-
flurane and propofol at equivalent doses, as measured by bispectral index, were not 
associated with a significant difference in oxygenation between the two types of 
anaesthetic was found [61].

Regarding the effects on ALI, there are several studies showing that IV anaesthe-
sia is associated with an increased inflammatory response during OLV; this has been 
shown in the increase of the release of different mediators in broncho-alveolar 
lavage fluid of dependent [62], and non-dependent lung [63]; the further one was 
also associated with lower postoperative complications.

Regarding a very recent meta-analysis, “Inhalation anesthesia can preserve intra-
operative cardiac function and reduce postoperative pulmonary complications in 
patients undergoing thoracic surgery with OLV; although it decreases intraoperative 
pulmonary function, inhalation anesthesia may be superior to intravenous anesthe-
sia in thoracic surgery” [64].

12.6	 �Conclusion

To obtain both a sufficient gas exchange and lung protection during OLV, using low 
FiO2, appropriate PEEP, low TV and RM are necessary. However, the “fine tun-
ings” of the components of this approach (e.g. PEEP titration, the degree of “low” 
tidal volume, pro’s and con’s of recruitment manoeuvres) have to be examined. If 
possible, CPAP to the non-dependent lung is beneficial for both challenges. It is 
probably not very important which ventilatory mode have to be used, it is rather 
more important to keep the “driving pressure” as low as possible.
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13Change in “Gold Standard” of Thoracic 
Epidural in Thoracic Surgery

José A. De Andrés, Javier E. Morales, and Mert Şentürk

13.1	 �Introduction

Postoperative analgesia is an essential component of functional recovery after sur-
gery. Blocking nociceptive stimuli contributes to decreasing the response to surgical 
stress, accelerating rehabilitation and reducing the incidence of chronic postopera-
tive pain. Both the surgical technique and the operative team’s organization are 
among the most important factors influencing the process of nociceptive develop-
ment. Thoracic surgery and, more specifically, thoracotomy are some of the most 
intense surgical pain experiences that we know. The surgical insult, along with the 
associated postoperative pain, triggers a pathophysiological cascade which can be 
extremely noxious for patients, many times already afflicted by multiple pre-existing 
conditions which can easily decompensate.

Several strategies have been described to reduce postoperative pain following 
thoracic surgery, including parenteral opioids, non-steroidal anti-inflammatory 
drugs (NSAIDs), regional anesthetic blocks and cryotherapy.

Among regional blocks with local anesthetics, epidural analgesia has achieved 
great popularity, especially in surgeries with high prevalence of pain, such as tho-
racic surgery [1, 2] and high abdominal surgery [3, 4]. Epidural analgesia is still 
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considered superior to intravenous analgesia in several surgical settings and during 
labor and remains a widely practiced analgesic technique worldwide [3, 6].

There is no evidence suggesting that epidural analgesia is no longer a first-line 
option in thoracic surgery [7, 8], but the development of less invasive regional tech-
niques and the newer and increasingly common thoracoscopic approaches have led 
to questioning its pre-eminent role, which had been generally accepted until only a 
few years ago [1].

This chapter presents an overview of the evolution of regional analgesic tech-
niques for pain management in thoracic surgery, describing them in parallel to the 
development of surgical procedures over time.

13.2	 �Thoracic Surgery: From Thoracotomy to Video-Assisted 
Thoracoscopic and Robotic Surgery—Toward Minimally 
Invasive Procedures—Fast-Track Surgery and Eras

Thoracic surgery emerged as a surgical specialty throughout the twentieth cen-
tury [9] and has evolved continuously until present times, ever since the first 
successful pulmonary resection performed by Evarts Graham in 1933. Over the 
last two decades of the twentieth century, the number of technologies used in 
surgical applications grew considerably. Together with the greater availability of 
analgesic techniques for the management of perioperative pain, this has facili-
tated less invasive surgical approaches and ever shorter recovery and hospitaliza-
tion periods [2, 10]. Video-assisted surgery originated in classical thoracoscopy. 
Jacobeus performed the first successful thoracoscopic procedure in 1910, to 
resect adhesions in therapeutic intrapleural pneumolysis for the treatment of pul-
monary tuberculosis [11]. With the emergence of antibiotic therapy, thoracos-
copy practically faded into oblivion, until it was rediscovered in the 1980s [12, 
13], especially for diagnostic purposes. The earliest reports on lobectomies per-
formed with video-assisted thoracoscopic surgery (VATS) were published in 
1992 and 1993 [14, 15].

The advantages of this type of surgery are obvious. More complex diagnostic 
and therapeutic maneuvers could now be performed using sophisticated endo-
scopic materials and video cameras; in addition, all members of the surgical team 
could now take part in the procedure and the entire intrathoracic area could be 
inspected [16].

With the turn of the twenty-first century, robotic surgery was slowly introduced 
in our operating rooms. The first documented use of an assisting robot in surgery 
dates back to 1985, when the PUMA 560 robotic arm was used in a neurosurgical 
procedure. In thoracic surgery, the first robot-assisted thoracoscopic procedure was 
reported in 1998, after Okada et  al. performed a successful segmental resection 
[17]. Robot-assisted surgery is now implemented in multiple centers and involves 
the use of four arms. One arm is connected to a three-dimensional camera inserted 
into the sixth or seventh intercostal space at the mid-clavicular line; two arms work 
as the right and left arms; and the fourth arm can be used to assist the left arm or be 
kept in reserve.
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Although thoracoscopic approaches (and robotic surgery) are used with increasing 
frequency, they have not resulted in the expected favorable impact in terms of reduc-
ing the pain caused by the procedure. Certainly, with smaller incisions and less rib 
retraction, the incidence of acute pain is lower. However, outcomes are not better in 
terms of chronic pain. This is mainly due to the use of wide-diameter trocars inserted 
at several levels, which increases the probability of damaging intercostal nerves [18].

Another development that has greatly impacted the choice of the analgesic tech-
niques and the multimodal management of pain has been the concept of “fast-track 
surgery”, also known as enhanced recovery after surgery (ERAS), introduced by 
Kehlet and Wilmore [2, 19, 20]. Fast-track surgery is based on the rapid recovery of 
the patient and early discharge as a result of reduced response to surgical stress, less 
organ dysfunction and a lower rate of postoperative complications [21, 22]. The fast-
track concept was introduced to thoracic surgery by Cerfolio et al. [23]. Several fac-
tors should be taken into account when fast-tracking thoracic surgery, including [24]:

•	 Comprehensive anesthetic assessment in the preoperative phase. Patients should 
be given information about every aspect of the hospital experience which they 
are about to undergo. This is also the time to implement smoking and drinking 
cessation interventions, which are associated with better survival.

•	 Surgical technique: The VATS approach has several advantages compared to tho-
racotomy, as described above, including lower mortality rates and shorter hospi-
tal stays. Major studies have reported similar 5-year survival rates with VATS 
and thoracotomy.

•	 Anesthetic technique: An anesthetic fast-track strategy involves general anesthe-
sia with endotracheal intubation, avoidance of fluid overload, maintenance of nor-
mothermia, use of short-acting anesthetics and effective multimodal analgesia.

Regarding the latter point, the use of regional anesthesia (either thoracic paraver-
tebral or thoracic epidural blocks) in thoracic surgery is well established for both 
thoracotomy and VATS, with no definitive evidence pointing to one technique being 
superior to the other. Therefore, both can be considered as the gold standard [25].

The current trend in fast-track surgery is paravertebral block, although it is still unde-
rused. Paravertebral blocks provide excellent analgesia with lower opioid consumption, 
facilitate early mobilization and are associated with lower rates of adverse effects.

It is the responsibility of the multidisciplinary team to remove systemic barriers 
and improve clinical practice in order to implement an ERAS protocol in thoracic 
surgery.

13.3	 �Thoracic Surgery and Analgesia: Together into 
the Future

As seen in the section above, thoracic surgery evolved exponentially in the twenti-
eth century, especially during its second half, with the introduction of thoracoscopy 
and minimally invasive procedures. This has been fundamental for modifying clas-
sical analgesic protocols in complex surgery.
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The pre-eminence of epidural analgesia has been questioned as a result of evolv-
ing regional anesthesia techniques and emerging concepts such as preventive and 
multimodal analgesia, along with the selective assessment of the benefit/risk ratio 
for each modality of postoperative analgesia. However, the evidence in clinical 
practice still supports the role of epidural analgesia for both video-assisted thora-
coscopy and open thoracotomy [26]. There is no evidence to support the impact of 
postoperative analgesia on major surgical outcomes such as mortality, morbidity or 
mean length of stay, which are dependent on multiple and heterogenous factors. The 
assessment of analgesic efficacy in the surgical process must be based on patient-
oriented outcomes, such as analgesic quality, adverse effects or postoperative well-
being, in addition to global perioperative management and postoperative pain.

In order to delineate its current role in modern thoracic surgery, we provide an 
overview of the development of epidural analgesia since its inception to present 
times, describing techniques that are still in use in our operating rooms and others 
which have fallen into disuse for various reasons.

13.3.1	 �Thoracic Epidural Analgesia

Griffiths et  al. evaluated the feasibility of epidural (then extradural) analgesia in 
thoracic surgery in 1975 [27], following earlier investigations of similar techniques 
in abdominal surgery. They conducted a study in 17 patients aged 46–70 who under-
went thoracotomy for lung cancer. Before the operation and under general anesthe-
sia, the patients were placed in the lateral position. An extradural cannula was 
inserted, via a Tuohy needle, through the midline, between the second and sixth 
thoracic spines. All patients had a test dose of 2 ml, followed by a subarachnoid 
injection of 4–6 ml of 0.5% bupivacaine with 1:200,000 adrenaline. Following sur-
gery, the patients were transferred to the intensive care unit (ICU), where the block 
was continued for 48 h. According to the authors, “patients receiving extradural 
analgesia need constant supervision”, which, at their hospital, “is available only in 
the intensive care unit”. In the postoperative phase, the extradural block was main-
tained with intermittent injections of 0.5% bupivacaine with 1:200,000 adrenaline 
up to target analgesic levels by pinprick test or with 0.25% bupivacaine, 0.125% 
bupivacaine or continuous infusion of 0.25 mg/kg/h of 0.25% bupivacaine. Analgesic 
effectiveness and adverse effects such as tremor, urinary retention and hemody-
namic stability were assessed. The authors concluded that thoracic “extradural” 
analgesia produced very efficient relief of pain, but that a disadvantage of the tech-
nique was that it required more skilled and demanding nursing care than conven-
tional systemic analgesics [27]. A year later, Shuman et al. [28] reported the use of 
epidural anesthesia in a series of eight subjects with lung cancer and chronic 
obstructive pulmonary disease. Epidural analgesia provided successful pain relief, 
improved the postoperative course and avoided the use of narcotics or a respirator 
in seven of the eight patients.

Over the following years, driven by the success of Griffiths et al., there was an 
increase in the number of reports on post-thoracotomy epidural analgesia. In 1981, 

J. A. De Andres et al.



171

James et al. [29] reported on a series of 53 patients who underwent thoracotomy for 
different diagnoses and had epidural analgesia with bupivacaine. In these patients, 
epidural analgesia was effective for pain relief, but the incidence of hypotension and 
other comorbidities raised questions on its relevance in this type of surgery.

With the focus now shifting to reducing the complications of epidural anesthesia 
in thoracotomy, Logas et  al. [30] conducted a prospective randomized study in 
1987. The study included five experimental groups with epidural morphine chloride 
and 0.1% bupivacaine alone or combined, versus epidural saline or intramuscular 
morphine. The authors concluded that the continuous infusion of morphine and 
bupivacaine provided excellent pain relief with an acceptable level of adverse 
effects.

In 1993, Grosmanová et al. [31] compared two groups of patients undergoing 
thoracotomy. The first group (23 patients) was given analgesics by the classical 
bolus administration, whereas epidural morphine was applied to the second group 
(15 patients). The second group had significantly greater pain relief on the first post-
surgical day. There were some adverse effects described by the authors as “insignifi-
cant” in 60% of cases (vomiting, urine retention).

13.3.2	 �Intercostal Nerve Block

Following the introduction of epidural analgesia in thoracic surgery, and probably 
out of fear of its side effects, which were then poorly controlled, intercostal blocks 
began to be used in thoracotomies in the 1980s. Sabanathan et al. [32] reported in 
1988 a series of 81 patients who had an intercostal catheter inserted in the paraver-
tebral space, through a small pleural incision, under direct surgeon observation, 
with an infusion of 0.5% bupivacaine for 5 days. Effective analgesic control was 
attained and 66 (81.5%) patients required no additional analgesic in the subsequent 
4 days.

The same group of investigators, driven by the benefits of preventive analgesia in 
major surgery procedures, described percutaneous paravertebral nerve block (the 
origins of which will be explained below) followed by an intercostal extrapleural 
block using a postoperative catheter (inserted by the surgeons), with good control of 
perioperative pain [33].

After the efficacy of intercostal nerve blocks in thoracic surgery was demon-
strated in the studies conducted by these authors, Richardson, Sabanathan et al. [34] 
compared a continuous intercostal block to epidural morphine for the management 
of post-thoracotomy analgesia. They conducted a controlled study in 20 patients 
randomized into two groups of 10 patients each. Toward the end of the surgery, one 
of the groups received epidural morphine (2–6 mg depending on age) through a 
catheter inserted before the surgery. The other group received 20 ml 0.5% bupiva-
caine through an intercostal catheter placed in the paravertebral space by a surgeon. 
The study assessed pain relief, respiratory performance, oxygen saturation by pulse 
oximetry and incidence of complications. The authors concluded that continuous 
intercostal nerve block was effective for post-thoracotomy pain, with adequate 
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analgesic control, normal pulmonary mechanics, and absence of the side effects 
normally associated with epidural block, such as pruritus, postoperative nausea and 
vomiting and urinary retention.

13.3.3	 �Interpleural Nerve Block

Already in the 1990s, Bachman et  al. [35] evaluated the benefits of intrapleural 
analgesia in order to investigate the effect of different pain-relief methods (regional 
and systemic) following thoracotomies on the cardiovascular system, pulmonary 
gas exchange, various endocrine parameters and subjective pain perception. They 
compared this new regional analgesia technique to other established methods such 
as intercostal or thoracic epidural nerve blocks. Bachmann et  al. concluded that 
there were no statistically significant differences in catecholamine concentrations 
among the different study groups. The plasma concentrations of the “stress metabo-
lites”, such as glucose and lactate, as well as the hemodynamic (mean arterial pres-
sure and heart rate) and pulmonary parameters (blood gas analyses), showed no 
significant differences among study groups. Pain management results, however, 
were not promising. Indeed, in contrast to the other pain-relieving methods, seven 
out of ten patients with interpleural analgesia needed supplementary systemic opi-
oid therapy [35].

Parallel to the development of alternatives to thoracic epidural analgesia such as 
interpleural or intercostal nerve blocks, paravertebral blocks regained relevance 
between the 1970s and 1990s (with the collection and report of cases) for the man-
agement of pain in both thoracic surgery and in cholecystectomies and 
nephrectomies.

13.3.4	 �Paravertebral Nerve Block

Paravertebral nerve blocks were introduced in clinical practice in 1906 [36] but later 
fell into disfavor until 1979. It was even said that “paravertebral somatic block is 
now of more interest to historians than to practical anesthetists”. It was then when 
Eason and Wyatt [37] described the thoracic paravertebral block technique with a 
loss of resistance test and placement of a catheter for thoracic surgery (thoracot-
omy), performed on 75 cases—50 with catheter placement and 25 with single-shot 
blocks. Paravertebral block was satisfactory for pain relief and much easier to per-
form, with few side effects. The authors even considered it superior to other tech-
niques described previously for similar surgeries, such as intercostal or epidural 
blocks.

In light of the increasing number of studies showing its clinical efficacy, 
Richardson and Sabanathan [38] considered it necessary in 1995 to review and 
establish the importance and feasibility of paravertebral block. In this review, the 
authors discussed the history of the technique and explained the anatomy of the 
paravertebral space, the indications for blockade and the mechanism of analgesia 
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and analgesic efficacy. They described the paravertebral catheter placement tech-
nique using loss of resistance as reported by Eason and Wyatt [37], as well as the 
direct vision method with stripping up of the parietal pleura reported by Sabanathan 
[33]. They compared paravertebral block to other types of afferent blocks such as 
epidural analgesia, intercostal blocks and intrapleural analgesia. Finally, they 
described potential toxicity, the performance of bilateral blocks, contraindications, 
the need for nursing surveillance and the incidence of side effects and complications 
such as intrapleural catheter placement or migration, hypotension and neurological 
complications. The authors conclude that the overall efficacy of this block is impres-
sive. It is relatively easy to learn, it has less than 5% complications and it requires 
no additional nursing surveillance postoperatively. For bilateral surgery, they con-
sider that further study is warranted in relation to doses of local anesthetic required 
for maximal benefit versus risks of accumulation and toxicity. For all these reasons, 
the authors were the first to recommend paravertebral nerve block as the “gold stan-
dard” for unilateral surgery of the chest or trunk [38].

In their references of this review, Richardson and Sabanathan included a pro-
spective randomized study of their own in which they had compared interpleural 
and paravertebral blocks for thoracic surgery. In this study [38], they included 53 
patients undergoing posterolateral thoracotomy and divided them into two groups. 
In group 1, patients received continuous percutaneous paravertebral blocks with 
20 ml of 0.5% bupivacaine and subsequent placement of a catheter in the paraver-
tebral space under direct vision, following the method of Sabanathan et al. In group 
2, patients had interpleural block with gradual advancement of a Tuohy needle in 
the mid-scapular line until a “click” and loss of resistance to saline were noted. 
Once the interpleural space was identified, patients were administered 20 ml of 
0.5% bupivacaine. Towards the end of the surgery, patients in this group also had a 
catheter placed into the interpleural space under direct vision, with its tip at the 
intercostal level of the incision. In both groups, pain scores and patient-controlled 
morphine needs were similar, with patients comfortable at rest. However, spiro-
metric values and postoperative respiratory morbidity were better in the paraverte-
bral block group, probably because of the “local” spread of the drug as opposed to 
the gravity-dependent caudal spread in the intercostal block group. In addition, 
hospital stay was shorter in the paravertebral block group (by 1 day). Finally, five 
patients showed confusion in the interpleural block group, probably because of 
bupivacaine toxicity. The authors concluded that bupivacaine deposited paraverte-
brally produced greater preservation of lung function and fewer side effects than 
bupivacaine administered interpleurally, and questioned the use of interpleural 
analgesia in thoracic surgery [39].

Other authors, including Kruger [40], also concluded that there was insufficient 
evidence to favor the use of interpleural block over epidural analgesia in patients 
undergoing thoracotomy [25]. For these reasons, interpleural block was slowly 
abandoned in favor of other established techniques such as thoracic epidural block 
or the increasingly popular paravertebral block.

Paravertebral block slowly became the norm in our operating rooms in Europe. 
Català et al. [41] compared a single paravertebral puncture with administration of 
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intermittent bolus doses versus continuous paravertebral infusion of bupivacaine in 
30 patients. Their results suggested that continuous paravertebral block provides 
better analgesic control than the bolus regime.

In the United States, however, thoracic epidural analgesia remained the gold 
standard in post-thoracotomy pain management. Authors like Bimston [42] began 
to question this, noting that epidural analgesia provided adequate pain control but 
was more or less associated with complications that include improper placement, 
pulmonary complications, pruritus, nausea and vomiting, respiratory depression, 
mental status changes, postural hypotension, paresthesias, and urinary retention. 
For these reason, Bimston et  al. conducted a prospective controlled study in 50 
patients undergoing thoracotomy who were randomized into two groups. The 
patients in one group received thoracic epidural analgesia preoperatively and were 
controlled by anesthesiologists postoperatively. Patients in the second group had a 
paravertebral catheter placed under direct vision following the method described by 
Sabanathan. In both groups, a solution containing a mixture of opioids (fentanyl 
10 μg/ml) and a local anesthetic (0.1% bupivacaine) was infused through the cath-
eter, and the infusion rates were titrated to provide adequate postoperative pain con-
trol. Pain levels were tested by visual analog scale (VAS), patients had blood drawn 
for fentanyl and bupivacaine levels and bedside pulmonary function tests performed, 
including forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC). 
Analgesia-related complications such as catheter insertion difficulties, pruritus, 
nausea and vomiting, postural hypotension, paresthesias, respiratory depression, 
mental status changes, urinary retention, pulmonary complications, deep vein 
thrombosis and wound infection were recorded. The authors concluded that both 
techniques provided excellent pain control. Paravertebral block was associated with 
less frequent urinary retention, easier insertion and postoperative control by sur-
geons, less anesthetic expenditure and minimal occurrence of pulmonary or cardio-
vascular complications. Discharge times from both the ICU and the hospital were 
similar in the epidural and paravertebral block groups. Given these results, the 
authors recommended continuous paravertebral infusion as the new gold standard 
for postoperative pain control in thoracic surgery [42]. Some colleagues, neverthe-
less, questioned the use of paravertebral blocks with catheters placed by surgeons, 
as they considered that it excluded the benefits of preemptive analgesia associated 
with epidural block [42].

13.3.5	 �Fascial Blocks on the Thoracic Wall

There is no evidence that ultrasounds have a significant effect on the incidence of 
peripheral nerve damage. However, the development of ultrasound technologies and 
their use in regional anesthesia offers several potential advantages over the use of 
nerve stimulators or anatomical landmarks on the skin.

Blanco et al. [43] recently reported the application of a serratus plane block. In 
this block, the local anesthetic is deposited either above or below the serratus ante-
rior muscle in the mid-axillary line. Blockade of the lateral cutaneous branches of 
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the intercostal nerves results in anesthesia of thoracic dermatomes T2 to T9. This 
technique is intended to prevent autonomic block and the potential injury to neuro-
axial structures associated with thoracic epidural analgesia, as well as the potential 
pleural damage associated with paravertebral block. The ultrasound anatomy of ser-
ratus block is easily identified and the virtually superficial trajectory of the needle 
facilitates its location, unlike in paravertebral block. For these reasons, this approach 
appears to be easy to perform.

Khalil et  al. [44] conducted a prospective randomized study in which they 
attempted to assess the effectiveness of ultrasound-guided serratus anterior block 
versus thoracic epidural analgesia in 40 patients scheduled for thoracic surgeries 
(metastatectomy, lobectomy, pneumonectomy or pleuro-pneumonectomy) with 
posterolateral incisions. The primary endpoint was mean arterial blood pressure 
after thoracotomy, measured after initiation of infusion with local anesthetic 
0.125% levobupivacaine at 5  ml/h (following an initial 30  ml bolus of 0.25% 
levobupivacaine for the serratus block and 15 ml of 0.25% levobupivacaine for the 
epidural analgesia). Secondary endpoints were pain scores, morphine consump-
tion, and incidence of postoperative nausea and vomiting in the first 24  h after 
surgery.

Compared to preoperative values, mean arterial blood pressure in the serratus 
block group did not change significantly, whereas it decreased significantly in the 
thoracic epidural group. VAS scores and the total dose of morphine consumed were 
comparable in the two groups. For these reasons, the authors concluded that serratus 
anterior plane block appeared to be a safe and effective alternative for postoperative 
analgesia after thoracotomy. Furthermore, they added that serratus anterior block is 
the subject of several clinical trials that have not been published yet, including the 
evaluation of this approach in VATS compared to thoracic epidural analgesia and 
local anesthetic infiltration at the site of the thoracoscopy. The expected results of 
these studies should boost the increasingly relevant role of serratus anterior block in 
thoracic wall surgery, just like transversus abdominis plane block has become popu-
lar in abdominal surgery.

In the same line, a novel erector spinae plane block has been reported recently 
[45]. This block was applied successfully to patients with chronic thoracic neuro-
pathic pain and in acute postoperative pain. It provided similar analgesia as epidural 
block, although unilaterally. An ultrasound-guided needle is advanced in a cephalad-
to-caudad direction through the trapezius, rhomboid major and erector spinae to 
gently contact the transverse process. The injection is administered into the interfas-
cial plane deep to the erector spinae. The analgesic effect was postulated to be due 
to the spread of the local anesthetic in the paravertebral space, blocking the dorsal 
ramus of the spinal thoracic nerve, and allowing the local anesthetic to reach the 
ventral rami. This block provided analgesia to the posterior and anterior thorax 
safely and with medium to low difficulty.

So far, no large case series or studies have been conducted to compare the erector 
spinae block to epidural, paravertebral or intercostal blocks in thoracic surgery. The 
experience with the use of this block falls within multimodal strategies for periop-
erative analgesic control or rescue of failed neuroaxial techniques.
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A series of four cases was reported recently in VATS for pulmonary resection in 
which patients had ultrasound-guided erector spinae plane blocks [46]. These four 
patients had the ultrasound-guided block and the catheter inserted before surgery 
and anesthetic induction. At the completion of the surgery and before emergence, an 
infusion of 0.15% ropivacaine was initiated at infusion rates between 7 and 12 ml/h. 
The authors concluded that erector spinae block is an alternative to thoracic epidural 
or paravertebral blocks in thoracic surgery. It is an interesting approach in VATS or 
as an alternative to thoracic epidural or paravertebral blocks when these techniques 
fail or are not feasible [46].

13.4	 �Gold Standard in Thoracic Surgery

Because pain was and is (and probably will be) one of the major challenges of tho-
racic surgery, there have been several gold standards defined in the history. Recent 
findings will probably lead to changes in the perception and the determination for 
the analgesia methods. For an appropriate definition, we have first to answer some 
questions:

	1.	 What is the aim of the post-thoractomy analgesia: A low VAS (visual analog 
scale) during rest (in other words, a peaceful sleeping patient) is naturally 
desired; but can not be considered as the primary target of the analgesic approach.
	(a)	 Overall postoperative outcome: This includes not only a shorter stay in the 

PACU, ICU and in the hospital, but also incidence of postoperative pulmo-
nary complications (e.g. there is a direct relationship between the analgesia 
and complications like pneumonia, atelectasis etc.) [47].

	(b)	 Less chronic post-thoractomy pain (CPTP): Persisting pain after a certain 
time (2–6  months) after thoracotomy is a very important problem with a 
frequency of up to 60% [48, 49]. Even after less invasive thoracoscopic 
operations, the incidence is still high (approx. 20–30%) [50].

Unfortunately, the majority of the studies about analgesia is still dealing 
with VAS, mainly VAS in rest. Beneficial effects of thoracic epidural (TEA) 
to decrease atelectasis and infections have been shown, but only in compari-
son to systemic analgesia. More recent techniques such as paravertebral and 
peripheral blocks appear to have similar successful effects. But whether any 
analgesic method can have a direct effect on postoperative outcome is still 
have to be examined.

Regarding CPTP, TEA has been shown in several studies to decrease the 
frequency [51, 52]. The effect of paravertebral and peripheral blocks have 
been studied less; but considering the fact that appropriate treatment of acute 
pain is associated with less CPTP [53] can lead us to hypothesize that the 
newer methods can be as effective, too.

	2.	 How effective are different approaches? In the previous decades, different 
approaches such as “multimodal analgesia”, “preemptive analgesia”, “patient 
controlled analgesia” have been introduced to daily practice. Following the ini-
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tial optimism, all these methods are still under examination. Today we know 
that:
	(a)	 The combination of different drugs (and strategies) acting on different sites 

of central and peripheral nervous system is beneficial as side effects of high-
dose opioids can be avoided with better analgesia. A commonly used strat-
egy is to combine local anesthetics (regional analgesia or infiltration), 
opioids, and non-opioid analgesics with regional anesthesia as mainstay of 
pain relief [54].

	(b)	 “Preventive” (but not the “preemptive”) analgesia prevents the establishment 
of central sensitization caused not only by incisional but also by inflamma-
tory injuries, covering the whole preoperative and early postoperative peri-
ods [55]. This should lead to an equal effective analgesia with lower doses of 
analgesics. In a prospective randomized trial comparing the effects of preop-
erative- or postoperative-initiated thoracic epidural anesthesia (TEA) versus 
intravenous opioids, it has been found that the preoperative initiation of TEA 
was associated with a significant improvement in both acute and chronic 
postthoracotomy pain [51].

	3.	 Comprehensive pain management in thoracic surgery cannot be fully conceived 
nowadays in the absence of a multimodal (and preventive) model. Although pre-
ventive analgesia has been a frequent topic of discussion, several studies strongly 
suggest that, in the case of thoracic surgery, such strategies result in clear reduc-
tions in pain and/or consumption of analgesics. A multimodal approach takes 
into account the multiple pathways by which nociceptive input is conveyed to the 
central nervous system (CNS), the number of pharmacologically distinct mecha-
nisms of modulating this input, the need for effective analgesia throughout the 
perioperative period and after discharge, and the importance of minimizing side 
effects, particularly respiratory depression [54]. Finally, but most importantly, 
with regard to the questions above, is TEA still the gold standard, or are the 
newer techniques (paravertebral and the more recent peripheral blocks) superior 
to TEA?

Regarding the long-standing discussion of whether thoracic epidural or paraver-
tebral blocks are the gold standard for perioperative pain management, the Journal 
of Cardiothoracic and Vascular Anesthesia recently published testimonials that are 
both for [56] and against [57] the superiority of thoracic epidural analgesia.

Paravertebral block, which has become more popular in recent years, has a simi-
lar analgesic profile as thoracic epidural block, with lower rates of minor adverse 
events such as hypotension, nausea and vomiting, urinary retention or pruritus. 
Paravertebral block is not free of complications, such as inadvertent pleural punc-
ture, pneumothorax or ipsilateral Horner syndrome. The incidence of neurological 
damage is lower, as a result of the greater distance to the epidural space and the 
spinal cord compared to thoracic epidural block. Absolute contraindications to para-
vertebral block are cutaneous or intrathoracic infection and tumors near the target 
site of the block. Relative contraindications include severe coagulopathy, severe 
respiratory diseases (with ventilation depending on intercostal musculature), 
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ipsilateral diaphragm paresis, severe spinal deformities such as hyperkyphosis or 
scoliosis and dilation of intercostal vessels (which may occur in case of coarctation 
or aneurysm). Paravertebral block may be performed with the classical technique 
under direct vision of the surgeon or under ultrasound guidance. In the former set-
ting, the costovertebral ligament is pierced, which may or may not feel like a “pop”. 
If a low-resistance syringe is used, loss of resistance can be felt. However, both are 
highly subjective sensations. In addition, the use of a nerve stimulator has been 
reported to verify the correct location of the needle, especially in the event of techni-
cal difficulties (obesity or altered thoracic anatomy). The motor response to this, 
based on the puncture level, is a contraction of the relevant intercostal muscle or the 
muscles of the abdominal wall (transversus abdominis or obliquus externus abdom-
inis). If there is a single puncture, the technique will not suffice to achieve analgesia 
over all dermatomes involved in the pain input of surgery. Insertion of a catheter 
appears to be a solution to this problem. However, progression of the catheter is not 
easy and the failure rate is not negligible. Insertion by a surgeon does not appear to 
be a preventive analgesic management alternative, even though the effectiveness of 
this approach is still under discussion. Finally, ultrasonography for this type of 
block appears to be an effective alternative for a safer approach.

The success rate of thoracic paravertebral block depends on operator experience 
and there are still no studies to confirm its actual effectiveness. The use of ultra-
sound may be reasonable to assure successful placement of the catheter in the para-
vertebral space, although, at this time, studies evaluating paravertebral catheter 
placement under ultrasound guidance are mostly limited to human cadaveric sub-
jects [58].

Thoracic epidural block remains the technique of choice for most anesthesiolo-
gists. Epidural block reduces post-thoracotomy pain both at movement and at rest 
and improves mucociliary clearance and postoperative respiratory mechanics. In 
addition, it reduces cardiovascular complications via a number of mechanisms 
including diminished response to stress and sympathetic input, both systemically 
and through blockage of cardioaccelerator fibers, thereby promoting dilation of 
constrained coronary arteries. Also, thoracic epidural block results in lower rates of 
supraventricular arrhythmia, present in up to 30% of patients undergoing 
thoracotomy.

Nonetheless, epidural analgesia is not exempt from complications and risks. On 
the one hand, placing a thoracic epidural catheter can be a real challenge, given the 
anatomical particulars of this space, especially to unskilled hands. The most serious 
risks are dural puncture and neurological damage. These complications are usually 
transient and less frequent, in any case, than in a lower thoracic approach.

The theoretical difficulty of performing the technique and placing the catheter is 
comparable, and in no case superior to, identifying the paravertebral space and 
channeling the catheter paravertebrally. The loss of resistance test for identifying 
the epidural space is more obvious than in paravertebral block, as the paravertebral 
catheter is frequently placed percutaneously. In addition, the sympathetic blockade 
resulting from the dose test can be useful to demonstrate accurate positioning of the 
catheter. In any case, the success of both techniques is operator-dependent. The 
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technique should always be performed in conscious, cooperating patients, and there 
are several contraindications, including lack of consent, coagulopathy, infection at 
the puncture site, severe systemic infection, tattoos at the puncture site, acute CNS 
disorders or space-occupying brain tumors.

Minor complications of epidural block, such as pruritus, hypotension, urinary 
retention or nausea and vomiting, may be due to inappropriate use of the drugs. The 
synergistic activity of local anesthetics with an opioid has been shown to provide a 
better analgesic profile than epidural use of local anesthetics alone or thoracic para-
vertebral block. In addition, the combination of these drugs administered epidurally 
results in lower rates of hypotension than with epidural use of the local anesthetic 
alone, which requires higher dosages to attain similar analgesic effects [59]. Some 
authors suggest that the limitations of epidural analgesia could be solved easily by 
maintaining the right preload and using the synergistic effects of local anesthetics 
and opioids. An additional advantage of thoracic epidural analgesia is its effective-
ness in reducing chronic post-thoracotomy pain, while no studies confirm such 
properties in the case of paravertebral block.

It should be noted that neither approach is useful for post-thoracotomy shoulder 
pain. Studies show that over 85% of post-thoracotomy patients under epidural analge-
sia complain of shoulder pain [60]. Several hypotheses have been put forward to 
explain this pain, including excessive strain of the posterior thoracic ligaments that may 
occur when positioning the patient, elongation of the brachial plexus and musculoskel-
etal pain or referred pain from irritation of the pleural surface. The pain transmitted by 
the ipsilateral phrenic nerve appears to contribute significantly to post-thoracotomy 
shoulder pain. Phrenic nerve infiltration has been shown to reduce post-thoracotomy 
pain in several studies, without significant effects on respiratory function [61].

In conclusion, we believe that the choice of the technique should be based on the 
experience of the anesthesiologist, the familiarity with the procedure, the clinical and 
anatomical particulars of the patient and a multimodal analgesic management plan. 
We cannot recommend one technique over the other, since both have good analgesic 
profiles. The difficulty of performing thoracic epidural block is intermediate, 
although it can be easy for experienced hands. It is easy to detect loss of resistance 
and its effect can be sustained over time with placement of a catheter. Management 
of its complications involves adequate vascular filling and accurate use of drugs with 
synergistic actions, such as local anesthetics and opioids. On the other hand, the 
paravertebral approach is similar to epidural block for analgesic control and post-
thoracotomy pain, with a better adverse effect profile. The theoretical difficulty of 
locating the paravertebral space can be overcome with ultrasonography.

Nevertheless, some clinical conditions such as post-thoracotomy shoulder pain 
and chronic pain are not resolved with the use of either technique alone. For this 
reason, clinicians should be familiar with the therapeutic arsenal against post-
thoracotomy pain (including intravenous opioids, NSAIDs, ketamine, gabapenti-
noids, cryoanalgesia, intercostal or thoracic wall blocks such as serratus and erector 
spinae blocks) and the implementation of a multimodal analgesic strategy. This will 
result in lower patient morbidity, earlier discharge and ultimately lesser health 
expenditure.
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14Are There New Evidences on the Use 
of Neuromuscular Blocking Agents 
and Reversal Drugs in Thoracic Surgery?

Carlos L. Errando, Begoña Ayas, 
and Isabel García-Villalobos

14.1	 �Introduction

Anesthetic management affects patient’s perioperative morbidity and mortality [1]. 
It is under scrutiny whether neuromuscular blocking agents (NMBA), especially 
postoperative residual neuromuscular block (RNMB) affects immediate or delayed 
outcomes. If the answer was yes, one possibility is to avoid these drugs during sur-
gical procedures. However, NMBA use and its clinical indications are both evidence 
based [2].

Thoracic surgery procedures present some distinct characteristics. Adequate 
anesthetic management including neuromuscular blockade (NMB) is essential for 
airway management procedures and to allow controlled ventilation. From a surgical 
point of view optimal visceral exposition in order to minimize surgical times and 
complications is important. Although in permanent debate, neuromuscular blockade 
monitoring (NMM) throughout the whole surgical procedure permits to administer 
the precise dose of NMBA, and, at the end of the procedure, the adjusted dose of the 
reversal drug to allow safe extubation with adequate spontaneous ventilation re-
assumption, avoiding RNMB. Muscle relaxation is a standard during thoracic sur-
gery. Most of the invasive surgical procedures benefits from NMBA use, as those 
performed by means of thoracotomy, sternotomy, video-assisted thoracoscopy 
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(VATS), and other as rigid bronchoscopy or echobronchoscopy. Notwithstanding, a 
few studies or case series described thoracic procedures performed without muscle 
relaxation with good results [3].

NMBA use allow airway management, manipulations and tracheal intubation 
decreasing pharyngolaryngeal and tracheobronchial related lesions. On the other 
hand, mechanical ventilation is allowed, as is the surgical field access and closing. 
Muscle contractions due to electric scalpel are attenuated, as were patient’s involun-
tary movements. During surgery, diaphragm and reflex coughing movements can 
induce dangerous situations, mainly when surgeons work near vital anatomical 
structures as bronchus, great vessels, heart or nerves, and this is the one of the 
causes why abdominal muscles and diaphragm should be completely relaxed. In 
addition, during thoracic surgery selected ventilatory strategies will be necessary to 
improve gas exchange, for instance recruitment maneuvers, in several patient posi-
tions—supine, prone, lateral decubitus—after postural changes, after endotracheal 
tube repositioning or change, and once one-lung-ventilation started and finished. 
Before these maneuvers are carried out, profound neuromuscular relaxation is rec-
ommended as complete thoracic muscles and diaphragm paralysis would permit to 
open collapsed alveoli without the opposition of this component (the “respiratory 
muscles”) of the thoracic cage. One more reason that justify profound NMB is the 
pre- or intra-operative use of bronchofiberscopes or other intraluminal devices. 
These are frequently used to check for the correct placement of the double lumen 
endotracheal tubes or bronchial blockers, and can induce unexpected movements, 
cough or bronchial secretions or hemorrhage.

It should be mentioned VATS, procedures that can need profound NMB. There is 
evidence that profound NMB improve surgical conditions during abdominal laparo-
scopic surgery [4]. This might be extended to thoracic surgery, but studies are neces-
sary to confirm this. Classical textbooks do not address this topic in depth, and 
recent articles evaluating intraoperative conditions and outcomes in oncologic tho-
racic surgery and postoperative cognitive dysfunction does not take into account 
NMB management [5]. One additional point of view is that it seems that anesthesi-
ologists themselves do not consider important the use of the NMBA (and the way it 
should be used), or the NMB reversal in thoracic surgery.

In this chapter we will try to review these topics, and suggest to change these 
beliefs.

14.2	 �Aspects of Interest for the Clinician About 
the Neurobiology of the Neuromuscular Junction

The interested reader can found extensive information in Naguib et al. [6].
The main components of the neuromuscular junction are the motor nerve ending 

and the muscle fiber (muscle cell). In between are the cell membranes of both sepa-
rated by the synaptic cleft, that has a width of 20–50 nm. A Schwann cell covers the 
synaptic cleft, because at this level there is no myelinated covering. In the adult full 
developed neuromuscular junction, every muscle cell use to receive only one nerve 
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ending. In the motor nerve ending there are vesicles near the cell membrane (active 
zone) containing the neurotransmitter acetylcholine (ACh), whereas in the muscle 
membrane there are ACh receptors (AChR). The synthesis and storage of neu-
rotransmitter occurs in the vesicles (every vesicle containing 5000–10,000 mole-
cules); in addition, there are a reserve of ACh vesicles in the cytoplasm and 
out-of-the-active zone storage.

In the motoneuron an action potential is generated that arrives at the nerve end-
ing. Through voltage-gated calcium channels opening in the nerve membrane and 
calcium inflow, in the active zone around 200–400 vesicles fused with the cell mem-
brane and released ACh to the synaptic cleft. The neurotransmitter binds to the 
AChR producing an ionic flux through the channel, this causing electric minipoten-
tials that finally originates a threshold electrical potential being transmitted through 
the muscle membrane. In the T-tubules (an invagination of the muscle cell mem-
brane), calcium inflow occurs producing the contraction after activation of several 
intracellular mechanisms finishing in the actin-myosin interaction.

Complex mechanisms control ACh release. Both ACh and the vesicles itself are 
rapidly recycled. After releasing from the AChR, the ACh molecules are hydrolyzed 
by ACh-esterase, an enzyme anchored to the postsynaptic membrane, mainly in the 
synapse (grouped as three tetramers). The ACh-esterase activity is regulated, in part, 
by muscle activity.

The proteinic AChR (channel) that is inserted in the muscle membrane lipidic 
bilayer, is composed by five subunits (pentameric). In the mature adult form of the 
channel the subunits are one ε type, whereas in the immature embryonic-fetal and 
neonatal form is of γ type, the other (common) being two α, one β and one δ type. 
This is important because it determines physiological and pharmacological proper-
ties of the junction. For instance, this determines function in myasthenia gravis and 
myasthenic syndromes, both congenital and autoimmune.

There are presynaptic (pre-junctional) AChR as well. These differ structurally 
from the postsynaptic ones. Although not completely elucidated, it have a role in the 
presynaptic ACh reserve pool migration facilitation (i.e. when ACh concentration 
falls or after repeated electrical stimulation, as in tetanic stimulation). As the post-
synaptic ones, these receptors are inhibited by non-depolarizing NMBA (this 
explaining, in part, fade appearing during recovery from NMB). On the other hand, 
extra-junctional AChR have been described in striated muscle fiber’s surface.

14.3	 �Some Considerations on NMBA Pharmacology

From a clinical point of view there are two main families of NMBA, depolarizing 
and non-depolarizing NMBA [7]. Succinylcholine is the only depolarizing NMBA 
clinically in use at the present time. After iv injection fasciculations use to precede 
the clinical relaxation, that in a proportion of patients might cause postoperative 
myalgia. Its onset time is rapid as is clinical recovery, whereas economic cost is low, 
these factors favoring wide utilization. However, experts and some studies recom-
mend to restrict the use to selected cases for rapid sequence induction of anesthesia. 
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From a neurophysiologic point of view, the depolarizing block does not show fad-
ing, thus neuromuscular monitoring (NMM) is not useful in the recovery phase. 
Moreover, its action cannot be reverted with anticholinesterase drugs. In cases 
where pre- and extra-junctional immature AChR exists, hyperpotassemia can appear 
after succinylcholine that is life-threatening. The readers are referred to textbooks 
and review articles that address other adverse effects and contraindications.

Non-depolarizing NMBA are classified according to chemical structure in 
aminosteroidal and benzylisoquinolines. Its mechanism of action is as competitive 
antagonists of ACh in the AChR but, opposite to depolarizing agents, impeding the 
channel to open. These agents inhibit presynaptic AChR as well. From an electro-
physiological point of view fading and post-tetanic potentiation are characteristic of 
the non-depolarizing block.

The neuromuscular system has a great safety margin. In fact, 70–90% of recep-
tors can be blocked without affecting function. So, in order to start the pharmaco-
logic action the NMBA should be administered in high doses; afterwards, as there 
are occupied AChR low doses use to be enough for NMB maintenance both as bolus 
re-injections of iv continuous infusions. Again, at the end of the surgical procedure 
more than 70% of receptors can be occupied without apparent clinical signs of 
block. A small ACh or NMBA plasma changes (both absolute or relative) could 
induce relevant signs of curarization.

Aminosteroidal NMBA are represented by vecuronium and rocuronium (pan-
curonium, pipecuronium and rapacuronium being other drugs in this group). The 
chemical structure contains a steroidal nucleus. These drugs do not induce signifi-
cant histamine release. Plasma drug elimination is preceded by hepatic metabo-
lism, that produces desacetyl metabolites, carrying diverse degrees of activity. 
Kidney elimination follows. Renal and hepatic insufficiency can have a role in 
drug accumulation due to slow plasma clearance. Benzylisoquinolines included 
atracurium besylate and cis-atracurium (one of the isomers of atracurium). These 
molecules induced a dose-dependent histamine release that can cause vasodilation 
and tachycardia. Metabolism occurs mainly via Hoffmann degradation, a non-
enzymatic chemical process, that consists in spontaneous degradation at physio-
logical pH and temperature, and by ester hydrolysis, both being independent of 
renal and hepatic function. Thus dose adjusting is not necessary in patients with 
renal or hepatic alterations. There are no active metabolites, but laudanosine, an 
inactive metabolite that is cleared by kidney, is potentially neurotoxic at high doses 
(Table 14.1 and Fig. 14.1).

Regarding reversal of the NMBA actions, spontaneous reversal is possible allow-
ing the drug metabolism and elimination, but pharmacologic reversal is frequently 
used. ACh-esterase antagonists or aminosteroidal selective binding agents can be 
used. The firsts ones act blocking the ACh lysis, thus increasing available molecules 
in the synaptic cleft (i.e. an indirect mechanism). This is the main reason why ACh-
esterase inhibitors require some degree of spontaneous recovery. The drugs used are 
neostigmine (most used), pyridostigmine and edrophonium. Moreover, these drugs 
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act outside the synapsis in muscarinic receptors (producing bradycardia, broncho-
constriction, miosis, gland hypersecretion and sialorrhea), and this is because para-
sympatholytic drugs (atropine or glycopyrrolate) are required to be administered 
together. Sugammadex is a gamma-cyclodextrin that has been designed to encapsu-
late the aminosteroidal drugs in plasma, thus creating a gradient with the synaptic 
cleft and facilitating NMBA release from the AChR, leaving it free for ACh interac-
tion. No spontaneous recovery is required provided the drug dose administered is 
adapted to the existing block deepness. As it has no anticholinesterase activity, no 
parasympatholytics are required. The drug has few hemodynamic adverse events. In 
Fig. 14.2 the mechanism of action is summarized.

NMM is based in electrical stimuli application to a peripheral nerve recording 
the muscle response (Table 14.2). This has an important role to control the clinical 
evolution of the NMB and recovery. In Fig. 14.3 the standardized terms are showed. 

Pharmacology of NMBA

ED95 2 x ED95 3 x ED95 4 x ED95

0.6 mg kg-1 0.9 mg kg−1 1.2 mg kg−1

0.05 mg kg−1 0.1 mg kg-1 0.15 mg kg−1 0.2 mg kg−1

Succinylcholine

Cis-atracurium

0.3 mg kg−1Rocuronium

0.33 mg kg−1 0.66 mg kg-1 1.0 mg kg−1 1.3 mg kg−1

Start time

Intubation
conditions Duration of effect

Fig. 14.1  Schematic comparison of the potency of NMBA in clinical use. ED effective dose. 
(Modified from Sparr HJ. Drugs 2001; 61: 919–942)

Table 14.1  Pharmacological characteristics of the most used NMBA

ED 95 
(mg/kg)

Induction  
dose (mg/kg)

Maintenance  
dose (μg/kg/min)

Start 
time (s)

Duration of 
action (min)

Atracurium 0.2–0.25 0.5 4–12 150–200 20–30
Cis-atracurium 0.05 0.1 2.3–3 150–180 20–30
Rocuronium 0.3 0.6–1.2 9–12 60–75 20–30
Vecuronium 0.04 0.6 0.8–1.4 120 30–40

ED effective dose
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Table 14.2  Neurostimulation patterns and muscle responses of the different stimuli used in clini-
cal practice

Single twitch: variable frequency stimulation (1–0.1 Hz). This stimulus is useful if a reference 
is obtained.
TOF: four stimuli 2 Hz (0.5 s), separated of the following one at least 10 s are applied and 
responses registered. Once NMB is stablished the T4/T1 responses relationship can be used 
(TOF ratio, TOFr). It is useful to evaluate the start and recovery times of NMB, as well as the 
NMB course; being (relatively) unuseful if profound or intense NMB occurs. It is used for 
subjective (with limitations) or objective evaluation/diagnosis of RNMB.
DBS: double burst stimulation, two 50 Hz stimuli separated 750 ms are applied, every one of 
them composed of three impulses separated 20 ms. It is used for visual or tactile subjective 
monitoring.
Tetanic stimulus: high frequency stimulus (50–200 Hz) of 5 s is applied. It is combined with 
several single twitch stimulus (10–20) to evaluate postetanic facilitation (postetanic count, 
PTC). It is used when no TOF responses are seen (profound NMB).

Mechanomyography, electromyography, acceleromyography, kinemyography and 
phonomyography have been used to register the responses. Acceleromyography is 
the most used in clinical practice.

14.4	 �Characteristics of Patients Under Oncologic Thoracic 
Surgery Related to Muscle Function

The diseases behind thoracic surgical procedures are diverse as are the patients suf-
fering the diseases. They can vary from a young adult otherwise healthy patient with 
repeated pneumothoraces, apical bullae or hyperhidrosis, to the middle aged or 

NMB and reversal. Mechanisms.

NMBA

NMB

Choline + acetate

AChE

ACh

r-nACh

Sugammadex reversal

Choline + acetate

AChE

ACh

NMB

R-nACh

Conventional reversal of NMB

Choline + acetate

AChE

ACh

NMBA

r-nACh
AChE inhibitors

(i.e., neostigmine)

Fig. 14.2  Mechanism of action of NMBA reversal drugs. The process of the block by a non-
depolarizing NMBA of a nicotinic AChR is showed. Indirect reversal by an anticholinesterase 
(right) and direct reversal by means of sugammadex (lower part of the figure) is showed as well. 
ACh acetylcholine, AChE acetylcholinesterase, R-nACh nicotinic Ach receptor. (Modified from 
Adam JM et al. J Med Chem 2002;45:1806–1816)
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older patients with an oncologic bronchopulmonary process requiring aggressive 
therapy. Frequently cancer is the main cause of the surgical indication, and the sub-
jects can be debilitated and with associated malnutrition. They are, as a general rule, 
heavy smokers or with smoking antecedents, with altered respiratory  spirometry 
due to pulmonary obstructive or restrictive diseases or both.

It has been reported that thoracic surgery is the type of surgery most related with 
postoperative pulmonary complications (PPC). On the other hand, due to life long 
expectancy in economically developed countries, there is an increasing number of 
patient candidates to high complexity surgery, no matter the age they have.

From an surgical perspective, an adequate NMB should be achieved, followed by 
complete respiratory muscle function recovery in order to early and safely extubate 
the patient’s trachea, thus avoiding complications [8]. As patient’s age increase car-
diac output is reduced, and hepatic and kidney functions are affected; moreover, 
muscle mass decrease and body temperature is regulated worse, especially over 
70 years (frailty syndromes) [9–11].

A proportion of thoracic surgery patients have previous (or basal) muscle weak-
ness and respiratory dysfunction that would be intensified by the surgery-associated 
inflammation together with pharmacokinetic and pharmacodynamic alterations of 
perioperative drugs, typically extending drug’s clinical effects. Age is an indepen-
dent predictive factor of perioperative mortality, mainly in urgent surgery and if the 
patient has organ systems affected. Preoperative respiratory insufficiency is espe-
cially important in this sense. The specificities of the respiratory system of elderly 
patients make it prone to postoperative complications: loss of pulmonary elasticity, 
thoracic rigidity, alveolar surface decrease, residual volume increase, expiratory 

Reversal

Onset Intense
block

Deep
block

Moderate
block

Recovery

TOF-count ≥1 TOF-count O
PTC O

TOF-count O
PTC ≥ 1

TOF-count 1-3 TOF-ratio

Fig. 14.3  Response to electrical stimulation during a typical surgical procedure with non depolar-
izing NMBA. The usual standardized terminology is showed
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flow decrease, and increased heterogeneity in the ventilation-perfusion relationship 
(inspiratory muscle force diminution with increased work of breathing) [12].

In addition, a positive perioperative fluid balance, the surgical positioning, or 
increases of the metabolic demands can produce respiratory failure. Sarcopenia, a 
characteristic of the frail elderly patient, can strongly affect neuromuscular func-
tion. Partial blockade increases pharyngolaryngeal dysfunction from 37% to 71% in 
the elderly [13], but in other patients as well, thus, upper airway obstruction suscep-
tibility or pulmonary aspiration risk are frequent.

14.5	 �Muscle Relaxation Requirements During Thoracic 
and Esophageal Surgical Procedures

One of the features of the clinical course of NMB is that it is unpredictable [2], 
because it depends on several factors, both patient related (age, sex, physical status, 
associated comorbidities, alterations in the ACh physiology, altered number or 
responsiveness of the AChR in the motor end plate, etc.), and drug related (as the 
selected NMBA itself). In addition, other conditions, pharmacologic characteristics, 
mode of NMBA use, particular patient populations, or direct drug use-related prob-
lems, are needed to be known in depth by the specialist.

The so called profound NMB is useful during pulmonary resection surgery [14], 
allowing the procedure, avoiding risks in complex surgical approaches or in the dis-
section near to vital anatomical structures, avoiding the physiological responses to 
airway manipulations, including repeated bronchofiberscopic explorations, and 
allowing adequate recruitment maneuvers and diaphragm muscle relaxation, a mus-
cle resistant to paralysis. Moreover, experts recommend that degree of block in this 
surgical indication [15].

Some considerations about the pharmacophysiology of the muscles related to res-
piration and ventilation follows. Laryngeal adductor muscles, the diaphragm and 
abdominis rectus muscles are among the most resistant to NMBA effects, whereas 
muscles involved in swallowing and airway protection are very sensitive to 
NMBA. Clinical NMB starts in the diaphragm and laryngeal muscles before than in 
the adductor pollicis (the most used for monitoring), due to better vascular supply 
(and density of AChR, among other factors) compared to other neuromuscular 
peripheral systems, thus receiving a higher NMBA mass (number of molecules). 
With this in mind it is easy to understand why, in thoracic surgery (and other types of 
surgery as well) the NMB should involve the diaphragm, that is, a profound muscle 
relaxation is needed. The NMBA dose required to completely block these muscles 
use to be 1.5–2 times those to block the adductor pollicis [16]. In the recovery phase, 
the diaphragm recovers its function before, but at the same time (same plasma levels 
of NMBA) monitoring of adductor pollicis show absence of response. This means 
that for optimal relaxation a very profound one should be obtained [17], and that the 
response to NMM can confound and/or should be correctly interpreted.

From the NMB management perspective most of the esophageal surgical proce-
dures requires an approach similar to that of thoracic ones.
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Especially the esophageal cancer therapy needs a multidisciplinary management 
as it involves radiotherapy and chemotherapy in addition to a wide surgical resec-
tion. However, neoadjuvant treatment, radical resections and the extension of opera-
tive lymphadenectomy can increase perioperative morbimortality. Esophagectomy 
is a complex procedure with high morbimortality. Combined thoraco-abdominal 
approach is one of the factors contributing to PPC that are frequent after this type of 
surgery. Moreover, one lung ventilation is another cause of acute lung injury during 
thoracic surgery [18].

Several surgical techniques have been described, as the transhiatal and transtho-
racic ones. The first one allows the whole mobilization and resection of the intra-
thoracic esophagus and regional lymphatic nodes (but limited to the superior 
abdomen and inferior mediastinum) through two incisions, abdominal and cervi-
cal, thus avoiding thoracotomy. Transthoracic approaches consist in right thora-
cotomy (the patient sited in left lateral decubitus) plus laparotomy, or a thoracoscopic 
plus laparoscopic approaches. These permit excellent views of the tumor, allowing 
a more extensive lymphadenectomy compared to transhiatal technique and better 
local control of the disease. Following esophagus resection the anastomosis is per-
formed at intrathoracic level (Ivor-Lewis) or cervical level (McKeown). From the 
anesthesiologist point of view, one lung ventilation is required with double lumen 
endotracheal tubes or bronchial blockers in order to collapse the lung in the operat-
ing side.

Recently, a minimally invasive approach in the prone position has been described. 
Of course, the anatomical exposure of the mediastinum became modified. Posterior 
structures became superior, and the anterior ones, inferior. Although prone thora-
coscopy was first described in 1992 by Cushieri, the spread to practice is recent. 
Esophageal dissection is made easier because the posterior mediastinum is found in 
the superior part of the surgical field, and blood and secretions go down by gravity, 
optimizing esophagus view. This way, surgical times decrease and there are few 
respiratory complications.

A series including 130 patients [19] showed results supporting this. Surgical 
outcomes were non inferior compared to other minimally invasive approaches and 
open conventional surgery. Postoperative mortality decreased to 1.54%, there were 
few hospital readmissions and a low incidence of postoperative pneumonia. It was 
suggested that this technique would replace the classical  one. In addition to the 
technical advantages, the prone position improved oxygenation through more 
homogeneous ventilation/perfusion relationship. However, selective intubation is 
needed as is one lung ventilation (with its inherent problems). Access to the airway 
or endotracheal tube manipulations can be difficult. But gravity itself facilitates the 
retraction of the right lung from the surgical field and when combined with low 
pressure induced pneumothorax (6–8 mmHg) allow to perform the surgery using 
single lumen tubes and two lung ventilation (Fig. 14.4).

The anesthesiologist should combine strategies to diminish morbimortality, as pre-
operative optimization, protective pulmonary ventilation, fluid restriction, epidural 
analgesia and postoperative care. In fact, in some settings, patients are included in a 
complete fast track enhanced recovery surgery pathway.
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Intraoperatively, in addition to standard monitoring, continuous cardiac output 
monitoring, active warming and neuromuscular monitoring are mandatory. Initial 
protective pulmonary ventilation consists in low VT (8 ml/kg), allowing for normo-
capnia, with FiO2 0.5, and PEEP 5 cmH2O. Careful positioning is recommended 
with additional protection. Profound NMB throughout the procedure permits venti-
lation and positioning. After trocar’s insertion capnothorax is induced until 8 mmHg 
are reached. A 30 s apneic maneuver allows partial right lung collapse. During this 
phase, volume controlled ventilation with 5 ml/kg VT, FiO2 0.8, 12–14 bpm and 
PEEP of 5  cmH2O is recommended. If SaO2 decrease <90%, the tube position 
should be checked, FiO2 increased (0.8–1), and other possibilities should be taken 
into account, as hemodynamic alterations (hemorrhage, hypotension or low cardiac 
output due to other causes), otherwise, PEEP can be increased until intracavitary 
pressure level, i.e. 6–8 mmHg, is reached. If hypoxia persists, complete bipulmo-
nary ventilation can be needed for a few cycles (the trocars should be withdrawn and 
the capnothorax stopped), and recruitment maneuvers carried out. Vasoactive drugs 
are usually required during the operative period. Apart from epidural anesthesia and 
analgesia, if possible, opioid free anesthesia is recommended. After surgery, early 
extubation is recommended, usually in the intensive care unit. Epidural analgesia, 
restrictive fluids, and enteral nutrition should be promptly initiated.

14.6	 �Recovery from Neuromuscular Blockade After Thoracic 
Surgery

As it has been stated before, recovery of the respiratory function is essential after 
thoracic surgery, because, in addition to secondary neuromuscular involvement (mus-
cle transection, drugs, previous physical status, frailty) the surgery is performed on the 
respiratory organs.

Fig. 14.4  Comparison of the surgical field during thoracoscopy for esophagectomy performed in 
left lateral decubitus (left) versus prone position (right)
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It is important to know the definition of RNMB. There is enough scientific evi-
dence that RNMB, defined by a “train-of-four” stimuli response ratio (TOFr) <0.9, 
increases the risk of PPC, length of ICU and in-hospital stay, and healthcare costs. 
It was demonstrated that a TOFr 0.7 does not guarantee sufficient muscle recovery, 
and there was consensus in considering that a TOFr of at least 0.9 should be reached. 
By subjective monitoring it is difficult to appreciate at a TOFr 0.3–0.4 tactile or 
visual fade to TOF stimulation (Table 15.3). Another type of stimulus, the double 
burst stimulation (DBS) allow to detect TOFr 0.6, but this is again insufficient to 
exclude RNMB [20].

Despite this, provided repeated boluses of NMBA (or infusion) have been admin-
istered during surgery, recovery of TOFr >0.9 does not exclude some alteration of 
the neuromuscular function, and muscle weakness could persist [21]. This suggest 
that a new RNMB standard will be foreseen [22] (Table 14.3).

From a pathophysiological point of view there is direct pulmonary function alter-
ation due to RNMB [23]: forced vital capacity and peak expiratory flow decreases, 
chemosensitive carotid receptors sensitivity to hypoxia decrease [24], there is pha-
ryngeal and upper esophageal sphincter dysfunction [25], and this can translate into 
postoperative aspiration pneumonitis [26, 27].

Monitoring use spread permits to decrease RNMB and the frequency of severe 
respiratory adverse events during transport to the PACU and PACU stay. Moreover, 
this facilitates early tracheal extubation in the operating room, thus allowing to start 
spontaneous ventilation. Patient’s safety is improved and associated morbidity 
decreased [28–30].

The published incidence of RNMB vary between 4% and 57% [31]. Furthermore, 
despite evidence supporting its use, continuous or intermittent NMM is not per-
formed by an important proportion of anesthesiologists during daily practice. NMB 
was involved in at least 6% of re-intubations in the PACU in a study involving more 
than 100,000 patients [32]. Incomplete recovery during the immediate postopera-
tive period, gastric contents aspiration, respiratory failure or re-intubation, and pro-
longed PACU stay were found to be associated to NMBA use [8, 31, 33]. In a 
prospective observational study, high risk surgery was related to RNMB and reintu-
bation was necessary in a case of thoracic surgery [34].

Factors related to prolonged NMB, RNMB and pulmonary complications are 
summarized in Tables 14.4, 14.5 and 14.6.

Table 14.3  Clinical signs of RNMB observed in awake patients [modified from [72, 73]]

– � TOFr 0.7: reduced ventilatory response to hypoxia, diplopia and ptosis, difficult swallowing, 
difficult in bite maintaining. Feel of discomfort. Speaking requires great effort.

–  TOFr <0.9: alteration of respiratory, and pharyngeal function and airway protection.
– � TOFr 0.9: discoordinated swallowing with aspiration episodes, decreased function of the 

superior esophageal sphincter, discoordination of laryngeal constriction muscles and 
esophageal sphincter; diplopia, disartria and difficult to swallow. Pharyngeal dysfunction 
and discoordinated deglution in some volunteers persisting more than 15 min.

–  TOFr 0.91–0.95: recovery of respiratory function in most of subjects.
– � TOFr 1: some volunteers experiment swallowing difficulties. Few subjects showed altered 

respiratory function.
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Table 14.4  Factors related with prolonged NMB

Drug interactions (Table 14.5).
Patient’s factors: age and sex (until 30% higher sensibility to NMBA in women).
Clinical situation or comorbidities: renal or hepatic insufficiency, intrathoracic septic processes 
(high atracurium resistance), cholestasis, hypothyroidism, cardiac output alterations, 
immaturity of biologic systems, alterations in number or sensitivity of AChR, weight or BMI, 
obesity, genetic factors, moment of day, unexplained variability (interindividual or in the same 
person), enzymatic induction/inhibition, diseases (Table 14.7), Vd and pharmacokinetic 
variations, respiratory and metabolic acidosis.
Other perioperative factors: no drug reversal, normovolemic acute hemodilution, hypothermia.

Table 14.5  Drugs related with NMB course modifications

NMBA potentiation: anxiolytics (benzodiazepines, chlorpromazine), local anesthetics, opiates 
(fentanyl, morphine), hypnotics (thiopental, propofol, ketamine), halogenated drugs, 
antibiotics (aminoglucosides, clindamicine, tetraciclines, vancomicyn, metronidazole, 
cholistine, polymixine B), magnesium, lytium, calcium channel blockers, beta-blocking drugs, 
vasodilators (nitroglicerin), adrenergic agonists (salbutamol, ephedrine), immunosupresors 
(cyclophosphamide, cyclosporine), dantrolene, diuretics (furosemide, tiazide), antihystamines, 
corticoids, “natural medicine products”.
Halogenated agents (NMB potentiation in order of magnitude; -depending of duration of 
anesthesia and concentration as well-): desflurane, sevoflurane, isoflurane, halotane.
NMBA: combinations, perfusion, reinjections.
NMBA action antagonism: phenytoin, carbamazepine, valproate, teophyline, aminophyline, 
ranitidine, corticoids, potassium, calcium.

Table 14.6  Factors related 
to RNMB

Patient and procedure related factors (more prevalent)
–  Advanced agea

–  Womena

–  Duration of surgery (prolonged)
–  Procedures with short duration
–  Anesthesiologist experiencea

–  Temperature (low)
–  Short interval last NMBA reinjection to reversal
–  Short interval reversal to extubation
–  Major surgerya

–  Long duration NMBA
–  Benzylisoquinoline NMBAa

–  Halogenated anesthetic agents
–  No intraoperative neuromuscular blockade monitoringa

–  No drug reversal
–  Reversal with neostigmine
Predictive factors of RNMB
–  Atracurium (versus rocuronium)
–  Halogenates
–  Absence of reversal (versus neostigmine or sugammadex)
–  Reversal with neostigmine (versus sugammadex)

aStudies showing contradictory or variable results. Modified from 
[15, 31]
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Regarding the above mentioned problems, it can be understood the role of an 
adequate and complete reversal of the effects of the NMBA. Until few years ago, 
recommendation was to administer anticholinesterases after some degree of sponta-
neous recovery of the neuromuscular blockade is achieved. In patients with pro-
found NMB, due to the ceiling effect (doses higher than 0.07  mg/kg does not 
produce increased effect) and to the different action times and duration, recurariza-
tion is possible. At least 10–15 min are necessary to TOFr 0.9 be reached provided 
the reversal drug is administered when 2 TOF responses appeared in the monitor. 
On the other hand, although somewhat controversial, it has been demonstrated that 
if high to moderate anticholinesterase drug doses are administered with shallow 
block, the NMB could be strengthened and airway collapse follow because of inad-
equate laryngeal muscles recovery. This is another reason why neostigmine admin-
istration should be guided by objective NMM, and injected when at least the four 
TOF response is observed [35–38]. In the thoracic surgery patient during the recov-
ery phase, these aspects are of special interest.

Sugammadex induces a more rapid reversal, even from a profound NMB (when 
aminosteroidal NMBA are used), anticholinergic drug association is not necessary 
and RNMB is significantly decreased. Again, the dose depends on the NMB deep-
ness, that is estimated by means of objective quantitative monitoring. As a general 
rule, and as per package insert, 2 mg/kg are recommended with T2 reappearance, 
4  mg/kg when there are 2 PTC responses (profound block)—Table 14.3—and 
16 mg/kg immediately after an induction dose of rocuronium or vecuronium (pos-
sible intense block, in the clinical context of an emergent ‘cannot intubate cannot 
ventilate’, or ‘cannot oxygenate’ situation). Moreover, in a pilot study, Amorim 
et al. [39] observed that after sugammadex the physiological and nociceptive recov-
ery improved, with better patient’s satisfaction. Sugammadex allows to maintain a 
profound block until near the end of the surgical procedure inducing a quick rever-
sal not delaying recovery. Recovery of a typical NMB course is showed in Figs. 14.5 
and 14.6.

Notwithstanding, the feasibility of partial reversal (as in intraoperative neuro-
physiological monitoring) [40] and low dose sugammadex  in the case of high 
degrees of spontaneous recovery [41, 42] are under investigation. Additional studies 
analyzing cost-benefit balance are warranted.

14.7	 �Day Case Thoracic Surgical Procedures

Ambulatory surgery indications are now increasing, decreased costs and in-hospital 
beds limitation, added to improved perioperative safety are among the causes. An 
implication of the previous statement is that surgical techniques and drugs used in 
the anesthetic procedure might add to the efficacy—rapid recovery—together with 
low adverse or residual effects (with optimization of perioperative nausea and vom-
iting and pain prophylaxis and treatment). Thoracic surgical procedures include 
long procedures under general anesthesia and ambulatory explorations or invasive 
techniques. NMBA can interfere with organizational aspects, as well as with the 
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Fig. 14.5  Real time graphic representation (TOF Watch SX) of a typical course of NMB. Blue 
lines show TOF high every 15 s. (a) Rocuronium 1.2 mg/kg (1) and rapid reversal after sugam-
madex 16  mg/kg administered after intense block (2). (b) The TOF slope after reversal with 
sugammadex (SUGA) and neostigmine (NEOS) is showed for comparison in two different surgical 
procedures
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postoperative wellbeing of the patients. Avoiding these problems and facilitating a 
rapid and safe recovery is mandatory. Use of NMBA in some circumstances is nei-
ther counter-productive nor counter-indicated, because it is important do not forget 
the adverse effects of not using NMBA.

14.8	 �Thoracic Procedures in Patients with Neuromuscular 
Diseases and Rare Diseases

Patients suffering from myasthenia gravis presented with increased sensitivity to non-
depolarizing NMBA and a variable response to depolarizing NMBA. Typical surgical 
procedures comprised thymectomy with or without thoracotomy, and surgery with pro-
pofol based total intravenous anesthesia with no NMBA has been suggested and 
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Fig. 14.6  Schematic representation of standard NMB management with gradual recovery and 
re-block near end of surgery, with subsequent delayed recovery or inappropriate surgical condi-
tions (upper part) compared with maintenance of profound NMB throughout all the surgical pro-
cedure followed by rapid reversal with sugammadex
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performed for the whole procedure including tracheal intubation. However, a common 
fact in almost all hereditary and acquired neuromuscular diseases, is the variable 
response to NMBA [43, 44]. NMBA can be used with specific quantitative 
NMM. Exceptions are diseases affecting mainly the nervous system, that sometimes 
precludes this type of monitoring. Also, sugammadex use is considered safe and has 
been used in a variety of these diseases. In Tables 14.7, 14.8, 14.9, and 14.10 the rec-
ommendations for the management of these group of diseases are summarized. Readers 
can find additional information in www.orphananesthesia.eu and www.orpha.net.

Table 14.8  Recommendations for tracheal extubation of patients under thoracotomy that suffer a 
neuromuscular disease

Extubation in the operating room should be attempted. This should be individualized.
If possible, avoid reversal with neostigmine.
Consider rocuronium-sugammadex.
A TOFr of 1 guarantee complete recovery of the diaphragm.
Assess swallowing and cough before extubation.

Maximal inspiratory force −20 cmH2O attained, VT 1000 ml, PaO2 250 mmHg with FiO2 1 
(but preoperative status of the patient should be taken into account).

Table 14.7  Recommendations for anesthesia of patients affected with neuromuscular diseases

Preoperative period (previous neuromuscular status, as well as respiratory, cardiac and 
nutritional)a,b

Assess bronchoaspiration risk. Prophylaxis.
Avoid sedatives in premedication.
Assess dificult intubation.
Consider rocuronium-sugammadex.
Respiratory physiotherapy should be initiated.
Intraoperative period
If possible use regional anesthesia. However, muscle weakness should be considered if high 
neuraxial blocks or blocks affecting diaphragm are used (no important muscle weakness 
related with epidural anesthesia has been reported, specially during thoracic surgery for 
myasthenia gravis).
General anesthesia.
Consider difficult tracheal intubation.
Consider techniques without NMBA.
Avoid succinylcholine.
NMB course should be monitored. NMBA should be dosed by this guidance.
Avoid anticholinesterases.
Consider rocuronium-sugammadex.
Avoid hypothermia (central temperature).
Postoperative period
Adequate analgesia (epidural, paravertebral).
Ensure extubation criteria.
Early enteral or parenteral nutrition.
Respiratory physiotherapy.

aPatients with myasthenia, optimization of the preoperative treatment by a neurologist
bCardiac evaluation in patients with suspected or diagnosed cardiopathy: clinical-functional, echo-
cardiography, etc.
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Table 14.9  Thymectomy in myasthenia gravis

–  Preoperative optimization.
– � Individual evaluation of the neuromuscular status (including possible alteration of the 

medullary driven muscle respiratory function).
–  Preferably endoscopic surgery vs. cervicotomy vs. broaden sternotomies or thoracotomies.
–  Avoid NMBAa and neostigmineb.
–  Monitoring of NMBAa.
–  Combined epidural-general anesthesia, postoperative analgesia should be ensured.
–  Avoid NMBA-halogenated agent (use of sevoflurane and desflurane if possible).
–  Early tracheal extubation.

aUse vecuronium, rocuronium, atracurium, cis-atracurium. Sensibility to non depolarizing NMBA 
does not predict postoperative respiratory insufficiency
bControversial, dose-dependent

Table 14.10  Summary of the main alterations in the response to NMBA with clinically important 
features of the most frequent neuromuscular diseases

Disease NMBa Succinylcholinea

Risk of 
aspiration

Central 
respiratory 
depression

Cardiac 
alterations Disautonomy

Superior 
motoneurone

DS IS, >K High Yes No Yes

Amyotrophic 
lateral sclerosis

IS, AR IS, >K High Yes No Yes

Multiple 
sclerosis

AR IS High No No No

Denervation AR IS Normal No No No
Polineuropathies IS, AR IS, >K Highb No Yes Yes
Myastenia gravis IS DS, AR Moderate No Yes No
Myastenic 
syndromes

IS IS Normal No No No

Miotonic 
syndromes 
(Steinert)

AR, N IS, >K High Yes Yes No

Muscular 
dystrophies 
(Duchenne)

IS, AR IS, >K High No Yes No

aDS decreased sensibility (low intensity and/or duration of NMB), IS increased sensibility (higher 
intensity and/or duration of NMB), AR altered response in a variable sense, N normal response
bVariable depending on the patient. K: potassium

14.9	 �Neuromuscular Blockade and Invasive Bronchology 
(Bronchoscopy and Echobronchoscopy-EBUS)

Indications and requirements for this invasive explorations are not the aim of this 
chapter. Flexible and rigid bronchoscopic explorations are essential to visualize and 
access the airways, both for diagnostic and therapeutic procedures. General anes-
thesia with NMB is frequently employed for rigid bronchoscopy, in the operating 
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room or in the endoscopic explorations area. Total intravenous anesthesia is the 
most used technique. To insert the devices used, succinylcholine with or without 
priming with non depolarizing NMBA can be used, but spontaneous ventilation is 
sometimes preferred (for instance in some foreign body obstructions extraction or 
vocal cords evaluation). A non depolarizing NMBA adds safety for the procedure, 
and if used, pharmacological reversal is indicated. In some environments a laryn-
geal mask is inserted as a step to extubation in the recovery phase. More recently 
echobronchoscopy with or without needle tissue aspiration (endobronchial ultra-
sound-transbronchial needle aspiration, EBUS), became an essential tool for bron-
chopulmonary cancer, as well as mediastinal masses as tumors or adenopathies 
diagnosis or staging. Pneumologists and thoracic surgeons use to be the profession-
als involved and the ultrasound probe can be lineal or radial. Moreover, in some 
obstructive entities, laser resection could be needed. These approaches can substi-
tute or complement mediastinoscopy, mediastinotomy, extended cervical mediasti-
noscopy or videothoracoscopy. In some series more than 60% of the procedures 
were carried out with profound sedation or general anesthesia, and sustain specific 
complications (general rate is <2%; and hemorrhage requiring intervention, pneu-
mothorax, airway lesions and persistent hypoxia occurs 0.1–0.5%, and respiratory 
failure in the first 24 h in 0.2%). The duration of the procedures was >60 min in the 
50% of the cases (in experienced services) and use to be followed by bronchoalveo-
lar lavage. Muscle relaxation (together with general intravenous anesthesia) can be 
indicated in long lasting procedures or if anatomical at risk areas should be accessed.

14.10	 �Postoperative Pulmonary Complications: The Role 
of (Neglected) Residual Neuromuscular Blockade

As stated in the introduction, PPC after general anesthesia are frequent. These deter-
mined the immediate postoperative outcomes in an important proportion of patients, 
and perhaps some medium- or long-term outcomes. Respiratory complications are 
multifactorial, but it is possible that RNMB take part in the genesis of these compli-
cations in at least two ways: as the main cause, or by adding to other factors. In 
previous sections of this chapter other factors involved have been detailed, linked to 
thoracic procedures.

A TOFr <0.9 determines and is the diagnostic of RNMB. However, a TOFr <0.7 
was first used. Controversy persist in this aspect of NMB management: the TOFr used 
as threshold has been suggested to be changed to TOFr 1.0. On the other hand, although 
the TOFr was the same irrespective of the monitoring used, the usefulness and the 
accuracy of the different type of devices and stimuli (mainly mechanomyography, elec-
tromyography and acceleromyography) is not equivalent; a TOFr <0.7, <0.9 or >0.9 
can be related with no clinical effects in some patients but with residual effects clini-
cally relevant in others; and, to be underlined, the actual TOFr measured in the clinical 
setting can be erroneous due to a lot of factors, as has been reported [45].

Several aspects should be taken into account when clinical issues are translated to 
thoracic surgery and/or thoracic anesthesia, and to high risk surgical procedures in 
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general. Perhaps the single item that has enough scientific evidence is that the clini-
cal tests are unuseful compared to monitoring in the evaluation of RNMB. None of 
the multiple tests used in the clinical setting warrant adequate recovery of the neuro-
muscular function (especially if used isolated). Contrary to the general perception of 
clinicians, RNMB is the fourth cause of postoperative respiratory complications 
[32], opioids being ranked the fifth. As stated before, an important aspect of clinical 
practice is the real knowledge of the practitioners about the incidence of complica-
tions and adverse events (and of the complications existence itself), and that inci-
dence in their own daily practice. It was surprising that, in a survey, anesthesiologists 
reported that RNMB occurrence was <1%. In addition, there is a suboptimal knowl-
edge of both NMM and RNMB by professionals, despite recommendations issued.

Despite monitoring and reversal of the NMB, RNMB has not completely disap-
peared. The correct use of NMM and reversal drugs (neostigmine and Sugammadex 
to date) allowed to decrease RNMB and PPC. Notwithstanding, studies lacks to 
completely demonstrate a near zero decrease of this complication. Spread of the 
correct use of reversal drugs and monitoring by means of teaching could be one of 
the pending approaches [46].

Another aspect that has been sufficiently demonstrated at a theoretical, experi-
mental and clinical level is the relationship between RNMB and PPC. In a subset of 
surgical patients, the high risk surgical patients including thoracic surgery subjects, 
that link has not been directly explored [34], and there is an unclear relationship 
with conflicting results among studies.

On the other hand, after an extensive revision of the scientific bibliography, it seems 
that there are at least two important aspects that have been not addressed. The first one 
is the lack of studies on the effects of NMBA, NMM, RNMB in thoracic surgery, and 
the second one is the lack of reference to neuromuscular management in capital studies 
of epidemiology [47], prevention/treatment [48–56] or scores development [57–61] of 
PPC, or were not considered to be included [62, 63]. Only in some review articles [33, 
64–69] and studies [51, 58] are cited, but not analyzed in-depth. It has been suggested 
that inclusion of information on NMB management would be mandatory in studies on 
PPC [70]. In a secondary analysis of one of these studies [51] PPC incidence was 
higher in patients whose NMB was not pharmacologically reversed, that is, spontane-
ous reversal of NMB was an independent risk factor for PPC (Garutti I, Ferrando C, 
Mazzinari G, Díaz-Cambronero O, Errando CL, et al.; Spontaneous recovery of neuro-
muscular blockade is an independent risk factor for postoperative pulmonary compli-
cations after abdominal surgery. A secondary analysis of the individualized 
PeRioperative Open-lung approachVersus standard protectivE ventilation in abdomi-
nal surgery (iPROVE) randomized controlled trial. Eur J Anaesthesiol, in press).

14.11	 �Conclusions

Adequate neuromuscular blockade management is a key point in thoracic anesthe-
sia. Intra and postoperative outcomes and patient safety are probably related with 
this apparently minor anesthesia-related aspect. Residual neuromuscular blockade 
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is a neglected aspect of the drugs used, and teaching, together with full pharmaco-
logic reversal (as in the ongoing postoperative residual curarization-zero, PORC-
zero, study; Díaz-Cambronero O, Mazzinari G, Errando CL, et  al., unpublished 
data) could be an important step to decrease its incidence. Future studies will focus 
on general effects of neuromuscular blocking agents [71–73] .
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Agents Important in Thoracic Surgery?
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15.1	 �Are Anticoagulants and Antiplatelet Agents Important 
in Thoracic Surgery?

Thoracic surgery needs a careful anaesthetic preoperative evaluation. It includes the 
assessment of the perioperative risk mainly focused on the “patient medical mor-
bidities” and their impact on the outcome after surgery. Although thoracic surgical 
patients commonly have respiratory impairment and the assessment of respiratory 
mechanics, gas exchange and cardiorespiratory interaction are of cornerstone 
importance, we need to address our preoperative evaluation also to the management 
of some common drugs taken by these patients: antiplatelet (APA) and anticoagu-
lant (AC) agents.

Their management is a common challenging problem because patients could 
require temporary interruption of their administration, or could need to receive a 
new anticoagulant for thromboprophylaxis in the perioperative period. So, it is nec-
essary to balance the risk of a thromboembolic event (venous or arterial) during the 
possible interruption of the therapy with the risk for bleeding if the antithrombotic 
drug is administered close to surgery.

AC and APA are very important in thoracic surgery. Recent years have seen new 
developments, mostly therapeutic, in their perioperative management. In this chap-
ter, current recent guidelines are revised.
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15.2	 �Is It Important the Bleeding and Thrombotic Risk 
Assessment?

The perioperative management of patients on AC or APA treatment is based on a 
correct assessment of the thrombotic and haemorrhagic risk. To date, a method of 
specific stratification for the perioperative period has not been validated, so it has 
been necessary to adapt the general scales proposed and used in other contexts. In 
general and in order to do some easy recommendations, bleeding and thrombotic 
risk can be stratified in low, moderate or high risk.

15.2.1	 �Bleeding Risk in Thoracic Surgery

Most of the thoracic surgical procedures are assessed as having moderate or high 
bleeding risk (Table 15.1) [1, 2].

Besides a simple list of procedures, there are two interesting proposals that 
approach the idea of ​​stratification of haemorrhagic risk in patients undergoing anti-
thrombotic treatment. First, the stratification of the perioperative haemorrhagic risk 
is based on four predictors, which are the patient’s bleeding history, to be a mechan-
ical mitral valve carrier, to have an active cancer and a low platelet count, generi-
cally called “Bleed MAP” [3]. The other proposal is called the “HASBLED” score, 
and includes hypertension, impaired renal and/or hepatic function, history of stroke 
or previous bleeding, a labile normalized international ratio (INR), age older than 
65 years and the history of drug use or alcoholism as predictors of bleeding; a result 
equal to or greater than 3 in patients chronically anticoagulated, was classified as an 
independent predictor of bleeding in the original prospective-observational-
multicentre study [4].

Table 15.1  Proposal for the stratification of haemorrhagic risk in thoracic surgery proceduresa

Low haemorrhagic risk Moderate haemorrhagic risk High haemorrhagic risk
Soft tissue biopsy
Wall biopsy
Dorsal sympathectomy
Diagnostic thoracoscopy

Pleural drain
Mediastinal drain
Metastasectomy
Pleural resection
Tracheal resection
Segmentectomy
Timectomy
Thoracoplasty
Therapeutic thoracoscopy
Exploratory thoracotomy

Oesophageal surgery
Pleural decortication
Lobectomy
Bilobectomy
Pneumonectomy
Reinterventions
Diaphragm rupture
Lung transplant

aNote from the authors: This list is intended to be merely indicative, and must be modified and 
applied by each particular Service
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15.2.2	 �Thrombotic Risk

Thrombotic risk is not specific for thoracic surgeries. In anticoagulated patients it 
stratifies the risk as low, moderate and high risk (Table 15.2) [2]. The stratification 
is different for patients receiving APA and an easy and practical approach is sum-
marized in Table 15.3 [2, 5]. Both scales are only indicatives because they do not 
consider full personal circumstances that could modify the thrombotic risk and that 
should be assessed individually.

Table 15.2  Thrombotic risk stratification in patients receiving anticoagulation

Mechanical heart valves Atrial fibrillation
Venous 
thromboembolism

High thrombotic 
risk

– Mitral position
– Tricuspid position 
(included biological)
– Aortic position 
(mono-disc prosthesis)
– Stroke <6 months

– CHA2DS2-VASc 
7–9
– Stroke <3 months
– Rheumatic mitral 
valvulopathy

– VTE <3 months
– Severe 
thrombophilia

Moderate 
thrombotic risk

– Aortic position
+ 1 RF: AF or Stroke

– CHA2DS2-VASc 
5–6
– Stroke >3 months

– VTE 3–12 months
– Moderate 
thrombophilia

Low thrombotic 
risk

– Aortic position
without RF

– CHA2DS2-VASc 
1–4
– Stroke <3 months

– VTE >12 months

RF risk factor, AF atrial fibrillation, VTE venous thromboembolism
CHA2DS2-VASc: 1 point: cardiac insufficiency, hypertension, mellitus diabetes, female, age 
65–74 years and vascular disease; 2 points for age ≥75 years and history of stroke or peripheral 
embolism

Table 15.3  Easy thrombotic risk stratification in patients receiving antiplatelet drugs (for more 
details, please see references from the text)

Risk Low Moderate High
Indication >12 months 

after:
• ACS
• CAGB
• PCI: DES
• PCI: CS
• Stroke

6–12 months after:
• ACS
• CAGB
• PCI: DES
• PCI: CS
• Stroke
>12 months if complications or 
RF (DM, low EF, CKD) or 
complex PCI

<6 months after:
• ACS
• CAGB
• PCI: DES
• PCI: CS
• Stroke
6–12 months if complications 
or RF (DM, low EF, CKD) or 
complex PCI

ACS acute coronary syndrome, CAGB coronary artery graft bypass surgery, CKD chronic kidney 
disease, CS conventional stent, DM diabetes mellitus, EF ejection fraction, PCI percutaneous coro-
nary intervention, RF risk factors

15  Are Anticoagulants and Antiplatelet Agents Important in Thoracic Surgery?
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15.3	 �How to Manage Anticoagulation in Patients Scheduled 
for Thoracic Surgery?

Atrial fibrillation, mechanical heart valve and several other indications including 
cerebrovascular pathology (repeated strokes) or prevention of recurrences of previ-
ous thromboembolic events, are main indications for anticoagulation. Vitamin K 
antagonist (VKAs) as acenocoumarol or warfarin and direct oral anticoagulants 
(DOAC), as dabigatran, apixaban, edoxaban or rivaroxaban, are the drugs used in 
patients needing chronic anticoagulation.

The decision to withdraw anticoagulants depends on the patient’s thrombotic 
risk versus haemorrhagic risk. Assessment of both will show the physician the best 
management of anticoagulant therapy in thoracic surgery.

15.3.1	 �Is It Necessary to Withdraw the Anticoagulant?

In patients scheduled for the vast majority of thoracic surgery procedures the inter-
ruption of the AC is required to achieve normal or near-normal haemostasis at the 
time of surgery because they are related with moderate to high bleeding risk.

15.3.1.1	 �Vitamin K Antagonists
In general, after stopping VKAs 3–5 days (acenocoumarol or warfarin respectively) 
most anticoagulant effect is eliminated and the haemostatic power is enough for 
performing a surgery (with acenocoumarol 3 days seem to be enough and with war-
farin the delay should be up 5 days). So, main recommendation in patients sched-
uled for thoracic surgery that require temporary interruption of a VKA before the 
operation, is to stop VKAs approximately 5 days before surgery in the case of war-
farin and 3 days if the VKA is acenocoumarol [6]. Last Spanish multidisciplinary 
consensus document modify this easy recommendation looking at the basal INR 
and modify it prolonging or shortening it (Table 15.4) [2].

During many time, the temporary discontinuation of VKAs has been managed 
with the administration of a short anticoagulant when the VKA is withdrawn. This 
strategy is called “bridging therapy”, but recently some controversies have been 
published for this topic [7–11], mainly for a possible tendency to increase bleeding 
without any decrease of thrombotic events. Current main recommendation is to 
avoid the systematic administration of bridging therapy, being only a possibility (no 
a need) in patients at high thrombotic risk [2, 12–14].

15.3.1.2	 �Direct Oral Anticoagulants
DOACs are given orally and they do not need antithrombin for their action, but they 
are different drugs acting in different targets of the coagulation cascade: apixaban, 
edoxaban and rivaroxaban directly inhibit factor Xa; dabigatran is a direct inhibitor 
of factor IIa. They can be used for the prevention of a stroke in patients on atrial 
fibrillation and for the treatment and secondary prevention in patients with venous 
thromboembolism [15].
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No bridging strategy is accepted nowadays for their management in the periop-
erative period. Best recommendation is to stop the drug before surgery. Based on 
DOAC rapid onset of action and short half-life, it has been proposed their with-
drawal some days before surgery. As DOAC have different half-lives and different 
renal clearance rates, this proposal should be adapted to each drug, to the patient, to 
the creatinine clearance and to the procedure’s bleeding risk. After recent articles 
revision and large discussions, it has been proposed an easy and practical protocol, 
summarized in Table 15.4 [2, 15–21].

15.3.2	 �What About Anticoagulation After Surgery?

After surgery it is necessary to restart the administration of the anticoagulant, and 
the most important decision is to determine “when”. As a general rule, the answer 
is “when the haemostasis is achieved”, taking into account the risk of bleeding, 
the type of medication, and the venous and arterial thromboembolic risk [2, 17, 
21, 22]:

•	 Patients on VKA:
–– Begin with a low-molecular-weight heparin (LMWH) at prophylactic dose 

from 6 h after surgery (acting as venous thromboprophylaxis).
–– Increase the dose of LMWH up to therapeutic dose, begin the VKA from at 

day 3 or 4 after surgery, maintaining the LMWH until the INR ≥ 2.
•	 Patients on DOAC:

–– Begin with a low-molecular-weight heparin (LMWH) at prophylactic dose 
from 6 h after surgery (acting as venous thromboprophylaxis).

–– Do not increase the dose of LMWH and prescribe a “therapeutic” dose of the 
anticoagulant between 24 and 72 h postoperatively, stopping then the LMWH 
(no overlap both drugs).

•	 In both cases: In the presence of an epidural catheter, therapeutic administra-
tion with VKA or DOAC should be started when the catheter has been 
withdrawn.

15.4	 �How to Manage Antiplatelet Drugs in Patients 
Scheduled for Thoracic Surgery?

It is very common that patients who are scheduled for thoracic surgery are treated 
with APA due to their wide indications and the characteristics of these patients. 
They are drugs of diverse origin, whose prophylactic and therapeutic effects are 
especially important in the prevention and treatment of the arterial thrombosis. The 
most common APA used as chronic treatment are cyclooxygenase inhibitors such 
aspirin, adenosine diphosphate receptor P2Y12 antagonist such clopidogrel or pra-
sugrel; new antiplatelet agents include ticagrelor and cilostazol. Their main charac-
teristics are shown in Table 15.5 [5, 6, 23].
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Table 15.5  Main characteristics of some current antiplatelet agents

Drug Mode of action Half life
Onset of 
action

Duration of 
action

Aspirin Irreversible inhibition of 
the enzyme COX-1

15–20 min Few minutes Platelet life 
spana

Clopidogrel Irreversible binding to 
the ADP P2Y12 
receptor of the platelets

About 8 h (active 
metabolites after 
liver action)

2 h if given 
loading dose

Platelet life 
spana

Prasugrel Irreversible binding to 
the ADP P2Y12 
receptor of the platelets

Fast conversion in 
active metabolites

About 30 min Platelet life 
spana

Cilostazol Selective inhibition of 
phosphodiesterase IIIA 
(reversible inhibition of 
platelet aggregation)

Around 21 h 2–3 h 12–48 h

aFor the recovery of haemostatic competence it could not be necessary the recovery of the function 
of all platelets. So 5 days after the last administration of the majority of these antiplatelet agents 
could be enough

Although the management of the APA in the perioperative period is not easy, 
main challenge for the anaesthesiologist and the thoracic surgeon is those patients 
receiving an APA with a coronary stent (mainly, drug-eluting coronary stents).

15.4.1	 �Which Are Main Recommendations for Patients Scheduled 
for Thoracic Surgery?

Although continuing APA during the perioperative period does not guarantee com-
plete protection against ischaemic events, discontinuation is a further risk factor to 
be taken into account in the preoperative workup, and is added to the risk of delay-
ing the resumption of the drug after surgery. Therefore, the decision to continue 
chronic APA treatment, or when to interrupt it, must be taken on the basis of indi-
vidualised evaluation of the patient’s thrombotic risk, and requires an specific man-
agement for both preoperative discontinuation and postoperative restart.

The recommendations about the perioperative management of antiplatelet ther-
apy in these patients can be summarized as follows [2, 5]:

15.4.1.1	 �Aspirin
–– In most cases it is recommended that a low dose of aspirin (75–100 mg) be main-

tained throughout the perioperative period. Only in cases of very high bleeding 
risk outweighing the thrombotic risk it is suggested to stop it before surgery 
(3-day window).

–– In order to reduce the potential risk of bleeding, aspirin dose higher than 200 mg 
should be replace by 75 or 100 mg at least 5 days before surgery.

–– The administration of the aspirin after surgery should be done as soon as possi-
ble. Main recommendation is to give it in the first 24 h after the end of surgery if 
the haemostatic competence of the patient is assured.
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15.4.2	 �Clopidogrel and Prasugrel

•	 In most cases these drugs must be discontinued. They should be stopped the 
shortest time possible: 5 days for clopidogrel or 7 days for prasugrel. Thereafter, 
treatment should be restarted as soon as possible following surgery after ensur-
ing haemostasis (1 or 2 days after surgery).

•	 In patients on clopidogrel as monotherapy and with moderate to high thrombotic 
risk, discontinue clopidogrel 5 days before surgery, and start aspirin 100 mg/day 
(unless contraindicated).

•	 Patients on dual therapy (aspirin + clopidogrel or prasugrel) have high throm-
botic risk in vast majority of cases. The management is difficult, but, in general:
–– Maintain aspirin at 100 mg/day.
–– Maintain both drugs whenever bleeding risk allows, in consensus with the 

corresponding surgical team.
–– If clopidogrel or prasugrel must be stopped (moderate-high bleeding risk), 

stop them the shortest time possible: 5 days for clopidogrel or 7 days for pra-
sugrel, maintaining aspirin if possible.

15.5	 �Is It Suitable the Thromboprophylaxis in Thoracic 
Surgery?

Venous thromboembolism (VTE) comprising deep venous thrombosis (DVT) and 
pulmonary embolism (PE) contribute to a high incidence of perioperative mortality. 
VTE is currently regarded as the result of the interaction between patient-related 
and setting-related risk factors. Patient-related predisposing factors are usually per-
manent, whereas setting-related predisposing factors are more often temporary. 
Patient-related predisposing factors include age, history of previous VTE, active 
cancer, neurological disease with extremity paresis, medical disorders causing pro-
longed bed rest (such as heart or acute respiratory failure) and congenital or acquired 
thrombophilia, hormone replacement therapy and oral contraceptive therapy [24–
26]. Identifying patients at higher risk for perioperative VTE is crucial before insti-
tuting preventive measures that seek to decrease the incidence of symptomatic 
events without increasing the risk for bleeding complications [27].

During the perioperative period, VTE is a frequent and yet relatively preventable 
cause of post-operative morbidity and mortality. Although the benefits of thrombo-
prophylaxis are broadly recognized in this context, the recent proposed objective is 
to offer a tailored, procedure-specific, patient-specific regimen, case-per-case 
decided.

15.5.1	 �Which Methods for Thromboprophylaxis Are Available?

Methods used for thromboprophylaxis in surgical patients include general mea-
sures, mechanical and pharmacological methods.
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–– General measures include mobilisation and leg exercises. Adequate hydration 
should be ensured in immobilised patients.

–– Mechanical methods increase mean flow velocity in leg veins and reduce venous 
stasis. They include graduated compression stockings (GCS), intermittent pneu-
matic compression (IPC) devices and pneumatic foot pumps (PFP).

–– Pharmacological methods are necessary when the thrombotic risk is moder-
ate to high. They include low molecular weight heparins (LMWH) that are 
the most extended drugs used for thromboprophylaxis. Other drugs available 
for thoracic surgical patients when indicated are fondaparinux, unfraction-
ated heparin (UFH) and anti-vitamin K drugs (VKAs) (warfarin/
acenocoumarol).

15.5.2	 �Rationale for Thromboprophylaxis in Thoracic Surgery

The rationale for use of thromboprophylaxis in patients admitted to a hospital is 
based on [24–26]:

–– High prevalence of VTE among hospitalized patients, because almost all of them 
have one or more risk factors for VTE.  If no prophylaxis is given, the risk to 
develop any kind of VTE is highly variable, in dependence of the medical/surgi-
cal condition of the patient.

–– Adverse consequences of un-prevented VTE, mainly symptomatic DVT or PE, 
fatal PE and post-thrombotic syndrome.

–– Efficacy of thromboprophylaxis, with a good cost-effectiveness relation of phar-
macological and mechanical methods.

In patients undergoing thoracic surgery the incidence of VTE remains unclear. It 
depends of the underlying disease (e.g. cancer), the type of procedure (e.g. thora-
cotomy vs. minimally invasive), the patient co-morbidities, the screening strategy 
and the prophylactic approach [28]. Although the incidence of VTE seems to be low 
in the general thoracic population (less tan 0.20%) [27], the incidence is higher in 
patients presenting with two or more of the following risk factors: advanced age, 
obesity, cancer and history of DVT [29]. Lung cancer patients undergoing thoracic 
surgery have two to threefold increased risk of VTE compared with those without 
surgery [30].

15.5.3	 �Which Recommendations for Thromboprophylaxis 
in Thoracic Surgery?

Based on the rationale describe above, all patients scheduled for thoracic surgery 
should be assessed on their thrombotic risk, balanced against their bleeding risk. 
The final decision about the optimal thromboprophylaxis protocol to be adminis-
trated should be made after the consideration of both risk factors.

15  Are Anticoagulants and Antiplatelet Agents Important in Thoracic Surgery?



216

But the problem is that only a few studies have compared different prophylactic 
strategies in patients undergoing thoracic surgery, and the evidence for strong rec-
ommendations is really low. Following last published guidelines [27] and mainly 
base on the application of stratification models of thrombotic risk factors [31], the 
summary of recommendations could be (see Table 15.6):

•	 Patients undergoing thoracic surgery in the absence of cancer could be consid-
ered at low risk of VTE and those with a diagnosis of cancer should be consid-
ered at high risk for VTE with an equally high bleeding risk.

•	 In the absence of evidence regarding patients undergoing minimally invasive 
procedure, it is suitable to stratify the VTE risk in each patient using a validated 
model such as Caprini score [31] which includes: age, type/duration of surgery, 
obesity, history of VTE or thrombophilia, presence of a central venous catheter 
and malignancy.

•	 In low-risk patients, it is suggested the use of mechanical prophylaxis using IPC 
(Grade 2C). In high-risk patients, it is suggested the use of pharmacological pro-
phylaxis in addition to IPC (Grade 2B).

Some controversies haven been issued related with the moment of pharmaco-
logical thromboprophylaxis initiation. There are no differences reported in the lit-
erature in efficacy and safety between pre- or postoperative administration of the 
first dose of LMWH. Although the current tendency is to begin the thromboprophy-
laxis in the postoperative period (between 6 and 12 h after the end of surgery), it is 
possible the preoperative administration 12 h before surgery (this option is preferred 
in bedridden patients).

Table 15.6  Suggested thromboprophylaxis in thoracic surgical patients

Patient group
Suggested thromboprophylaxis 
options Suggested duration

Low risk for VTE
(Caprini score 0–1)

Early deambulation –

Moderate risk for 
VTE (Caprini score: 
2–3)
No high risk for 
bleeding

LMWH or UFH or IPC/GCS 
(preferably LMWH or IPC)

7–10 days (if pharmacological 
prophylaxis) or until discharge

High risk for VTE
(Caprini score: 4 or 
more)
No high risk for 
bleeding

LMWH (or UFH)
IPC/GCS (preferably IPC) should be 
added to pharmacologic prophylaxis

7–10 days
(in cancer patients, consider 
prolongation up to 4 weeks)

Moderate or high risk 
for VTE High risk for 
bleeding

IPC/GCS (preferably IPC)
Initiate LMWH (or UFH) when 
bleeding risk diminishes

7–10 days (if pharmacological 
prophylaxis) or until discharge
(in cancer patients, consider 
prolongation up to 4 weeks)

VTE venous thromboembolism, LMWH low molecular weight heparin, UFH unfractionated hepa-
rin, IPC intermittent pneumatic compression, GCS graduated compression stockings
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15.5.4	 �Thromboprophylaxis in the Perioperative Period: 
Implications for the Anaesthesiologist

The performance of regional anaesthesia, particularly epidural technique that is spe-
cially indicated in this kind of surgery for postoperative analgesia, seems safe in 
patients receiving anticoagulant drugs for thromboprophylaxis if there is an appro-
priate management based on safety intervals suited to the type of anaesthetic-
analgesic technique to be carried out, and particularly to the characteristics of the 
drug [32, 33]. Nevertheless, the final decision to perform regional anaesthesia in 
patients receiving drugs that affect haemostasis will be taken after careful assessment 
of individual risks and benefits, mainly in patients receiving one anticlotting drug for 
thromboprophylaxis plus one antiplatelet drug for any other medical indication.

Main recommendations for the performance of neuraxial anaesthesia can be 
summarize as follows:

•	 Low dose Aspirin (up to 300 mg) is not a contraindication for the performance of 
a neuraxial block. It should be resumed as soon as possible after surgery (ideally 
not more than 24 h).

•	 If clopidogrel cannot be stopped 5 days before surgery (or prasugrel 7 days), the 
performance of an epidural technique is not recommended and the anaesthesi-
ologist must have into account the “level of benefit” for the epidural technique. 
The reintroduction of this drugs should be after catheter removal.

•	 Prophylactic doses of a LMWH are safe if the delay between its administration 
and the performance of the neuraxial block is, at least, 10–12 h. If the first dose 
of LMWH is administrated after surgery, the delay between the epidural block 
and the LMWH administration should be 6–8 h. Finally, the epidural catheter 
should not be removed till 12 h has passed since the last dose of the administra-
tion of LMWH.
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16Prevention and Treatment of Infections

Pablo Monedero, Silvia Martin, and Cesar Aldecoa

16.1	 �Introduction

Nosocomial infections are common after lung surgery [1, 2]. The main infectious 
complications described after thoracic surgery include surgical site infection, noso-
comial pneumonia, empyema, and less frequent, urinary tract infection or bacterae-
mia [3, 4].

The incidence varies depending on the geographical area and hospital from 2% 
to 24% [5–10]. The largest Italian cohort [7] of 3289 patients undergoing thoracic 
surgery showed 123 (3.7%) patients who developed a hospital acquired infection: 
pneumonia 1.9%, ventilator associated pneumonia 0.36%, surgical site infections 
0.24% and exacerbations of chronic obstructive pulmonary disease 1.18%. The 
overall infective mortality was 3.25%. Infection development was statistically asso-
ciated with smoking status and malnutrition [7]. In a smaller Italian cohort [6] of 
1091 resected patients, 124 (11.4%) developed one or more infection: wound infec-
tion 3.2%, pneumonia 8.3% and empyema 1.9%. There were significant differences 
according to the type of surgery: wedge resection 4.8%, lobectomy 17.4% and 
pneumonectomy 35.0%. Multivariable analysis showed that male gender, diabetes, 
preoperative steroids, induction chemo/radiotherapy, missed antibiotic prophylaxis 
and resection type were independent risk factors for postoperative infections [6]. 
Video-Assisted Thoracoscopic Surgery (VATS) has a lower incidence of infections 
than open surgery [5, 9]. Other risk factors for infection after thoracic surgery 
includes: prior immunosuppression, prior infections, pre-operative stay >2  days, 
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neoplasia, chronic obstructive pulmonary disease (COPD), duration of surgery and 
ICU admission [9, 11].

Infections are responsible for increased hospital mortality as well as increased 
costs and length of hospital stay.

16.2	 �Surgical Site Infections

Surgical Site Infections (SSI) compose up to 20% of all of healthcare-associated 
infections and is defined as wound infection that occurs after a surgical procedure at 
or near the surgical incision within 30 days of the procedure or within 90 days if 
prosthetic material is implanted at surgery [12]. A SSI may range from a spontane-
ously limited wound discharge within 7–10 days of an operation to a life-threatening 
postoperative complication. SSI are classified into incisional SSI, which can be 
superficial (involves only skin and subcutaneous tissue of incision) or deep (fascial 
and muscle layers); and organ/space SSI. Organ/space SSI affect the rest of the body 
other than the wall layers and account for one-third of all SSI but are associated with 
more than 90% of deaths related to SSI. Clinical criteria for defining SSI include 
one or more of the following: a purulent exudate draining from a surgical site, a 
positive fluid culture obtained from a surgical site that was closed primarily, a surgi-
cal site that is reopened in the setting of at least one clinical sign of infection (pain, 
swelling, erythema, warmth) and is culture positive or not cultured, and also if the 
surgeon makes the diagnosis of infection. Most surgical site infections are caused 
by contamination of an incision with microorganisms from the patient’s own body 
during or after surgery [10]. They are associated with considerable morbidity and 
extended hospital stay. In addition, one third of wound infections are detected after 
hospital discharge [11] because patients are allowed home earlier following day 
case and fast-track surgery. The most frequently isolated microorganisms in SSI are 
Staph. aureus, coagulase-negative Staphylococci, Enterobacteriaceae, Acinetobacter 
baumannii and Pseudomonas aeruginosa and 9% of SSIs are polymicrobial [5]. 
Diabetes mellitus, an American Society of Anesthesiology (ASA) score ≥3, preop-
erative white blood cell count and the number of blood products used periopera-
tively were found to be independent risk factors for SSI. Mortality rate and total 
length of hospital stay were significantly higher in patients with SSI [5, 24].

The risk of SSI can be predicted by the Surgical Site Infection Risk Score. The 
risk increases with patient factors (smoking, increased body mass index), certain 
comorbidities (peripheral vascular disease, metastatic cancer, chronic steroid use, 
recent sepsis), and operative characteristics (surgical urgency; increased ASA class; 
longer operation duration; infected wounds; general anaesthesia; performance of 
more than one procedure; and Current Procedural Terminology (CPT) score) [13].

Guidelines for the management of SSI were published by the Infectious Diseases 
Society of America (IDSA) in 2014 [14], by the WHO in 2016 [15], and by the CDC 
in 2017 [16]. Treatment recommendations include suture removal plus incision and 
drainage, and adjunctive systemic antimicrobial therapy only if systemic response 
(extensive erythema and induration, fever, tachycardia or leucocytosis) is present. 
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The best choice is a first-generation cephalosporin or an anti-staphylococcal peni-
cillin for methicillin-sensitive Staph. aureus (MSSA). In the presence of risk factors 
for MRSA (nasal colonization, prior MRSA infection, recent hospitalization, or 
recent antibiotics) we may use vancomycin, linezolid, daptomycin, telavancin, or 
ceftaroline according to the local flora.

16.3	 �Prevention of Surgical Site Infections on Thoracic 
Surgery

16.3.1	 �CDC: OMS Recommendations

The measures used to prevent infection in surgical procedures have been promoted 
by the World Health Organization (WHO) [17, 18], the USA Centers for Disease 
Control and Prevention (CDC) [16, 19], and the English National Institute for Health 
and Care Excellence [12]. In addition to antibiotics, recommendations [17] include: 
the preoperative administration of oral or enteral multiple nutrient-enhanced nutri-
tional formulas in underweight patients; a bath (full body) or shower, either with a 
plain or an antimicrobial soap, on at least the night before the operative day [16]; the 
perioperative intranasal applications of mupirocin 2% ointment [20] with or without 
a combination of chlorhexidine gluconate body wash in patients with known nasal 
carriage of Staph. aureus; the avoidance of hair removal or shaving and, if absolutely 
necessary, with the use of an electric clipper with a single-use head on the day of 
surgery [12]; surgical hand preparation either by scrubbing with a suitable antimicro-
bial soap and water or using a suitable alcohol-based hand rub before donning sterile 
gloves; sterile disposable non-woven or sterile reusable woven drapes and surgical 
gowns; and surgical site skin preparation with alcohol antiseptic solutions, based on 
chlorhexidine gluconate, unless contraindicated [17]. Further measures include the 
use of 80% fraction of inspired oxygen intraoperatively and, if feasible, in the imme-
diate postoperative period for 2–6 h for adult patients with normal pulmonary func-
tion undergoing general anaesthesia with endotracheal intubation; the use of warming 
devices in the operating room and during the surgical procedure to maintain normo-
thermia of the patient; intensive perioperative blood glucose control for both diabetic 
and non-diabetic adult patients using blood glucose target levels less than 200 mg/dL 
[16]; goal-directed fluid therapy intraoperatively; irrigation of deep or subcutaneous 
tissues of the incisional wound with an aqueous povidone-iodine solution before 
closure, particularly in clean and clean-contaminated wounds; triclosan-coated 
sutures [19]; standard interactive dressing on primarily closed surgical wounds [12], 
but prophylactic negative-pressure wound therapy on high-risk wounds; and early 
removal of wound drain when clinically indicated [18]. Perioperative oral hygiene 
has also proven useful in decreasing postoperative nosocomial infections [21]. 
Perioperative decontamination of the nasopharynx and/or oropharynx is a cheap 
strategy that can easily be carried out by the patients themselves. It reduces postop-
erative nosocomial infections: lower respiratory tract and deep surgical site infec-
tions, but not urinary tract infections [21].
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16.3.2	 �Multimodal Strategy in Thoracic Surgery: Enhanced 
Recovery Thoracic Surgery

The enhanced recovery after surgery (ERAS) or fast track programs have also a 
preventive effect reducing nosocomial infections [22, 23]. An ERAS program is 
achieved through the introduction of multiple evidence-based recommendations for 
the optimal perioperative management of patients undergoing thoracic surgery that 
aim to diminish postoperative organ dysfunction while facilitating recovery [22]. 
Key recommendations, endorsed by the Enhanced Recovery after Surgery Society 
and the European Society for Thoracic Surgery, include preoperative counselling, 
nutritional screening, smoking cessation, prehabilitation for high-risk patients, 
avoidance of fasting, carbohydrate loading, avoidance of preoperative sedatives, 
venous thromboembolism prophylaxis, prevention of hypothermia, short-acting 
anaesthetics to facilitate early emergence, regional anaesthesia, nausea and vomit-
ing control, opioid-sparing analgesia, euvolemic fluid management, minimally 
invasive surgery, early chest drain removal, avoidance of urinary catheters and early 
mobilization after surgery. A prospective, randomized controlled pilot study [23], 
comparing a conservative and fast track treatment regimen in patients undergoing 
lung resections, with differences between the two groups in preoperative fasting 
(6 h vs. 2 h) and analgesia (patient controlled analgesia vs patient controlled epi-
dural analgesia) showed less pulmonary complications (pneumonia, atelectasis, 
prolonged air leak) in the fast track program. The rate of postoperative pulmonary 
complications was 35% in the conservative and 6.6% in the fast track group 
(p  =  0.009). Overall morbidity was not significantly different (46% vs 26%, 
p = 0.172), and mortality was comparable in both groups (4% vs 3%) [23].

16.4	 �Antibiotic Prophylaxis in Thoracic surgery

Antibiotic prophylaxis is only one of the multiple measures described for the pre-
vention of surgical infections which are a substantial burden to health-care systems 
in terms of patient morbidity, mortality and additional costs.

The efficacy of antibiotic prophylaxis to prevent surgical site infection, by reduc-
ing the burden of microorganisms at the surgical site during the operative procedure, 
has been clearly established [24, 25]. The recommendations for antibiotic prophy-
laxis include clean-contaminated procedures where an incision through the respira-
tory tract is entered under controlled conditions but with no contamination 
encountered [26]. Preoperative antibiotics are warranted if there is high risk of 
infection, as in contaminated wounds, or if there is high risk of deleterious out-
comes should infection develop at the surgical site (such as in the setting of immune 
compromise) [27].

Antimicrobial prophylaxis should be administered only when indicated based on 
published clinical practice guidelines [28, 29] and timed such that a bactericidal 
concentration of the agents is established in the serum and tissues when the incision 
is made [16] (Table 16.1).
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Recommendations for prophylactic antibiotic therapy in thoracic surgery [28–
30] for pneumonectomy/lobectomy include first-generation cephalosporins, such as 
cefazolin, which have good coverage for the most common pulmonary surgical site 
infections. The appropriate dosage for cefazolin is 2 g IV (child 30 mg/kg up to 2 g) 
prior to incision. Instead of cefazolin, other choices are cefamandole (1.5 g IV) or 
cefuroxime (1.5 g IV). In surgery for decortication or pleurectomy the use of cefazo-
lin is also recommended. If anaerobic cover is required (empyema or abscess) then 
add metronidazole 500 mg IV infusion (child: 12.5 mg/kg), repeated 12 hourly for 
2 more doses commencing 6 h after initial dose. In video-assisted thoracoscopic 
surgery (VATS) use also cefazolin 2 g IV [31].

The initial antimicrobial dose should be adequate based on the patient’s weight. 
A single pre-operative dose is sufficient for most procedures, however repeat intra-
operative doses are advisable for delayed or prolonged surgery, when the duration 
of the procedure exceeds two half-lives of the antimicrobial agent (e.g., more than 
3 h for cefazolin), or if major blood loss occurs (i.e., >1500 mL), following fluid 
resuscitation.

We need to consider individual risk factors for every patient that may alter the 
need for prophylaxis, the drug choice or the dose (e.g. immune suppression, pres-
ence of prostheses, allergies, obesity, malnutrition, diabetes, infection at another 
site, available pathology or malignancy). Pre-existing infections (known or sus-
pected), if present, requires the use of appropriate treatment regimen instead of 
prophylactic regimen for procedure. Doses should be scheduled to allow for re-
dosing just prior to skin incision. If the patient has a history of methicillin-resis-
tant Staph aureus (MRSA) or a penicillin allergy, then vancomycin 1 g IV can be 
used in place of cefazolin, and we can also use clindamycin plus gentamycin [10]. 

Table 16.1  Antibiotic prophylaxis in thoracic surgery

Type of surgery
Preferred 
antibiotic Alternatives Penicillin allergy

Thoracic
Noncardiac 
procedures, 
including 
lobectomy, 
pneumonectomy, 
lung resection, 
and thoracotomy

Cefazolin Ampicillin–sulbactam, 
Cefamandole, Cefuroxime.

Clindamycin,  
Vancomycin, 
Clindamycin 
 + gentamycin

Video-assisted 
thoracoscopic 
surgery

Cefazolin Ampicillin–sulbactam Clindamycin, 
Vancomycin

Empyema or 
abscess

Cefazolin 
 + metronidazole

Ampicillin–sulbactam Clindamycin, 
Vancomycin 
 + metronidazole

Lung 
transplantation

Cefazolin Ampicillin–sulbactam, 
Vancomycin + cefotaxime, 
Cefepime

Clindamycin, 
Vancomycin, 
Clindamycin 
 + gentamycin
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In MRSA risk patients (defined as history of MRSA colonisation or infection, or 
inpatient of hospital for more than the last 5 days), add vancomycin to cefazolin. 
Give vancomycin 1 g (1.5 g for patients >80 kg actual body weight) by IV infu-
sion started 30–120 min before surgical incision and given at a recommended 
rate of 1  g per h (1.5  g over 90  min). Infusion can be completed after skin 
incision.

Drug administration should be timed ≤60  min before skin incision (optimal 
30 min). Patients who receive prophylactic antibiotics within half to 2 h before the 
initial incision have lower rates of SSI than patients who receive antibiotics sooner 
or later than this window. So, the recommendations state that we must consider giv-
ing a single dose of antibiotic prophylaxis intravenously on starting anaesthesia [12] 
or within 120 min before incision, while considering the half-life of the antibiotic 
[17], using the local antibiotic formulary and always considering the potential 
adverse effects. Patients receiving antimicrobial prophylaxis are at relatively low 
risk for adverse drug events such as development of Clostridioides (formerly 
Clostridium) difficile [32] and postoperative infection due to drug-resistant organ-
isms. For those operations for which the cephalosporins represent the most appro-
priate antimicrobials for prophylaxis, the medical history should be adequate to 
determine if the patient has a history of allergy or serious adverse antibiotic 
reaction.

The shortest effective period of prophylactic antimicrobial administration is not 
known and studies have demonstrated that post-surgical antibiotic administration is 
unnecessary. Furthermore, there were no proven benefits in multiple dose when 
compared to single-dose regimens. Post-operative antibiotics are NOT indicated 
unless infection is confirmed or suspected. If infection is suspected, consider modi-
fication of antibiotic regimen according to clinical condition and microbiology 
results. For clean and clean-contaminated procedures, additional prophylactic anti-
microbial agent doses should not be administered after the surgical incision is 
closed in the operating room for the purpose of preventing infection, even in the 
presence of a drain [18]. Prophylactic antimicrobials should be discontinued in tho-
racic surgery within 24 h of the end of surgery. Topical antimicrobial agents should 
not be applied to the surgical incision [16].

Patients undergoing lung transplantation have a particular regimen of antibiotic 
prophylaxis [33]. The Infectious Diseases Society of America (IDSA) guidelines 
recommend a single first-generation cephalosporin for perioperative antibiotic pro-
phylaxis in lung transplantation. An alternative approach would be vancomycin 
(particularly in centres with a high rate of MRSA) plus a third-generation cephalo-
sporin or cefepime for 48–72 h.

16.5	 �Early Infection Diagnosis

A blood culture remains the “gold standard” in the diagnosis of bacteremia, although 
its limitations must be taken into account when interpreting the results. The sensitiv-
ity of blood cultures is influenced by many factors, including the characteristics of 
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the patient, the timing of the culture, the volume and source of blood, the number of 
cultures performed and the type of underlying infection.

16.5.1	 �Rapid Microbiological Diagnostic Tests

Since blood culture as a “gold standard” is slow and insufficiently sensitive, new 
techniques have been developed to detect bacteria and fungi in the blood. We cur-
rently have new sensitive and ultra-rapid technologies for surveillance and diagno-
sis of pneumonia along with improved understandings of host immune responses 
and the lung microbiome [34].

The techniques based on DNA demonstration, hybridization probes and methods 
based on the polymerase chain reaction (PCR) are aimed at the rapid identification 
of microorganisms in positive blood cultures and provide results within 2 h after the 
first sign of growth. Also the direct detection of microorganisms (or their genetic 
traces) in the blood using pangeneric or pathogen-specific PCR techniques has 
yielded promising results in different clinical scenarios [35–38].

However, like conventional blood cultures, new diagnostic techniques also have 
their limitations. The interpretation of the results is sometimes complicated, given 
the fact, that these molecular tests detect the DNA of the microorganisms more than 
to them as living pathogens, in addition to the risk of interference by contamination, 
the presence of “background” DNA in the blood and the lack of an ideal “gold stan-
dard” [39].

Another important limitation of molecular techniques in the detection and iden-
tification of bacteria is that antimicrobial sensitivity results can not always be simul-
taneously provided. For this reason, these techniques tend to be more a potentially 
useful tool that complements conventional blood cultures than a definitive method 
that would exempt their practice [38].

Recently, the use of “microchips” or “microarray” matrices based on DNA 
technology for rapid identification of bacteria in positive blood cultures has been 
shown to be highly sensitive and specific. In addition, these microchips make it 
easier to detect associated resistance genes [40]. Also, matrix-assisted laser 
desorption/ionization time-of-flight (MALDI - TOF) mass spectrometry is used to 
quickly identify microorganisms after isolation in solid culture media (agar) from 
clinical samples or positive blood culture subcultures (liquid media). The charac-
teristic patterns of these proteins are used to reliably and accurately identify the 
genus and species isolated in 30  min. Recently studies have been published 
endorsing the use of MALDI-TOF directly from the blood culture bottle (without 
the need for prior agar subculture). This new application of the technique allows 
the identification of the causative agent of bacteremia or fungemia in 24–36  h 
after blood culture extraction, a time much less than that required by conventional 
identification methods [41].

In summary, all these quick-diagnosis genetic molecular techniques (with well-
known manufacturing names, such as SeptiFast™, FilmArray™ or MagicPlex 
System™) are based on a real-time polymerase chain reaction and are capable of 
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detecting directly from a blood sample most of the infectious agents (bacteria and 
some fungi) that cause the bacteremia.

Among the proteomic techniques, the MALDI - TOF also allows the identifica-
tion of microorganisms through the analysis of proteins from colonies or directly 
from samples, through the creation of a mass spectrum that is specific for each spe-
cies. Both technologies are able to offer results in many cases in less than 6 h.

Importantly, although nucleic acid amplification testing (NAAT), mass spec-
trometry, and fluorescence in-situ hybridization (FISH) identification techniques 
can all rapidly identify pathogens in blood culture or respiratory samples in an hour 
or 2, NAAT and mass spectrometry are capable only of identifying presence of 
selected antibiotic resistance genes whereas the real-time multiplexed FISH-based 
microscopy ID/AST system (Accelerate Diagnostics, Tucson, Arizona, USA) is 
capable of evaluating antibiotic sensitivity and resistance against live pathogenic 
organisms from blood cultures or respiratory samples using automated phenotypic 
growth pattern analysis [34].

Since all of them are emerging and developing techniques, their real clinical 
value and the cost-effectiveness need to be evaluated; meanwhile, blood cultures 
remain the most important diagnostic tools for the diagnosis of bacteremia.

16.5.2	 �Exhaled Breath Biomarkers

The exhaled breath contains both volatile organic components (VOC) and non-
volatile components. Using gas chromatography-mass spectrometry (GC-MS) anal-
ysis, a spectrum of VOCs has been identified (termed ‘exhalome’ [42], ‘volatilome’ 
[43], or ‘breathome’ [44]) that represent a highly innovative and compelling 
approach for informing precision medicine strategies. Exhaled breath analysis rep-
resents an organ-specific approach as a diagnostic tool for early detection of respira-
tory disorders. The collection process is non-invasive and has the potential to 
monitor therapy or diagnose diseases. In addition, breath analysis could generate 
novel therapeutic clinical trials and allows for rapid diagnosis, identification of the 
effectiveness of a new drug or detection of potential adverse effects. VOC-guided 
microbiological identification has been reported from ventilated ICU patients. VOC 
signatures were effective in differentiating colonized patients without VAP from 
those with VAP and were predictive of disease course. VOC exhalomes may thus 
inform precision treatment response monitoring [45].

16.5.3	 �Blood Biomarkers

As a result of septic disease, an extremely complex chain of events is developed, not 
only involving proinflammatory but also anti-inflammatory processes. Success of 
treatment is highly time-dependent. Consequently, the early diagnosis of sepsis and 
evaluation of its severity is vitally important [46]. The non-specificity of signs and 
symptoms of sepsis is a complicating factor for early diagnosis. However, blood 
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biomarkers can have an important place in this process indicating the presence or 
absence or severity of sepsis [47].

On the other hand, potential uses of biomarkers included roles in the prognostic, 
guiding antibiotic treatment, or even evaluating the response to therapy and recov-
ery from sepsis. Clinically useful biomarkers need not only to provide additional 
information but also be available in a timely and cost-effective manner, as well as 
easy to be applied to clinical practice.

Many biomarkers have been proposed in sepsis detection. Most commonly used 
in septic disease included C reactive protein (CRP), procalcitonin (PCT), various 
cytokines (IL-6, IL-8, IL-10, TNF-a), adrenomedullin (ADM) and MRproADM, 
and triggering receptor expressed on myeloid cells 1 (TREM-1) [48].

C reactive protein (CRP) is a positive acute phase protein produced by the liver 
in response to stimulation by interleukin (IL)-6 whose hepatic synthesis starts 6–8 h 
after bacterial infection whereas others biomarkers start production between 1 and 
5 h after bacterial aggression. Some studies reported a relationship between severity 
of bacteremia and CRP concentrations, but did not obtain significant results that 
correlated CRP and mortality [49]. Despite CRP is a rapid and inexpensive mea-
surement, the time course of its concentrations is more useful than a single value, 
since it is not useful for discriminating septic from non-septic patients at an early 
stage of the disease. Studies that included patients with ventilator-associated pneu-
monia (VAP) or community-acquired pneumonia (CAP) did not observed differ-
ences in CRP concentrations at VAP diagnosis between survivors and non-survivors, 
but the risk of developing septic shock was higher when CRP increased between 
days 1 and 7 [50].

Procalcitonin (PCT) is a precursor of the hormone calcitonin and is synthesized 
physiologically by thyroid C cell. In bacterial infections, PCT is synthesized in vari-
ous extrathyroidal neuroendocrine tissues, becoming a sign of inflammatory 
response [48]. Importantly, PCT levels start to rise 4 h after the onset of bacterial 
systemic infection, and peak between 8 and 24 h, being a useful and early diagnostic 
biomarker of sepsis. In surgical patients, PCT can increase particularly after major 
abdominal surgery, and in pancreatitis. However, PCT levels only increase tran-
siently for 12–24 h after surgery before falling back to normal levels in the absence 
of infection [51]. Serum PCT levels have also been noted to increase with increasing 
severity of sepsis and organ dysfunction [52, 53]. The use of PCT as a guide for 
antibiotic therapy has been extensively studied outside the critical care environment 
and in last years in critical patients as well. Multiple trials have demonstrated sig-
nificant decreases in antibiotic use without any apparent increase in harm in lower 
respiratory tract infection [54], community-acquired pneumonia [55] or showed 
non-significant difference in mortality and infection recurrence in critical patients 
[56]. Accordingly, PCT is one of the most employed blood biomarkers for sepsis 
diagnosis in clinical practice.

Adrenomedullin (ADM) is a peptide, produced in different tissues during physi-
ologic and infectious stress with several functions including vasodilatory, anti-
inflammatory and antimicrobial activity. Consequently, ADM is considered a 
“hormokine”, with a hormone-like behaviour in non-inflammatory conditions, 
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produced by endocrine cells, and on the other hand, a cytokine-like behaviour in 
sepsis when it is hyper-expressed [57]. ADM measure is particularly complicate due 
to a rapid degradation and clearance from blood circulation. Preventing this, the 
mid-regional fragment of proadrenomedullin (MRproADM) is more stable and 
directly reflects levels of the rapidly degraded active ADM peptide. Recent studies 
have observed increased MR-proADM concentrations in the plasma of patients 
with community acquired pneumonia (CAP) and demonstrated that the perfor-
mance of this biomarker to determine the risk of mortality in sepsis is influenced by 
disease severity, improving other standard biomarkers [58, 59].

Cytokines have been widely assessed as potential biomarkers of sepsis, but none 
of the cytokines studied has shown a sufficient specificity or sensitivity to be rou-
tinely employed in clinical practice [60]. Even knowing that levels of TNF and 
IL-10 increase within the first 24 h after infection, blood cytokine concentrations 
are rather erratic and do not have a clear time course compared to the sepsis one, 
which makes interpretation difficult [61]. Multiple studies found cytokines levels to 
be significantly higher in septic patients who died compared with survivors. Despite 
the results in which both IL-6 and IL-8 significantly predicted sepsis, only procalci-
tonin was significantly associated with diagnosis when combined with traditional 
markers of sepsis [48].

And last but not least, triggering receptor expressed on myeloid cells-1 (TREM-
1) is another biomarker related to sepsis. TREM-1 is an inflammatory immuno-
globulin superfamily member, expressed in neutrophils, monocytes and 
macrophages, producing an expanded inflammatory response. Soluble TREM-1 
(sTREM-1) is a subtype of secreted TREM-1 that could be released into the blood 
or body fluids during infection, being useful not only to identify infection but also 
to graduate inflammation severity [62]. Recently, several systematic reviews and 
meta-analyses have shown the diagnostic value for infection of sTREM-1 in plasma, 
bronchoalveolar lavage fluid or pleural fluid [63]. In short, sTREM-1 has a moder-
ate diagnostic significance in assessing infection in adult patients, not being a sig-
nificant biomarker to predict mortality of infection. However, a panel of biomarkers 
including sTREM-1 is recommended to predict prognosis of an infection [64].

In summary, none of these biomarkers either alone or in combination have been 
reported to significantly enhance routine clinical and radiological diagnosis for 
infection and pneumonia.

16.5.4	 �Immune Dysregulation

Sepsis physiopathology is focused on immune dysregulation, and quantifying 
immunological dysfunction could be a successful tool to distinguish septic from 
uninfected patients early and efficiently. Transcriptomic analysis has demonstrated 
to be useful for evaluating immune alterations in sepsis. Numerous trials in last year 
have observed and studied these immune impairments in septic patients [65, 66]. 
The EXPRESS study, through microarrays processing, identified a gene expression 
pattern considered a marker of sepsis, characterised by the presence of up-regulated 
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group of genes in which interestingly were involved genes of innate immunity (neu-
trophil proteases and interleukin receptors) and those involved immunoglobulin 
synthesis, but also low expression genes related to events of adaptative immunity, 
such as antigen presentation (antigen presentation cells HLA-DR, and T CD4 lym-
phocytes) [67]. However, an important limitation of microarrays is the long time 
needed for analysis and provides just a semiquantitative measurement of gene 
expression, making microarrays difficult to be applied to clinical practice.

Gene expression quantification by quantitative real-time polymerase chain reac-
tion (q RT-PCR) was the next step for fast identification of immune dysregulation, 
but still has limitations, providing relative quantification of gene expression [68, 
69]. Consequently, absolute quantification of gene expression achieved by droplet 
digital PCR (ddPCR) is the next generation, offering better precision and reproduc-
ibility than q RT-PCR methods [70].

As evidenced of multiple trials, low expression of HLA-DRA at the very begin-
ning of sepsis, has been independently associated with the risk of mortality, demon-
strating a principal role of antigen presentation in infection, becoming HLA-DRA 
as a predictor of mortality of the disease [71, 72].

Recently, with the objective to improve early diagnosis of sepsis, new combina-
tions of blood biomarkers and gene expression of immune dysfunction have been 
proposed as a promising tool, also for evaluating the degree of dysregulation in 
sepsis, as well as predicting mortality in this disease [73]. Almansa et al. [74] have 
demonstrated for the first time, using ddPCR, that combining quantification ratio of 
PCT/HLA-DRA is a useful tool for early diagnosis of sepsis, improving the sensi-
tivity of PCT, preserving specificity.

16.5.5	 �Endothelium and Infection

Acute vascular endothelial dysfunction (ED) is a central event in the pathogenesis 
of sepsis, increasing vascular permeability, promoting activation of the coagulation 
cascade, tissue oedema and compromising perfusion of vital organs. As occurs in 
sepsis, aging and chronic ED promotes a pro-inflammatory, pro-oxidative and pro-
coagulation status in the blood vessels, favouring vasomotor tone alterations, plate-
let activation and leukocyte adhesion and transmigration. In addition, aging and 
chronic diseases impair the regenerative ability of the endothelium. Aging and 
chronic ED thus contribute to generate a basal degree of organ failure [75].

In addition to aging and chronic disease, there are other factors such as critical 
illness, surgery, trauma or hypervolemia which induce ED preceding sepsis. 
Increasing evidence supports that this previous ED could facilitate the incidence of 
sepsis [76, 77].

When an aged individual with chronic disease shows signs of infection, monitor-
ing ED could help to predict or detect early sepsis [78]. ED could be profiled “in 
vivo” using non-invasive image techniques like intravital microscopy or hand-held 
video images of sublingual microcirculation [79]. The other approach to evaluate 
ED is using biomarkers. Biomarkers of ED include markers of endothelial 
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glycocalyx degradation (heparan sulfate, chondroitin sulfate, hyaluronic acid and 
syndecan), markers of endothelial cell activation (endocan or Angiopoietin-2), cell 
adhesion molecules (selectins, ICAM-1 and VCAM-1), vasoactive peptides, coagu-
lation inhibitors (thrombomodulin), vasoconstrictor and vasopressor molecules 
(endothelin), growth factors (vascular endothelial growth factor VEGF), and circu-
lating endothelial cells as some of the most relevant [75, 80].

The best approach to cover the different features of endothelial injury is a multi-
marker strategy. Using coupled methods such as the ultra-high performance liquid 
chromatography together with mass spectrometry-based multiple reaction allows to 
simultaneously profile multiple endothelial biomarkers and could contribute to 
diagnose sepsis earlier [81, 82].

16.6	 �Nosocomial Infection

16.6.1	 �Pneumonia

Pneumonia is the most common infective respiratory complication after thoracic 
surgery [83]. It is an infection of the lower respiratory tract that involves the termi-
nal airways: respiratory bronchioles, alveolar ducts, and alveoli. The infection 
develops when the sterility of the tracheobronchial tree is breached by the introduc-
tion of a virulent pathogen or a defect in the host immunologic defence. Pneumonia 
is diagnosed by new lung infiltrates plus clinical evidence of an infectious origin, 
which include the new onset of fever, purulent sputum, leucocytosis, and decline in 
oxygenation. Hospital-acquired pneumonia, or nosocomial pneumonia, is a lower 
respiratory infection that was not incubating at the time of hospital admission and 
that presents clinically 2 or more days after hospitalization. Ventilator-associated 
pneumonia (VAP) is defined as pneumonia that presents more than 48 h after endo-
tracheal intubation.

Existing clinical and radiological-based risk criteria (CPIS, CURB65) alone or 
associated with conventional microbiological culture of tracheal aspirates or bron-
choalveolar lavage (BAL) are widely used for diagnosis but consistently have been 
shown to provide a suboptimal approach [34].

There are three major limitations of the standard pneumonia definition: Many of 
the diagnostic criteria are very subjective, the definition correlates poorly with his-
tological pneumonia, and 60% of clinically diagnosed nosocomial pneumonia epi-
sodes cannot be confirmed microbiologically [84].

In order to improve the diagnosis of VAP, epidemiological surveillance defini-
tions have been proposed [84, 85]. However, although newer surveillance defini-
tions are sensitive for pneumonia in the ICU including VAP, consistently under 
detect patients that are clinically shown to have bacterial VAP based on clinical 
diagnostic criteria and response to antibiotic treatment [86].

The most common source of postoperative pneumonia is aspirated gastric secre-
tions, particularly in ventilated patients. Postoperative pneumonia after lung resec-
tion can also be caused by bacterial colonization of atelectatic lung. Postoperative 
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atelectasis after pulmonary surgery should be aggressively managed before it dete-
riorates into pneumonia [1]. Chest physiotherapy, pain control, bronchodilators, and 
early ambulation should be done for all patients, but pneumonia may develop 
regardless of these measures. Pneumonia is also described after bronchoscopy 
before surgery in patients with lung cancer, associated with central location of the 
tumour, age >70 years, and current smoking [87].

The aetiology and clinical manifestations of postoperative pneumonia depend on 
the environment where the disease is acquired and the host characteristics [88]. The 
aetiology includes germs typically responsible for community-acquired pneumonia 
and classically isolated from patients with COPD.  Haemophilus species, 
Streptococcus species, and, to a much lesser extent, Pseudomonas, Staphylococcus 
and Serratia species are the most frequently identified pathogens [83]. 
Immunosuppressed patients are prone to atypical infections, including a variety of 
viral and fungal organisms [88]. Pathogens cultured from intraoperative bronchial 
samples are likely to be responsible for a significant percentage of postoperative 
pneumonia. The antibiotic prophylaxis based on a first or second-generation cepha-
losporin is usually effective in the prevention of wound infection and empyema, but 
it does not specifically target the respiratory pathogens found in these patients and 
is not optimal in several instances. A more adapted prophylaxis might be able to 
decrease the rate of in-hospital acquired pneumonia after thoracic surgery and 
should be evaluated.

In order to reduce the mortality associated with nosocomial pneumonia, specific 
programs for the prevention of this infection have been included in national cam-
paigns [89].

Very recently, it has been reported that a multimodal intervention based on the 
simultaneous implementation of a evidence-based bundle measures reduces in more 
than 50% the incidence of ventilator-associated pneumonia and this beneficial was 
sustained longer after implementation [90] (Table 16.2).

The reported prevalence of pneumonia in post thoracotomy patients ranges from 
2% to 22%, with a higher incidence in those who have undergone more extensive 
lung resections [3]. Risk factors for postoperative pneumonia include: age >75 years, 
BMI > 30 kg/m2, ASA > 3, smoking history, COPD, extent of resection, presence of 
intraoperative bronchial colonization, and male sex [2, 83].

Patients with postoperative pneumonia requires non-invasive ventilation or rein-
tubation more frequently than patients who did not develop pneumonia and is asso-
ciated with longer intensive care unit and hospital stay [83]. Life-threatening 
pneumonia can be seen related to aspirated fluid in the presence of a bronchopleural 
fistula [1]. Pneumonia after pneumonectomy is associated with a 25% mortality rate 
and is the leading cause of postoperative mortality [4]. Patients with prolonged 
infection or who have suffered large volume aspiration are at risk for severe necro-
tizing bronchopneumonia or abscess formation. Lung abscess should be managed 
initially with appropriate medical therapy and/or percutaneous drainage [88].

Radiographic findings vary based on the type of bacteria colonizing the lung. 
Commonly, chest X-rays demonstrate patchy consolidation in a bronchopneumonic 
distribution, with lobar consolidations less commonly observed. Computed 
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tomography will typically demonstrate consolidation and ground-glass attenuation 
in the affected lung and is particularly useful in the evaluation of aspiration pneu-
monia caused by trans bronchial spill of fluid via a bronchopleural fistula, as it 
clearly delineates the fistula as the culprit in the infection [1].

Postoperative pneumonia should be aggressively treated with appropriate antibi-
otics after culture. Although prompt initiation of antibiotics is critical, all patients 
with suspected pneumonia should have a sampling done of lower respiratory tract 
secretions to better guide the therapy [88]. Treatment of pneumonia is based on an 
assessment of place of therapy (hospital ward or ICU), the presence of coexisting 
cardiopulmonary diseases, and the presence of modifying factors [88]. Management 
described by IDSA [91] includes: using clinical criteria to decide whether to initiate 
antibiotic therapy; a non-invasive sampling with semi quantitative cultures to diag-
nose the aetiology of pneumonia; the use of antibiogram data to decrease the unnec-
essary use of dual gram-negative and empiric MRSA antibiotic treatment; and a 
7-day course of antimicrobial therapy regardless of microbial aetiology, as well as 
antibiotic de-escalation. Each hospital should generate local protocols according to 
antibiograms to guide the optimal choice of antibiotics. In patients with suspected 
VAP, IDSA recommends to include coverage for Staph aureus, Pseudomonas aeru-
ginosa, and other gram-negative bacilli in all empiric regimens. If empiric coverage 
for MRSA is indicated, either vancomycin or linezolid is recommended. When 
empiric treatment that includes coverage for MSSA (and not MRSA) is indicated, 
the guidelines suggest a regimen including piperacillin-tazobactam, cefepime, levo-
floxacin, imipenem, or meropenem. Oxacillin, nafcillin, and cefazolin are preferred 
agents for treatment of proven MSSA, but are not necessary for the empiric treat-
ment of VAP if one of the above agents is used. For patients with pneumonia due to 
Pseud. aeruginosa, the guidelines recommend that the choice of an antibiotic for 
definitive (not empiric) therapy be based on the results of antimicrobial susceptibil-
ity testing.

Table 16.2  Measures for ventilator-associated pneumonia prevention

Basic mandatory measures
Education and training in appropriate airway management
Strict hand hygiene with alcohol solutions before airway management
Control and maintenance of cuff pressure
Oral hygiene with chlorhexidine
Semirecumbent positioning. Avoidance of 0° supine positioning
Promoting procedures and protocols that safely avoid or reduce duration of mechanical 
ventilation
Avoidance of elective changes of ventilator circuits, humidifiers, and endotracheal tubes
Highly recommended measures
Selective decontamination of the digestive tract or selective oropharyngeal decontamination
Continuous aspiration of subglottic secretions
Short course (2–3 doses) of systemic antibiotics during intubation of patients with previous 
decreased consciousness

Adapted from Álvarez-Lerma et  al. Prevention of Ventilator-Associated Pneumonia: The 
Multimodal Approach of the Spanish ICU “Pneumonia Zero” Program
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16.6.1.1	 �Non-antibiotic Treatment of Infection
Taken into account the rise of antibacterial resistance and the challenges of common 
antibacterial agent discovery and development it would consider the potential role 
of non-conventional approaches Alternative non-antibiotic treatment strategies may 
provide an effective way for therapy. The more recent developments in this area 
consist in strategies targeting of bacterial virulence factors, the use of bacterio-
phages to kill bacteria, vaccination to prevent healthcare associated infections and 
manipulation of the microbiome to fight against infections [92] (Table 16.3).

The pathogens produce virulence factors that allow them to resist clearance by 
the host, to invade deeper tissues, and to damage host cells. Several innovative alter-
natives under development interact with virulence factors. They can be classified in 
agents that induce inhibition of toxins and secretion systems (chemical inhibitors or 
antibodies), methods designed to prevent biofilm formation and to disaggregate bio-
films once formed (catheters coated with polymeric sulfobetaine, inhibitors of the 
pili biosynthesis reducing bacterial adhesion), and substances against the bacterial 
signalling and regulation acting against quorum sensing [92].

The main advantage of antivirulence strategies is that taking into account that 
virulence factor are specific of pathogens they do not affect the commensal flora.

Phages are viruses that only infect bacterial cells. They are specific for bacteria 
and even particular strains and species of bacteria, they do not infect human cells, 
and they have little or no effect on normal microbial flora. The high specificity is 
also and disadvantage, as cocktails of multiple phages are required to target multiple 
species and even most strains within a species [93].

Nowadays, some technological advances offer the possibility of customizing 
bacteriophages and improve their characteristics, particularly: expand the ability 
of bacteriophages to penetrate bacterial biofilms; enlarge their potency and effec-
tiveness; adapt the spectrum of activities of bacteriophages to infections caused 
by numerous bacterial species and strains; and make them more stable and spe-
cific [94].

Table 16.3  Non-antibiotic strategies for infectious diseases

Anti-virulence strategies – Inhibition of toxins and secretion systems
– Targeting biofilms and adherence
– Targeting signaling and regulation

Microbiome modulation – Prebiotics
– Probiotics
– Faecal microbiota transplantation (FMT)

Vaccines Clostridium difficile, S aureus, P aeruginosa, monoclonal 
antibodies (mAbs)

Bacteriophages and phage 
therapy

Phages Cocktails
Customized phages
• Ability to penetrate biofilms
• High potency and effectiveness
• Adapt the spectrum
• Increase stability and specificity
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In the last years, the prophylaxis of multidrug-resistant pathogen infections 
through the use of vaccines and passive immunization has growing the interest. Its 
application in high-risk patients will both prevent infections and reduce the use of 
antimicrobials and the consequent development of resistance. Actually, among the 
Gram-negative bacteria the vaccines against P. aeruginosa have presented a greater 
development, having already been concluded a phase 3 study [92].

In another way, the use of monoclonal antibodies has taken a big development in 
the last years. C. difficile, S. aureus and P. aeruginosa monoclonal Antibodies are 
currently in phase 2–3 clinical trials [95].

Human microbiota is the amount of microorganisms that are found in human 
body and contribute to regulate physiological functions. Alterations of this microbi-
ome has been associated with many diseases like diabetes mellitus, asthma, inflam-
matory bowel disease (IBD), antibiotics-associated diarrhoea and cancer.

So far, the most important application of microbiome in medicine is in the sphere 
of treating recurrent infections caused by C. Difficile. The effect of prebiotics and 
probiotics in preserving normal microbiome and preventing the growth of patho-
genic bacteria is actually in investigation [96].

In summary, alternatives to antibiotics may become important therapeutic 
options for bacterial infections on the near future.

16.6.2	 �Empyema

Empyema thoracis is defined as “pus in the chest” [97]. Postoperative empyema is 
an uncommon, but serious, infective complication. There is a 2–16% risk of empy-
ema after lung cancer resection, with most authors reporting a risk of less than 5% 
[3]. Risk factors for empyema include malnutrition or underlying immunodefi-
ciency syndromes, a completion pneumonectomy following prior lobectomy, right 
pneumonectomy, mediastinal lymphadenectomy, preoperative radiation therapy, 
and postoperative mechanical ventilation [4]. Empyema in the early post-operative 
period is typically attributed to residual pleural infection and/or intraoperative con-
tamination [3]. It may be associated with persistent pleural effusion, air space, or 
bronchopleural fistula. Bronchopleural fistula is the main cause of post-
pneumonectomy empyema, identified in over 80% of patients. When associated 
with a large bronchopleural fistula, mortality rates from empyema are especially 
high, reaching up to 71% [3, 4].

The presence of empyema should be considered if the patient has a pleural col-
lection in association with fever, cough, or haemoptysis [4]. Serum C-reactive pro-
tein levels are typically elevated [4]. Useful investigations include sputum, blood 
and pleural fluid cultures, chest X-ray, and computed tomography. Although not 
routinely done, a positive chest tube tip culture strongly predicts postoperative 
empyema [98]. In postoperative empyema following lobar, segmental, or wedge 
resections, there may be thickening and increased enhancement of the visceral and 
parietal pleura, separated by an empyema or exudative effusion. This is referred to as 
the “split pleura sign” and has been documented in 68–86% of all empyema cases [3]. 
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Multiple air–fluid levels may also be seen. In post pneumonectomy empyema, the 
radiographic features include rapid fluid filling and decreased air–fluid level in the 
pneumonectomy space, with contralateral mediastinal shift. Computed tomography 
images may demonstrate expansion of the pneumonectomy space with mass effect 
on the adjacent mediastinum, increased residual parietal pleural thickening and 
enhancement, and bronchopleural fistula if present [3].

The two key components of empyema treatment are to drain the infected pleural 
space and to treat the fistula. Appropriate antibiotic therapy is also required [4]. The 
American Association for Thoracic Surgery has published in 2017 guidelines for 
the management of empyema [97]. They recommend a prompt intervention to iden-
tify or rule out the presence of a bronchopleural fistula in post pneumonectomy 
empyema and provide drainage of pus with an aggressive surgical approach that 
includes antibiotics, serial debridement, closure of the fistula when present, and 
obliteration of the residual pleural space using vascularized tissue transposition. If 
a bronchopleural fistula is confirmed, they recommend closure of the fistula with a 
combination of primary closure and buttressing with a well-vascularized transposed 
soft-tissue pedicle. Transposition of the omentum is preferred over skeletal muscle 
flaps or mediastinal soft tissue, and this should be attempted after the purulent fluid 
has been drained completely and the pleural cavity has a surface of granulation tis-
sue. In the absence of a bronchopleural fistula there is a general shift among practic-
ing surgeons away from open thoracotomy to VATS for the surgical management of 
empyema [97].

16.6.3	 �Mediastinitis

Mediastinitis is a life-threatening infectious complication after thoracic surgery. It 
may result from contamination during surgery from the patient and the surgeon, as 
well as extension of infection from adjacent structures such as the oesophagus (i.e. 
due to oesophageal perforation), airways (e.g. due to tracheobronchial perforation) 
and lungs (e.g. pleural empyema). Mediastinitis incidence remains significant and 
ranges between 0.25% and 5% [38]. The European Association for Cardio-Thoracic 
Surgery has published in 2017 guidelines for the prevention and management of 
mediastinitis [99] that recommends: routine prophylactic topical mupirocin for 
5 days; a shower or bath using soap, either the day before or on the day of surgery; 
a beta-lactam antibiotic as a single antibiotic completed within 1 h of the skin inci-
sion; or vancomycin with additional Gram-negative coverage for patients with beta-
lactam allergy or with proven or suspected MRSA colonization; and glucose control 
with continuous IV insulin. Once a clinical diagnosis of mediastinitis is suspected 
or established, the cornerstones of treatment are surgical drainage, broad-spectrum 
antibiotic therapy after blood culture, and supportive care. Superficial median ster-
notomy infections with a stable sternum may be managed with local drainage. 
When deep mediastinal structures are involved, after debridement and drainage and 
antibiotics, various treatment options include simple closure, closure over drains, 
negative pressure wound therapy either as a destination or as a bridge prior to final 
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surgical closure, the use of bilateral pectoralis myocutaneous or omental flap clo-
sure in case of sternal instability or insufficient bone stock, and open management 
with delayed closure [99]. Sternal osteomyelitis is generally treated with antibiotics 
for 4–6 weeks.
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17.1	 �Introduction

For several decades, pioneers have emphasized the vast potential of ultrasound-
based technology in the field of anesthesia and critical care, not only as an imaging 
technique that enhances the safety and efficacy of many technical invasive proce-
dures, but also as a non-invasive monitoring tool for the bedside evaluation of vital 
organ function and anatomy [1–3]. Today the number of anesthesiologists and 
intensivists who embrace ultrasound and incorporate it in their daily clinical prac-
tice is increasing rapidly.

US-guided technical procedures will not be discussed here as such information 
is available in excellent dedicated literature [4, 5]. This chapter will focus on the 
value of ultrasound as a bedside tool to monitor vital organ function and anatomy in 
patients undergoing thoracic surgery. The two primary applications of US for this 
purpose are echocardiography and lung US.

17.2	 �Echocardiography in Thoracic Surgery  
and Chest Trauma

Perioperative echocardiography is considered an essential part of cardiac anesthesia 
where it plays an undisputed role in intraoperative decision making and evaluation 
of surgical results. Outside the cardiac theatre, however, the place of perioperative 
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echocardiography is less well defined. Pertinent practice guidelines state that echo-
cardiography should be used: (1) when the nature of the planned surgery or the 
patient’s cardiovascular pathology might result in severe hemodynamic, pulmonary, 
or neurologic compromise and (2) when unexplained life-threatening circulatory 
instability persists despite corrective therapy [6]. Such conditions are frequently 
encountered in thoracic anesthesia, and yet there is wide practice variation today. In 
fact, the decision to use echocardiography during non-cardiac surgery rather 
depends on the individual anesthesiologist’s level of competence and experience 
with the technique. This indicates that there is an urgent need for structured echo-
cardiography training programs if the potential benefits of this monitoring tool are 
expected to extend beyond cardiac anesthesia practice [7]. In a consensus paper 
from the ASA and SCA Reeves et al. emphasize the significant role of basic periop-
erative echocardiography and define its scope as an “intraoperative monitoring tech-
nique focusing on cardiac causes of hemodynamic or ventilatory instability, 
including ventricular size and function, valvular anatomy and function, volume sta-
tus, pericardial abnormalities and complications from invasive procedures, as well 
as the clinical impact or etiology of pulmonary dysfunction” [8]. The authors clearly 
delineate the knowledge and training requirements, as well as the indications and 
scope of a basic echocardiographic exam, distinct from the advanced (cardiac-
diagnostic) level, and with value in its own right.

In thoracic anesthesia, the unique ability of echocardiography to monitor right 
ventricular function is of particular interest. Lung surgery exposes patients to condi-
tions associated with increased RV afterload such as hypoxia, hypercapnia, one lung 
ventilation and pulmonary artery clamping [9]. As RV pump function is very sensi-
tive to increases in afterload, RV dysfunction is a frequent cause of hemodynamic 
instability in this setting. A rapid differential diagnosis is important to enable spe-
cific and rapid treatment. Routine use of echocardiography in non-transplant tho-
racic surgery for this purpose is not recommended, but lung transplantation is a 
clear indication for intraoperative transesophageal echocardiography [10]. 
Pneumonectomy is also associated with profound changes in RV volume- and pres-
sure load. For subjects with reduced cardiovascular reserve, pneumonectomy 
imposes a significant risk and such patients could benefit from continuous intraop-
erative echocardiography as well. Finally, patients with known or suspected pulmo-
nary arterial hypertension are at increased risk for perioperative RV failure. This 
subgroup should be monitored with echocardiography during and after any type of 
intermediate risk surgery.

The quantification of RV function has become a topic of intense research. Several 
new indices have been proposed but the majority is sensitive to error or requires 
advanced interpretation [11]. We recommend a pragmatic, fast and rather simple 
approach that can easily be integrated in a basic echo exam and consists of only two 
consecutive measurements: (1) a comparison of Left and Right chamber dimensions 
and (2) measurement of the long axis displacement of the tricuspid annulus during 
systole. Both can be obtained in the standard 4-chamber view (mid-esophageal for 
TEE, apical for TTE) and allow a semiquantitative appreciation of RV function, pro-
vided that the imaging plane is optimally aligned with regard to the heart’s long axis 
(no foreshortening) and positioned midway the anteroposterior diameter (Fig. 17.1).
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Primary RV dysfunction is always associated with enlargement of the RV cavity. 
As the pericardial space is restricted, RV dilation goes at the expense of LV size. 
The most reliable sign of RV enlargement is therefore an increase in the size ratio of 
the RV versus the LV. In normal conditions, the RV size is smaller than the LV and 
its dimensions never exceed 2/3 of the corresponding LV dimension. The semi-
quantitative appreciation of relative proportions is simple and shows a high interob-
server agreement. For a quantitative assessment, the short axis diameter of the RV 
is measured as the distance from the RV free wall to the RV septal site, and com-
pared to the short axis diameter of the LV, i.e. the distance from the LV free wall to 
the LV septal site at a corresponding level midway the apex and basis of the heart on 
a line perpendicular to the long axis.

The second measurement of RV function is based on the fact that RV systolic 
deformation occurs primarily along its long axis, producing a piston-like displace-
ment of the tricuspid annulus towards a nearly immobile apex. The absolute dis-
tance travelled by the tricuspid annulus during systolic ejection is termed “Tricuspid 
Annular Plane Systolic Excursion (TAPSE)” and is considered a very reliable, 
though load sensitive, measurement of right ventricular ejection. Normal distances 
vary from 1.5 to 2.5 cm and lower values apply for mechanically ventilated patients. 
A decrease below 1.5  cm when combined with an increase in RV/LV size ratio 
above 2/3 indicates a reduction in right ventriculo-vascular coupling, i.e. a func-
tional decline in RV performance. During surgery, this is almost invariably associ-
ated with an acute increase in RV afterload.

Apart from monitoring RV function, other specific advantages of echocardiogra-
phy during noncardiac thoracic surgery include the ability to detect lesions that can 
predict adverse outcomes (aortic atheromata), to provide guidance in the placement 
of extracorporeal membrane oxygenation cannulas [12] and for hemodynamic man-
agement in ECMO patients, and to diagnose patent foramen ovale in unexplained 
hypoxia. The use of echocardiography for such purposes requires significant experi-
ence however. While transesophageal echocardiography is considered the only 

ba
4-chamber view short axis dimensions

Fig. 17.1  Measurement of short axis dimensions of right ventricle (yellow line) and left ventricle 
(green line) at midventricular level in (a) 4-chamber and (b) short axis view, respectively. A size 
ratio of 2/3 for the RV/LV diameter indicates Normal RV function
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possible modality for the anesthesiologist to image the heart during surgery, Kratz 
et al. recently demonstrated that transthoracic echocardiography is also feasible. In 
a patient positioned in lateral decubitus they achieved access to the subcostal win-
dow from where the 4-chamber subcostal view and measurements of caval vein 
diameter can be obtained [13].

In the postoperative setting, basic echocardiography offers the same value as 
discussed for the intraoperative scenario. The ability to use the transthoracic modal-
ity lowers the threshold for using it in the Post Anesthesia and Intensive Care Unit 
even more. The information obtained is non-continuous however and its value 
determined primarily by the proficiency of its user.

17.3	 �Perioperative Lung Ultrasound (PoLUS)

Lung ultrasound provides a representation of the lung based on real-time dynamic 
2D imaging and artifacts from the interplay between ultrasonic waves and air, lung 
tissue, pleura, fluids and bone. It has gained much attention in recent years for its 
value in clinical perioperative practice for screening, diagnosis and as a monitoring 
tool [14–17]. Lung ultrasound is non-invasive, readily available in most operating 
rooms and intensive care settings and reduces the need for X-rays.

17.3.1	 �Equipment

A micro-convex probe with an emission frequency of 5–7  MHz is preferred for 
optimal ultrasound visualization of the lung, however, virtually all probe types can 
be used. As lung ultrasound relies on the visualization of natural images with many 
artifacts, all filters on the echo-device, such as harmonics or dynamic noise filters 
which are designed to attenuate artifacts and optimize image quality, should be 
inactivated. Most vendors have created default settings for lung ultrasound which 
turn off these filters automatically.

17.3.2	 �Recommended Scanning Regions (Fig. 17.2)

The exam should be performed in a standardized and comprehensive way with the 
patient in supine or semi-recumbent position. It is recommended to scan the ante-
rior, anteromedial and posterior zones of the lung [18]. The anterior points are 
referred to as upper BLUE, the anteromedial points as lower BLUE and the poste-
rior points as ‘posterolateral alveolar and/or pleural syndrome point’, or PLAPS 
point. The number of scan-points can be extended as needed e.g. to identify the 
exact location of the lung point in pneumothorax.
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a b

Fig. 17.2  (a) The upper hand is applied with the little finger touching the lower border of the 
clavicle. The finger tips touch the midline. The lower hand is applied below the first one. The 
thumbs do not count. The upper BLUE-point is at the middle of the hand (root of the middle and 
ring fingers). The lower BLUE-point is in the middle of the palm of the lower hand. This definition 
allows avoiding the heart. The lower edge of the lower hand indicates the phrenic line, i.e., the end 
of the lung [18]. (b) The probe indicates the PLAPS-point, in the horizontal continuation with the 
lower BLUE-point (dotted line), as posterior as possible to the posterior axillary line with the 
patient remaining supine. The PLAPS-point is therefore located slightly above the diaphragm 
(right index) [18]

Fig. 17.3  BAT-sign. Pleural line below the two ribs (R). The BAT-sign resembling a bat flying 
towards the reader, is formed by the two ribs and the pleural line (belly of the bat). The dotted area 
on the right side represents Merlin’s space. Two A-lines are detectable in Merlin’s space

17.3.3	 �Terminology: The Lung Ultrasound Alphabet

17.3.3.1	 �BAT-Sign with Identification of the Pleural Line (Fig. 17.3)
The identification of the pleural line is fundamental in lung ultrasound. The pleural 
line is a hyperechoic horizontal line about 5 mm below the rib line (virtual line 
between two ribs) in standard adult patients. The pattern created by the two ribs and 
the pleural line resembles the image of a bat. The two ribs serve as a landmark for 
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the location of the pleural line to avoid confusion with other hyperechoic structures 
in the image. For this reason, the scanning plane should be longitudinal at the level 
of the BLUE-points. The space between the pleural line and the acoustic shadows 
of the ribs is called Merlin’s space [14, 19].

17.3.3.2	 �A-lines
When ultrasound waves encounter a tissue-air interface, they are reflected back to 
the probe creating a repetition of artifacts within Merlin’s space (reverberation arti-
facts). The distances between these artifacts, called A-lines (Fig. 17.3), are similar 
and equal to the distance between the skin and the pleural line. The A-lines indicate 
the presence of air in the thoracic cage and are present in normal lungs but also in 
pneumothorax [20, 21]. The presence of A-lines rules out excessive fluid in the 
scanning field and has been considered indicative for a pulmonary occlusion pres-
sure below 18 mmHg, hence clearance for volume therapy in case of a low blood 
pressure [21–23].

17.3.3.3	 �Lung Sliding and Lung Pulse
In normal conditions, the visceral pleura slides freely over the parietal pleura during 
a respiratory cycle. This sliding motion causes a subtle sparkling of the hyperechoic 
pleural line in a real time 2D ultrasound image (Video 17.1). The presence of lung 
sliding indicates normal pleural mechanics and precludes a pneumothorax. When 
ventilation is stopped, lung sliding ceases, however, the pleural line will show 
micro-oscillations caused by cardiac pulsations that are transmitted over the lung 
towards the pleura. This phenomenon is called the lung-pulse and also serves as a 
sign to exclude pneumothorax [14] (Video 17.2).

17.3.3.4	 �M-Mode Signs: The Seashore, Stratosphere Sign 
and T-Lines (Fig. 17.4)

M-mode echography is used to explore temporal changes in the reflection pattern of 
tissue under the probe along a very narrow line of interrogation (the cursor line). For 
LUS, the cursor line is placed in the center of the BAT-sign. The resulting M-mode 
view is a composite image with a typical pattern consisting of (1) near-field reflec-
tions generated by immobile subcutaneous tissue which results in series of horizon-
tal lines and (2) far-field reflections from lung tissue which move continuously 
during a respiratory cycle. The former resembles the smoothly lined image of a 
“sea” while the latter shows a granular pattern like a “shore”, hence the “sea-shore 
sign” [14] observed in normal lungs.

When there is no lung sliding and no lung pulse in ventilated lungs, the M-mode 
image will consist only of horizontal lines. This image is referred to as the strato-
sphere sign. Typically, a pneumothorax will produce a stratosphere sign.

In the absence of ventilation, M-mode imaging will also produce a stratosphere-
like image. However, in the absence of pneumothorax, cardiac pulsations will be vis-
ible at the pleural line (lung pulse) and show as little crackles in the horizontal lines of 
an M-mode image. The crackles are called T-lines and rule out pneumothorax [14].
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17.3.3.5	 �The Lung Point
In the presence of a pneumothorax, the exact location where visceral and parietal 
pleural membranes separate is called the “lung point” (Video 17.3 and Fig. 17.4). 
The presence of a lung point is 100% specific for the diagnosis of pneumothorax. 
The position of the lung point also provides information on the size and the location 
of the pneumothorax [3, 14].

a b

c d

Fig. 17.4  (a) Seashore sign. M-mode through the center of the BAT-sign. The white arrows indi-
cate the pleural line. The area above the pleural line shows horizontal lines resembling the waves 
of the sea, while the area below the pleural line has a sandy pattern generated by lung sliding. (b) 
T-lines. M-mode through the center of the BAT-sign when ventilation is stopped and no lung slid-
ing is present. The cardiac pulsations are transmitted to the pleural line which creates ‘crackles’ in 
Merlin’s space (arrows). These are called T-lines. (c) Stratosphere sign. In M-mode, the abolition 
of lung sliding creates a pattern exclusively made of horizontal lines and is called the stratosphere 
sign. (d) Lung point. M-mode at the level of the lung point. The point where the lung is detached 
from the thorax in a pneumothorax. In M-mode it is the point where the stratosphere sign stops and 
the seashore sign appears again
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17.3.3.6	 �B-Lines and Lung Rockets
B-lines are also ultrasound artifacts arising from the pleural line (Fig. 17.5). They 
require the presence of thickened, fluid-filled interlobular septa surrounded with 
aerated alveoli to appear. B-lines are hyperechoic comet-tail artifacts distal from the 
pleural line. They move with lung sliding and make A-lines disappear. B-lines 
resemble sunrays shining through the clouds. The clinical impact is determined by 
the number of B-lines present: one or two B-lines within one intercostal space can 
be perfectly normal, especially at the level of a lung fissure. More than two B-lines 
are called “lung rockets”. The presence of lung rockets at the anterior BLUE-points 
indicates a volume-overload. An interstitial syndrome (‘wet lungs’) is defined as 
three or more B-lines present in one intercostal view at the BLUE-points. Posterior 
B-lines and lung rockets are often observed in supine, ventilated patients [14].

17.3.3.7	 �The Tissue-Like Sign
A massive lobular consolidated lung (hepatization of the lung) reflects ultrasound as 
effectively as solid tissue (the tissue-like sign). Analogous to pleural fluid, a consoli-
dated lung is found most frequently at the level of the PLAPS-point [14] (Fig. 17.6).

17.3.3.8	 �Pleural Fluid
Pleural fluid appears transparent to ultrasound (black on a 2D echographic image) 
and is best visualized at the level of the PLAPS-point. The amount of pleural fluid is 
best appreciated by scanning longitudinally at the PLAPS-point with the diaphragm 
as a reference. Quantification can be done using a transversal view at the PLAPS-
point [14, 24, 25] (Fig. 17.6). This image resembles a CT-like image and is obtained 
by turning the probe 90° from the longitudinal towards the transversal position.

a b

Fig. 17.5  B-lines. (a) One B-line is present between two ribs. (b) Three B-lines are simultane-
ously visible between two ribs resembling ‘wet’ lungs or interstitial syndrome (Lung rockets)
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17.3.4	 �Clinical Applications

17.3.4.1	 �One-Lung Ventilation and Airway Instrumentation
Lung ultrasound can be used to verify one-lung ventilation after placement of a 
double lumen tube or bronchial blocker. It is inferior to fiber-optic bronchoscopy 
but may outperform auscultation, particularly with reduced lung sounds or in noisy 
environments. Two dynamic ultrasound signs are required to confirm absence of 
ventilation following the bronchial occlusion test: (1) abolition of lung sliding, with 
disappearance of the normal seashore sign in the M-mode image and (2) the pres-
ence of a lung pulse. If both lung sliding and lung pulse are absent, a pneumothorax 
is suspected.

The probe is positioned at the upper BLUE points and the test is performed with 
tidal volumes of 5 ml/kg and PEEP of 5 mmHg. Larger tidal volumes may cause 
false positive lung sliding in the non-ventilated lung due to transmission of exces-
sive volume shifts from the ventilated lung [26–29].

a

b

Fig. 17.6  (a) Tissue-like sign. Atelectatic lung (AL) surrounded by pleural fluid (PF) at the level 
of the diaphragm (D). The atelectatic lung resembles tissue like the liver (hepatization of the lung). 
(b) Pleural fluid. Simulator Image (Vimedix®). Transversal view through the thoracic cage at the 
PLAPS-point (CT-like image). It’s preferably used to measure and estimate the amount of pleural 
fluid
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17.3.4.2	 �Pneumothorax
Pneumothorax results in the disappearance of lung sliding. This is a sensitive, but 
not a very specific sign because ARDS and pneumonia can also abolish lung sliding 
if extensive pleural adhesions are present. ARDS and pneumonia will also show 
B-lines, however, and these are incompatible with pneumothorax as they are gener-
ated from the intact pleura. When lung sliding is detected in a nondependent lung, 
pneumothorax can be excluded.

If absence of lung sliding and lung pulse is confirmed and pneumothorax is sus-
pected, the probe is shifted from the BLUE-points to a more lateral position until the 
lung point is found. The lung point is pathognomonic for pneumothorax and has a 
specificity of 100%. Sensitivity is not 100% because major pneumothorax showing 
complete lung retraction will not generate a lung point [3].

17.3.4.3	 �Fluid Administration/Lung Edema
Excessive fluid resuscitation can result in volume overload, particularly in patients 
with impaired cardiopulmonary reserve. Lung ultrasound can pick up early signs of 
volume overload: the presence of three or more B-lines between two ribs at the 
anterior BLUE-points is indicative of interstitial edema. In the context of volume 
resuscitation, such a finding could provide an argument to stop fluid therapy and 
initiate diuretics, vasodilators or inotropic support.

On the other hand, when a patient is hypotensive and lung ultrasound shows lung 
sliding at the level of the anterior BLUE-points, accompanied by A-lines and in the 
absence of B-lines, fluid therapy can be started safely. If hypotension persists and is 
unresponsive to fluid resuscitation, echocardiography can be used to exclude other 
causes of hemodynamic instability such as right ventricular dysfunction, cardiac 
tamponade or sepsis. The FALLS protocol by Lichtenstein uses an applicable algo-
rithm which can also be used perioperatively [22].

17.3.4.4	 �Atelectasis/Lung Expansion
Ultrasound has the ability to detect atelectasis in its early stage of development. This 
is striking when the whole lung is involved as occurs in upper bronchial obstruction 
due to foreign body aspiration, or in single lung intubation. As there is no peripheral 
expansion of lung tissue (a-tele-ectasis), lung sliding is immediately abolished even 
when the lung is still aerated, and the lung pulse becomes clearly visible (sensitivity 
of 90%) [27]. In a later stage, alveolar gas is resorbed and consolidation appears. The 
consolidation may initially still include partially absorbed gas particles, which are 
called static air bronchograms. In a later state the air bronchograms will disappear 
and complete consolidation ensues. The process of atelectasis can be reverted by 
lung recruitment maneuvers. Lung ultrasound can be used to assess the effectiveness 
of such a recruitment maneuver and to adjust ventilation parameters to prevent atel-
ectasis. For this purpose, the ultrasound probe is placed in the most dependent part of 
the atelectatic lung, usually the PLAPS-point. When the lung is re-inflated during the 
recruitment maneuver, the consolidation-pattern will vanish, and B lines will appear 
just before the lung image recovers its normal pattern with A-lines and lung sliding 
(the A-profile). The pressure required to expand the atelectatic lung (as observed 
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with ultrasound) is the opening pressure. After lung recruitment, PEEP level should 
be readjusted to prevent re-atelectasis. Airway pressures and PEEP can be decreased 
in a stepwise approach until B-lines reappear. The phase where B-lines reappear is 
defined as the lung closing pressure. PEEP level should be selected 2 cm H2O above 
this closing pressure during ongoing ventilation [30].

Lung ultrasound can also be used to evaluate post-surgical lung expansion after 
thoracic surgery [31]. The reappearance of lung sliding at both upper and lower 
BLUE-points, serves as an indicator of adequate lung expansion. Digital chest 
drains provide complementary information for this evaluation. The presence of lung 
sliding indicates that both parietal and visceral pleura are in contact and there is no 
air in between. An air leak value of 0 ml/min makes the possibility of a pneumotho-
rax then very unlikely [32]. The incorporation and correct application of lung ultra-
sound in this way, can significantly reduce the need for chest radiographs in thoracic 
surgery departments.

17.3.4.5	 �Pleural Fluid and Thoracentesis
Pleural effusions are located in the dependent areas so scanning should occur at the 
location of the PLAPS point. An anechoic (black) space at the PLAPS point usually 
indicates the presence of pleural fluid. However, blood, pus etc. have different echo-
genicity and the fluid on echo seems similar to plankton (Plankton sign).

Safe thoracentesis should be performed immediately after the ultrasound-based 
localization. A 15 mm inspiratory interpleural distance is considered to be a safe 
distance [33] (Fig. 17.6).

Different methods have been published for estimating the amount of pleural fluid 
using US. One popular method is to measure the distance between the pleural line 
and the lung line at expiration. This distance is multiplied by 10 if it is <20 mm and 
multiplied by 20 if the distance is equal or greater than 20 mm. While in general, 
lung ultrasound is performed longitudinally, for this particular purpose the probe 
should be turned 90° to scan transversally. It produces a CT-like image and facili-
tates measurement of the distances [24].

17.3.4.6	 �Diaphragmatic Function
Direct injury to the phrenic nerve from mechanical trauma following thoracic sur-
gery has been described to produce diaphragmatic dysfunction. Patients with preex-
isting pulmonary dysfunction may not even tolerate a unilateral diaphragmatic 
paralysis [34] and experience difficulties to wean from mechanical ventilation. 
Ultrasound signs and measurements have been described to evaluate diaphragmatic 
function. Ultrasound measurements of the diaphragm are obtained from still B-mode 
images and from M-mode tracings. Diaphragmatic thickness, the change in muscle 
thickness and diaphragmatic excursion can be measured to assess its function 
(Fig. 17.7). Ultrasound assessment of thickness is best performed with a high fre-
quency transducer at the anterior axillary line between the seventh and ninth rib. 
The thickness should be >20 mm and the change in thickness between inspiration 
an expiration should be more than 20% in normal diaphragmatic function. 
Diaphragm thickening <20% is proposed to be consistent with paralysis.
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For ultrasound evaluation of diaphragmatic excursion, a lower frequency probe 
is needed because it allows greater penetration depth. Excursion greater than 2.5 cm 
in adults has been proposed as a cut off for excluding severe diaphragm dysfunction. 
Excursion represents one of the most clinically useful markers of diaphragm func-
tion [35, 36].

17.4	 �Conclusion

Ultrasound-based imaging has definitely evolved to become an indispensable tool in 
the daily practice of anesthesia and perioperative medicine. It facilitates many tech-
nical procedures which were previously performed using “blind” external landmark 
techniques, but US also provides a unique approach to monitor vital organ function 
and anatomy. Echocardiography and Lung Ultrasound are the primary applications 
for this purpose. In thoracic surgery the use of basic echocardiography and lung 
ultrasound offers specific advantages over other monitoring tools but there is large 
practice variation today. Clearly, structured teaching programs and a certification 
process are needed to further implement and standardize the use of US in our spe-
cialism and exploit its full potential on a larger scale.
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18Changes in Classical Monitoring: 
Hemodynamic Monitoring,  
New Devices, NIRS, etc.

Alberto Hernandez, Fevzi Toraman, and Aslı Demir

18.1	 �Hemodynamic Monitoring

In perioperative medicine, hemodynamic management aims at an optimization of 
perfusion pressure and oxygen delivery (DO2) in order to maintain or restore ade-
quate cellular metabolism. For complex patients in the operating room or in the 
intensive care unit, many questions regarding their hemodynamic management can-
not be answered with simple clinical examination. In particular, arterial pressure 
allows only a rough estimation of CO. Until recently, the measurement of advanced 
hemodynamic variables required invasive hemodynamic monitoring. Advanced car-
diovascular monitoring typically consists of invasive blood pressure and central 
venous pressure (CVP), CO monitoring, and other parameters such as central 
venous or mixed oxygen saturation (SvcO2/SvO2) will provide very valuable infor-
mation for the management of the hemodynamically unstable patients, as it will be 
able to influence the different variables that influence the DO2 to the tissues (see 
Fig. 18.1).

Hemodynamic monitoring represents a functional tool that may be used to derive 
estimates of performance and physiological reserve that may in turn direct treat-
ment. Many methods have been developed to carry out advanced cardiovascular 
monitoring, some invasive, others semi-invasive and even recently non-invasive (see 
Table 18.1). They have in common, that allow us to obtain data of the hemodynam-
ics very reliable to be able to carry out a good handling of the patients.
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18.1.1	 �Invasive Monitoring

18.1.1.1	 �Pulmonary Artery Catheter
For decades, the main method of advanced cardiovascular monitoring has been 
transcardiac thermodilution (TC-TD) through the insertion of a pulmonary artery 
(PA) catheter, however, it has fallen out of favor as it was shown not to improve 
outcome or to be potentially harmful, leading in in a drastic reduction in its use. 
Unlike TP-TD devices, the PA catheter provides a direct estimation of pulmonary 
artery resistance. Right ventricular failure and severe pulmonary hypertension rep-
resent specific indications for the PA catheter. Nevertheless, errors in the measure-
ment of CO resulting from tricuspid regurgitations must be kept in mind, even 
though it seems to exist mostly for severe regurgitations. Also, the PA catheter mea-
sures both CVP and pulmonary artery pressure (PAP) and pulmonary artery occlu-
sion pressure (PAOP), allowing the estimation of right and left cardiac functions, 
while TP-TD only estimates the global cardiac function. Another strong advantage 
of the PA catheter is that it directly measures continuous SvO2. Probably, the best 
isolated indicator of the adequacy of global oxygen transport.

18.1.1.2	 �Transpulmonary Thermodilution Methods
The TP-TD technique emerged in the early 2000s. The approach of TP-TD is quite 
different from PA catheterisation in many respects. TP-TD is a technique that pro-
vides a full haemodynamic assessment through CO and other indices. Through the 
analysis of the thermodilution curve recorded at the tip of an arterial catheter after 
the injection of a cold bolus in the venous circulation, TP-TD intermittently mea-
sures CO. This measure allows the calibration of pulse contour analysis. This pro-
vides continuous and real time monitoring of CO, which is not possible with the PA 
catheter. It is more direct than the PA catheter, but does not allow the distinct estima-
tion of right and left cardiac function. The PiCCO (Pulsion Medical Systems, 
Munich, Germany) and the Volume View (Edwards LifeSciences, Irvine, United 
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States of America) devices measure CO but also provide several other valuable 
pieces of haemodynamic information. They both estimate the end-diastolic volume 
of the four cardiac cavities, which is a marker of cardiac preload. Intrathoracic 
blood volume (ITBV)—volume in heart  +  pulmonary vessels—and global end-
diastolic volume (GEDV)—all four chambers—are better indicators or preload than 
central venous pressure (CVP) and pulmonary capillary wedge pressure (PCWP) 
and not influenced by mechanical ventilation. Extravascular lung water (EVLW)—
water content in lungs—can be assess with both devices and, let us know quantify 
the volume of pulmonary oedema, and pulmonary vascular permeability, which 
quantifies the degree of a pulmonary capillary leak, being very helpful for guiding 
fluid strategy. The LiDCO system, use lithium as the indicator. A set dose of lithium 

Table 18.1  Non-invasive and invasive monitoring

Invasiveness Method Monitor
Invasive Transcardiac thermodilution (TC-TD) Pulmonary artery catheter

Vigileo® (Edwards)
Minimally 
invasive

Pulmonary 
thermodilution
(P-TD)

Calibration by TDTP PiCCO® (Pulsion)
VolumeView™ (Edwards)

Transpulmonary
thermodilution
(TP-TD)

Calibration by 
dilution of Lithium

PulseCO® (LiDCO)

Pulse-wave 
contour Analysis

Calibration by
P-TD

PiCCO®

PulseCO® (LiDCO)
VolumeView™ (Edwards)

Calibration 3 or 4 
times by P-TD

Modelflow (TNO/BMI)

No external 
calibration required

FloTrac®/Vigileo® (Edwards)
MostCare® (Vygon)
LiDCOrapid® (LiDCO)
ProAQT® (Pulsion)

Non-invasive Modelflow-Nexfin® (FMS, 
Amsterdam, The Netherlands)
Clearsight® (Edwards, 
integrated in EV1000 clinical 
platform)

Calibration based 
non-invasive blood 
pressure

LiDCOrapidv2

CNAP™ module (LiDCO)

Bioimpedance Lifegard®, TEBCO®, 
HOTMAN®, BioZ®, ECOM

Bioreactance NICOM®

Fick principle (CO2 rebreathing) NICO®

Transthoracic Doppler
Esophageal Doppler∗

USCOM®

CardioQ™
Echocardiography Transthoracic Echo and transesophageal 

Echo∗

∗non invasive methods
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is injected into the venous system via either the central venous access or peripheral 
cannula. This flows through the heart with the normal flow of blood and then down 
the arterial system to where the lithium selective sensor is attached to the arterial 
line. Blood is pumped out of the arterial line through the use of a roller pump past 
the lithium selective sensor and the level of lithium in the arterial sample is mea-
sured over time. So in theory the longer it takes for the lithium in the blood to reach 
the sensor over a given time the lower the cardiac output, and the faster the flow of 
blood to the sensor the higher the CO. The system requires a minimum of 12 h 
between calibration and more frequently (e.g. 8 hourly) if any concerns regarding 
its accuracy.

18.1.2	 �Minimally Invasive Monitoring

Minimally invasive monitoring is based on varied physiologic principles and can be 
used for several hemodynamic trends. Different techniques are commercially avail-
able and in the recent years they have proven adequate in replacing the PA catheter 
under certain clinical conditions. The minimally invasive hemodynamic monitoring 
techniques are based in pulse wave analysis, Doppler measurement techniques and 
partial carbon dioxide rebreathing using the applied Fick’s principle. Pulse wave 
analysis, also referred to as ‘pulse contour analysis’, is based on the principle that 
the stroke volume (SV) can be tracked continuously by analysis of the arterial pres-
sure waveform. Because the arterial pressure waveform is the result of an interac-
tion between SV and the vascular structure, resistance, compliance and characteristic 
impedance have to be considered.

Different mathematical models are used today in order to assess SV/CO in the 
commercially available pulse wave analysis morphology devices. The methods and 
systems available on the market for analyzing pulse wave morphology are the fol-
lowing: PiCCO® plus (Pulsion Medical Systems, Munich, Germany), PulseCO® 
(LiDCO Ltd, London, UK), Modelflow (TNO/BMI), MostCare® (Vygon) and 
FloTrac®/Vigileo® (Edwards Life-sciences, Irvine, USA).

Strong clinical outcomes data support the use of these devices in patients under-
going major surgical procedures although these studies generally do not target tho-
racic surgical procedures specifically. The predictive ability of respiratory variation 
(for measuring fluid responsiveness) is controversial in both one lung and low tidal 
volume ventilation. EVLW measurements are well validated, predict postoperative 
lung function, but require the use of TP-TD.

18.1.2.1	 �Non-invasive Monitoring: Bioimpedance and Bioreactance
Devices using bioimpedance include NCCOM (Bomed Medical, Irvine, CA, 
USA), BioZ (Cardiodynamics, San Diego, CA, USA), NICCOMO (MEDIS, 
Limenau, Germany), ICON (Osypka Cardiotronic, Berlin, Germany), ICG (Philips 
Medical Systems, Andover, MA, USA), NICOMON (Larsen and Toubro Ltd., 
Mumbai, India), the CSM3000 (Cheers Sails Medical, Shenzhen, China), and 
PHYSIOFLOW (Manatec Biomedical, Paris, France). The NICaS system (NI 
Medical, Petah-Tikva, Israel) uses the same principles but applied to the whole 
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body. In the ECOM system (Ecom Medical, San Juan Capistrano, CA, USA), the 
transmitting and receiving electrodes are located on the cuff of an endotracheal 
tube, therefore close to the ascending aorta, in order to minimize the impact of 
analogous signals from other cardiac structures (see Fig.  18.2). Bioreactance is 
used by two products from the same company NICOM and Starling (Cheetah med-
ical, Wilmington, DE, USA).

Bioimpedance and bioreactance have the strong advantage of being totally non-
invasive and low costs. Literature on bioimpedance includes hundreds of articles, 
results are somewhat contradictory. At least a third of the publications failed to assess 
bioimpedance as a reliable mean to assess CO. Focusing on positive articles, most of 
them took place outside from an ICU setting most often in situations where the abso-
lute value of CO has less importance than relative changes. Moreover, total body 
impedance is less accurate than localized thoracic impedance. Finally, even though 
last iterations of this technology seem more advanced (such as electrical velocime-
try), results are not quite as clear either. As of today, bioimpedance is not consensu-
ally viewed as accurate enough to estimate CO. Bioreactance on the other hand has 
scarcer documentation. Theoretical superiority of bioreactance over bioimpedance 
was hinted in small sample studies set. Concerns may be raised about decrease in 
accuracy during low-flow state and when electrocauterization was performed.

18.1.2.2	 �Applied Fick’s Principles: Partial CO2 Rebreathing  
(NICO® System)

NICO® system use Fick’s principle applied to CO2 for CO measurement. CO2 analy-
sis is performed using a mainstream infrared and airflow sensor. This technique may 
be applied in intubated mechanically ventilated patients under sedation only, with 
minimal alterations in gas exchange and minimal dead space, and also with hemo-
dynamic stability. Validation studies of this technique compared to PA catheter are 
limited; however, they indicate a reasonably good correlation. In conclusion, it is 
not a replacement of PA catheter, but it seems a feasible technique as an alternative 
in certain patients, such as those undergoing thoracic surgery.
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Fig. 18.2  ECOM system device. Non-invasive hemodynamic monitoring. The transmitting and 
receiving electrodes are located on the cuff of an endotracheal tube
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18.1.2.3	 �Doppler Techniques
Doppler technology can be used to get SV/CO, and other derived parameters. 
Different Doppler probes are available in the market (ODM II, Abbott, Maidenhead, 
UK; Cardio-Q/Medicina TECO, Deltex Medical Ltd, Chichester, UK; 
HemoSonic100, Arrow, Reading, USA). CO is typically calculated from measured 
aortic blood flow and aortic cross-sectional area obtained either from nomograms or 
by M-mode ultrasound quantification (HemoSonic 100). Determination can also be 
performed in the descending aorta, in which adequate characteristic flow signals can 
be obtained as a result of the close proximity to the oesophagus and the aorta. 
However, validation studies in the last few years have revealed inconsistent results. 
Limited accuracy may result from signal detection failure, the assumption of fixed 
regional blood flow or the use of nomograms to determine aortic cross-sectional 
area. Therefore, the value of this minimally invasive technique may be limited in 
clinical practice. However, Doppler devices may be used in specific situations by 
skilled observers. Based on the ability to reliably track SV changes over time, early 
goal-directed therapy in a perioperative setting may be a typical indication.

In conclusion, hemodynamic monitoring in perioperative patients has transi-
tioned away from invasive devices (e.g. PA catheter) and towards noninvasive moni-
toring modalities. For patients undergoing thoracic surgery, SV and CO may be 
measured with arterial waveform analysis, esophageal Doppler, and bioreactance-
based devices, which are based on different underlying principles that affect their 
performance characteristics. These devices have been used to improve outcomes in 
patients undergoing major surgery but in general clinical studies of non-invasive CO 
monitoring devices do not focus on thoracic surgical patients specifically.

18.2	 �Near-Infrared Spectroscopy (NIRS)

18.2.1	 �NIRS History

In 1800, along with the discovery of infrared lights, the NIRS has evolved over the 
years [1]. Herschel, after drawing a rainbow with the help of a prism, measured the 
heating effects of different lights and noticed that the effect of heating from blue to 
red increased [2]. Developments related to distribution regions, spectrum width 
and usage areas of near infrared light were investigated until 1900s [1–3]. In the 
1950s, interest in infrared lights and electromagnetic spectrum was greatly 
increased [4]. But almost all current use of NIRS is based on the work of Karl 
Norris [5–7]. For this reason, Norris was accepted as the first researcher of near 
infrared spectroscopy and the article, which is of historical importance, was pub-
lished in the “Journal of Near Infrared Spectroscopy” [5, 7]. In early periods, NIRS 
used such as agriculture, industry, livestock, environment, textile areas. Following 
the announcement of NIRS in the medical field by Jobsis [8], the pioneers of the 
NIRS practice are Delphy et al. from London [9]. His studies on the measurement 
of the oxygenation status of premature infants brains, have reached far reaching 
conclusions. And even later, in the operating room, NIRS was recommended to be 
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a routine monitoring method [10]. Although articles have been put forward to eval-
uate the oxygenation through real-time, easy, noninvasive method, the commercial 
NIRS systems have not been established until the first one was made by Japanese 
Hamamatsu in 1989 [11]. Near infrared spectroscopy delay entered the medical 
field due to the complexity of the samples investigated. In addition to complexity, 
intense water absorption forming a major component of bio-liquids is another 
problem. To overcome these problems, good reproducibility should be ensured for 
spectra and a high signal-to-noise ratio. This was achieved by the Fourier-transform 
spectroscopy (FFT). The spectroscopic analysis of human blood with FFT was the 
beginning of a new period [12].

18.2.2	 �Principle and Limitations of NIRS

Near infrared light wave (650–1000 nm) penetrates into biological tissues better 
than visible light, light absorption is low and can be detected in tissue up to 8 cm. 
However, due to the high absorption of visible light (450–700 nm) wave spectrum, 
it cannot penetrate more than 1  cm in the tissue. Therefore, the first studies on 
NIRS were made in the transluminal newborn head [13]. The diffusion of light 
from biological tissue depends on reflection, absorption and scattering. A NIRS 
device consists of a source (sources) that emits two or more wavelengths of light in 
the near infrared light range (650–1000 nm) and a detector at a distance The spe-
cific wavelength-forming diodes (light emitting diodes), and the photodiodes, 
which are usually made of silicone, that can measure the transmission/absorption 
ratio, are adhered to the measuring zone. The diode-photodiode distance is recom-
mended to be 5 cm for proper penetration [14, 15]. The loss of light depends on 
absorption and scattering. The absorption of light can be measured by Beer-
lambert’s law (Fig. 18.3).

The light is absorbed by chromophore with different absorbency, such as water, 
melanin, lipid, myoglobin, oxy-deoxyhemoglobin and cytochrome oxidase. This 
allows spectroscopic separation because these absorbents absorb different wave-
lengths. The scattering of light constitutes 80% of attenuation, which is the biggest 
problem of NIRS measurements. Most clinical spectrophotometers are continuous 
waveform devices using modified Beer Lambert’s law to calculate changes in chro-
mophore concentrations [16]. Mathematically, it can be defined as [chromophore 
concentration = absorption rate/distance from light in tissue × chromophore extinc-
tion coefficient]. In NIRS measurements, at least two different wavelengths should 
be used to make the comparison of chromophore concentrations. Since photons are 
subject to breakage, reflection and scattering in tissues, the distance between the 
light source and the detector cannot be measured directly. To overcome this situa-
tion, manufacturers have developed spatial resolution spectroscopy (currently most 
commonly used), frequency dependent spectroscopy and time-dependent spectros-
copy techniques. As the devices use different techniques and algorithms, the mea-
sured values may differ between devices [17]. Since oxy and deoxy Hb show 
absorption differences in light at wavelengths between 700 and 850 nm, these two 
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wavelengths are commonly used in measurements [18]. While two wavelengths are 
used in the first produced devices, the accuracy of the measurements is increased by 
using multiple wavelengths in current devices. NIRS devices do not perform ple-
thysmographic measurements such as pulse oximeters, i.e. they are not pulsatility-
dependent and cannot distinguish arterial flow. The measured oxygen saturation 
corresponds to mixed blood saturation (25–30% arterial, 70–75% venous). Capillary 
is neglected because it constitutes less than 2% volume. Therefore, NIRS regional 
hemoglobin oxygen saturation measurements often represent the saturation of the 
venous portion of the tissue [16, 18, 19]. Since the baseline values vary greatly 
among individuals, monitoring of the change of baseline values over time is clini-
cally more important [20]. Therefore, NIRS is a trend monitor, the oximeter values 
being below 40%, or more than 25% of baseline changes may be predictive of cere-
bral ischemia [21].

The most important limitation of NIRS is that the measurements obtained do not 
reflect pure brain oxygen saturation due to signals originating from extracranial tis-
sues. To overcome this, algorithms are used to extract scalp data using two detectors 
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[22]. Another limitation is the difference of the basal values between individuals, 
therefore it is recommended to use as a trend monitor. In some cases, such as hemo-
dilution, hematoma, and arteriovenous shunting, measurements are still varied. In 
cases that increase the diode-photodiode distance, such as tissue edema, measure-
ments which do not match the reality can be observed [23, 24]. Changes in skin 
pigmentation may lead to false readings [25]. NIRS cannot recognize the etiology 
of low oxygenation values and cannot differentiate between embolism or hypoper-
fusion. It can only give information about the region (mostly frontal) to which it is 
adhered, cannot make global evaluations [23–25].

18.2.3	 �Cerebral Autoregulation and NIRS

The brain is one of the most metabolically active organs, responsible for 20% of the 
body’s resting energy consumption despite weighing only 2% of the total body 
mass. In order to maintain normal brain function, the cerebral blood flow must be 
meticulously regulated. Cerebral autoregulation is an important mechanism that 
maintains stable cerebral blood supply, despite changes in mean arterial blood pres-
sure (MAP). The cerebral autoregulation mechanism is effective between 50 and 
150 mmHg MAP values. Within this MAP range, vasomotor tonus offers cerebro-
vascular resistance, therefore cerebral blood flow remains relatively constant [26]. 
The regulation of vascular resistance is believed to have individual upper and lower 
thresholds. These thresholds might differ in pediatric, septic or hypertensive patients 
[27–29]. Transcranial Doppler ultrasound and near infrared spectroscopic tech-
niques (NIRS) are used for evaluating cerebral blood flow and oxygenation. It is 
also believed that NIRS monitoring gives information about cerebral autoregulation 
[28, 30]. TCD has some limitations, especially it measures only middle cerebral 
artery blood flow and cannot give microvascular flow changes. NIRS has a sensitiv-
ity specific to blood flow changes in the microvascular bed, so it can be obtained 
information about dynamic cerebral autoregulation [26]. Moreover, monitoring 
cerebral autoregulation with NIRS, exhibited moderate but significant correlation 
with previously validated TCD based methods in patients with acute neurological 
injury [31]. It is founded that an association between impaired cerebrovascular 
autoregulation, measured by near-infrared spectroscopy, and delirium in the early 
postoperative period after cardiac surgery [32]. As a result, the NIRS technique 
continues to strengthen its position as a noninvasive, easy and rapid assessment 
method in the evaluation of cerebral autoregulation.

18.2.4	 �In Assessing Tissue Perfusion with NIRS and Changes 
in the Presence of Comorbidities

As a result of imbalance between oxygen demand and supply, tissue perfusion 
deterioration begins at the cellular level, then leads to dysfunction and damage in 
tissue and organ levels. In addition to mandatory functions such as growth, 
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membrane transport and repair, the cell also requires oxygen for facultative func-
tions such as specialized tasks, biosynthetic activities and electrolyte/protein trans-
port. The adequacy of oxygenation is determined by cardiac output, hemoglobin 
level, partial arterial oxygen pressure, oxygen affinity of hemoglobin, local micro-
circulatory regulation parameters. Global markers such as mixed/central venous 
oxygen saturation and lactate levels are used in critically ill patients with impaired 
tissue oxygen presentation. Techniques such as direct visualization of the micro-
vascular bed (videomicroscopy) are used in direct perfusion assessment. Although 
NIRS is the leading method to evaluate microcirculation indirectly, techniques 
such as sublingual capnometry, gastric tonometry and tissue oxygen electrodes are 
also used [33]. Although StO2 measured by NIRS has been evaluated in many vital 
organs, the skeletal muscle StO2 value is considered to be an early potential detec-
tor of hypoperfusion due to the nonvital peripheral organ [34]. Although the thenar 
region, which is less affected by individual changes such as edema and adipose 
tissue, is shown as a safe measurement site, safe measurement has also been 
obtained from the forearm, masseter, deltoid and knee regions [33, 35]. In the large 
patient series, basal StO2 values evaluated in the thenar region were found to be 
87 ± 6%, i.e. close to mixed venous oxygen saturation [36]. A decrease in StO2 is 
expected when there is a decrease in oxygen supply to the tissue or an increase 
demand, but it is likely that there will be no change in StO2 when the supply and 
demand decrease together. The idea that the area of forearm rather than the thenar 
region is more ideal suggests that a cold vasodilatation of the hands may lead to 
misdiagnosis, although perfusion deterioration (vasoconstriction) is expected in 
the case of hypothermia [37]. The relationship between hypothermia and NIRS is 
quite complex. Reduced tissue oxygen consumption with hypothermia are expected 
to increase in NIRS, however in reality the condition is more complicated. The 
vasoconstriction and deterioration of autoregulatory mechanisms associated with 
hypothermia, severely affect blood flow to the tissue. Moreover, there is a myocar-
dium that needs to fight with increased vascular resistance due to hypothermia. 
Myocardial depressant effect of hypothermia also adversely affects cardiac func-
tions, such as increased vascular resistance. In addition, gas solubility and hemo-
globin oxygen affinity changes also contribute to impaired tissue oxygenation. 
With all therapeutic interventions, hypothermia has both advantages and disadvan-
tages for various organs. After hypothermia period, the NIRS values rise over basal 
levels in the re-warming phase. This is indicative of vascular reactivity deteriora-
tion and the associated luxury perfusion, which both may be harmful [38]. A little-
known feature for NIRS is that it can evaluate tissue temperature depending on the 
temperature of the water absorption spectrum. This unique feature of NIRS has 
been shown in human infants as shown in animals [39]. The relationship between 
hypothermia and NIRS seems to require longer research.

Compared to normal healthy individuals, patients with comorbidity have lower 
baseline NIRS values [40]. In the presence of diabetes mellitus, low basal cerebral 
and tissue NIRS values are seen and thought to be due to microangiopathy [41]. 
Diabetic patients have been shown to have more tissue oxygen desaturation with 
exercise, and it has been suggested that NIRS is useful for the detection of this 
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condition [42]. Similarly, hypertension, which is among the microangiopathic dis-
eases, also shows impaired basal tissue oxygenation levels [43]. In such patients, it 
is difficult to compensate for developing desaturation and requires a long time.

18.2.5	 �Assessment of Anemia-Transfusion Threshold, Cardiac 
Output, Oxygenation

In addition to the microcirculatory vascular factors that affect tissue oxygenation 
locally, the decrease in NIRS values is expected in case of decreased oxygen carrier 
hemoglobin. The main determinants of global oxygen delivery to tissue are the oxy-
gen content of the blood and cardiac output. In clinical practice, only the hemoglo-
bin level is tested and the transfusion threshold is determined, however tissue 
oxygen delivery is often not considered. However, the organism has the capacity to 
compensate for the hemoglobin decrease to a certain level. By assessing tissue oxy-
genation, it may be possible to avoid the harmful effects of unnecessary transfusion. 
NIRS, which can monitor tissue oxygenation rapidly and continuously, can guide to 
determine the transfusion threshold [44, 45]. In chronic anemia that develops over a 
long period of time, a decrease in NIRS values may not be observed since the organ-
ism provides the necessary compensation [46]. On the contrary in cases of acute 
hemorrhage, blood loss and volume loss may occur together, hemoglobin value may 
be measured incorrectly normal, due to hemoconcentration. But in fact there is con-
siderable tissue oxygenation disorder. These examples indicate that the transfusion 
decision, which should be considered twice, should be done by evaluating the tissue 
oxygenation adequacy instead of purely quantitative measurements. NIRS has been 
shown to be a reliable guide in hemoglobin/myoglobin changes and may determine 
the need for transfusions [44, 47–49].

Clinical and laboratory markers of inadequate cardiac output occur as mottling 
in the skin, decreased urine output, peripheral coldness, delayed capillary filling 
time, tachycardia, increased serum lactate, decreased in central venous oxygen satu-
ration and acidosis. However, objective cardiac output measurement requires com-
plicated technologies such as indicator dilution, Fick method, bioimpedance, 
Doppler. NIRS is a noninvasive and early-warning marker in such cases, acts as a 
proxy of central venous oxygen saturation [50, 51]. Reductions in tissue oxygen 
saturation show positive correlations with cardiac output [51]. During cardiac sur-
gery, there is a strong correlation between NIRS and central venous oxygen satura-
tion in pediatric and adult patients. These results show that the dependence of 
cerebral oxygen saturation on the local tissue blood flow represented by CO is a 
reliable trend monitor [51, 52].

Tissue oxygenation is severely impaired under pathological conditions such as 
cancer, diabetes, coronary artery disease, stroke, and these are also associated with 
a decrease in PO2, i.e., hypoxia. In perioperative conditions without comorbidities, 
hypoxia often develops without any warning and the patient may not be aware of it. 
It is also possible to easily detect hypoxia that can develop in the perioperative 
period with NIRS [50, 51]. Similarly, it can detect acute hypoxia during intensive 
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exercise in healthy subjects [53]. In children with congenital heart disease with 
chronic hypoxia, tissue oxygenation values determined by NIRS were within nor-
mal limits [54]. In such cases, hemoglobin increases in the long term, oxygenation 
is provided at the normal level, but if there is an acute decrease in hemoglobin and/
or cardiac output, there will be sudden decreases in NIRS. As a result, if to the body 
is given enough time to compensate for some pathologies, it adjusts hypoxia, ane-
mia, cardiac output and microcirculation, and tries to provide normal oxygen deliv-
ery. However, it is useful to detect reductions in oxygen delivery in a severe and 
acute clinical setting with a trend monitor such as NIRS.

18.2.6	 �One-Lung Ventilation and NIRS

One-lung ventilation (OLV) is performed in thorax and other surgeries to eliminate 
lung movement and increase visualization in the surgical field. During the OLV, 
intrapulmonary shunt develops due to ventilation/perfusion imbalance and this may 
impair systemic and cerebral oxygenation. Although potential hypoxaemia associ-
ated with OLV is tried to be eliminated by various methods, overt hypoxia is 
observed in 5–10% of patients [55]. To prevent OLV-associated hypoxia and hyper-
carbia, apply PEEP to dependent and non-dependent lungs, low tidal volume + PEEP 
instead of high volumes, raising FiO2, intermittent ventilation of the dependent 
lung, decrease peak airway pressures, pressure-controlled ventilation modes, avoid-
ing excessive hemodilution strategies are used. Studies using NIRS to determine 
hypoxia that may develop during OLV revealed that low rSO2 was observed during 
OLV, and this was an independent risk factor for cognitive dysfunction [56, 57]. The 
main determinant of cerebral blood flow is PaCO2 rather than PaO2. While hypoxia 
during OLV may affect the brain, conditions such as PaCO2 increase/decrease will 
also affect cerebral hypoxia by regulating brain blood flow. The reason why there is 
no significant decrease in cerebral oxygenation in OLV cases where normocapnia 
can be provided is this physiological autoregulation mechanism. Similarly, cerebral 
hypoxia is not observed in OLV cases where peripheral oxygen saturation is above 
90% [58]. Considering that anesthesia decreases the cerebral metabolic rate, these 
changes appear to be tolerable in many cases. However, it would be difficult to toler-
ate cerebral and systemic hypoxia in patients with OLV who have problems with 
comorbidity, anemia, low cardiac reserve or cerebrovascular disease, which may be 
a nuisance in these compensation mechanisms, and this will prepare the step for 
morbidity. Therefore, monitoring of both systemic and cerebral tissue oxygenation 
is very important in critically ill patients. OLV application time is also a risk factor 
for cerebral desaturation. Prolongation of duration will increase oxidative stress, 
strengthen the inflammatory response, increase the severity of hypoxia, reduce tol-
erance [59]. Therefore, keeping the OLV duration short, applying lung protective 
mechanical ventilator strategies, optimizing the patients’ comorbidities, anemia and 
cardiorespiratory functions during preoperative preparation, and enabling early 
intervention by closely monitoring the hypoxia that may develop in the periopera-
tive period will be the correct approaches. In cases where the intrathoracic pressure 
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increases, mean arterial pressure and cardiac output are decreased and this has been 
suggested to decrease frontal lobe oxygenation detected by NIRS. Frontal lobe oxy-
genation decreases by >10% in patients with a mean arterial pressure reduction of 
more than 15  mmHg [60]. In cases where intraabdominal pressure increases, 
changes in NIRS values are observed [61]. In elderly and obese patients, desatura-
tion with intraabdominal insufflation is more common, and thus, monitoring these 
patients with NIRS is an important component of perioperative care [62].

The limitations of technology are overcome by human experience and interpretation.
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19Lung Transplantation: Justification 
for a Paradigm Change

Nandor Marczin, Rosalba Romano, and Marco Scaramuzzi

19.1	 �Introduction

Lung transplantation (LTx) represents a spectrum of complex and invasive surgeries 
ranging from single, bilateral sequential, and lobar to heart-lung transplantation and 
other combined procedures including kidney and liver [1]. The end-stage pulmo-
nary diseases, the impact of the respiratory condition on the pulmonary vasculature 
and right and left ventricles (cor pulmonale), their systemic co-morbidities, and the 
frequently poor general condition of the recipient, together with the challenging 
surgery and severe alterations of cardiopulmonary physiology required for different 
stages of the surgery, make the intraoperative management supremely challenging 
[2, 3]. Current clinical management during the intraoperative period is evolving 
both regarding multidisciplinary interdependence and novel technologies ranging 
from surgical advances to monitoring, therapeutic repertoire, and extracorporeal 
circulatory and respiratory support. This multidisciplinary nature demands new atti-
tudes from our specialty not only in terms of superspecialisation and expertise in 
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anaesthetic technologies but taking major new roles in multidisciplinary team 
efforts and communications.

The reality of the current era of transplantation is that recipients are increasingly 
of higher risk patients, donors are frequently suboptimal or coming from the 
“extended criteria” donor pool and the surgical procedures are becoming more com-
plex with less invasive strategies without the use of cardiopulmonary bypass (CPB) 
requiring expert management of difficult one lung ventilation, significant pulmo-
nary hypertension and circulatory challenges for prolonged period of time. Despite 
these adverse conditions, survival is improving especially considering early postop-
erative survival. However, we cannot rest as severe primary graft dysfunction (PGD) 
remains too prevalent and nonpulmonary complications are nearly ubiquitous and 
they negatively impact on long term patient survival and quality of life.

For these reasons, the international community of lung transplant anaesthetists 
continue to strive towards constant quality improvement and critical appraisal of our 
management goals. There is increasing activities in many relevant international 
organisations to formalise these dialogues, survey our practices and to attempt to 
arrive at a consensus. The recent ISHLT consensus project on PGD is a good exam-
ple framework in this direction. Indeed, currently, there is a seven-society coordina-
tion towards the first international consensus on anaesthesia and intensive care 
management of lung transplantation.

This chapter focuses on selected areas of paradigm changes in lung transplanta-
tion including (a) anaesthesia mission (b) ex  vivo lung perfusion (c) potentially 
modifiable intraoperative risk factors (d) posttransplant ventilation strategies and (e) 
some novel understanding of basic inflammatory aspects of lung injury in the set-
ting of lung transplantation.

19.2	 �Lung Transplant Anaesthesia Mission

19.2.1	 �Preoperative Paradigms

Traditionally our specialty has mainly focussed on technical conduct of anaesthesia 
towards successful completion of surgery and delivering the patient to the intensive 
care unit. We have generally learnt about the emergency transplant procedure in the 
middle of the night and first met our patient in the anaesthetic room who was listed 
for transplantation by respiratory physicians and surgeons. We have made tremen-
dous progress in some aspects of monitoring, airway management and lung isola-
tion and ensured adequate pain control. Surgery for bilateral sequential lung 
transplantation routinely involved using CPB and we have followed a few straight-
forward management principles after bypass such as fluid restriction and vasocon-
striction as haemodynamic principles. Generally, patients were of a relatively young 
age, with only lung failure and organ donors were young usually due to tragic road 
traffic accidents and brain injury.

This landscape has changed dramatically towards older recipient ages with mul-
tiple comorbidities and prevalence of frailty. Listing rarely follows absolute 
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indications and contraindications but requires careful assessment that a relatively 
high-risk patient would still benefit from transplantation compared to conventional 
medical treatment, and that the patient has a reasonable chance to survive the lung 
transplant surgery, to reduce his/her disability and to improve their health related 
quality of life. This requires input from different specialties and it is increasingly 
recognised that anaesthesia and intensive care input is paramount for patients with 
relative contraindications to LTx as part of these multidisciplinary teams. Since the 
relative contraindications and the complexity of these candidates invariably repre-
sent higher recipient risks for adverse transplant outcomes these should be recog-
nised and must be negated by various perioperative risk reduction strategies. Among 
others, these may require anesthetic expertise to safely avoid CPB and to facilitate 
minimally invasive approaches, familiarity with advanced blood conservation tech-
niques, cutting-edge pulmonary vasodilator and inotropic treatments and with pro-
tective ventilation strategies. Similarly, intensive care proficiency in mechanical 
respiratory and circulatory support is paramount in bridging critically ill recipients 
for lung transplantation or managing severe postoperative PGD in complex patients.

Such trend calls for a broader preoperative role for anesthetists and intensivists 
towards an extended, more holistic and comprehensive anesthesia/intensive care 
with more active involvement in recipient evaluation, listing and preoperative 
assessment. There would be significant benefits by such paradigm change to the 
multidisciplinary team. Firstly, the anesthesiologists and intensivists would be fur-
nished with all available information at the time of listing to plan an optimal periop-
erative patient journey and the transplant physicians and surgeons would be assisted 
with anesthetic and intensive care insights into exact risks that may compromise 
outcomes. Such dialogue could lead to better identification of modifiable risk fac-
tors and strategies for preoperative optimization and perioperative risk reduction. 
Therefore we would advocate a role beyond evaluating the technical feasibility of 
anesthetic, to play a more integral part in the multidisciplinary team as comprehen-
sive perioperative physicians contributing to patient assessment and to planning the 
perioperative care. Indeed, there is a trend in this direction as for instance, regula-
tory bodies in the UK, have now recognised the presence of named anesthesiolo-
gists and intensivists as one of the important quality measures of transplant MDT 
discussions.

19.2.2	 �Donor Management Paradigms  
and Ex Vivo Lung Perfusion

We have recently reviewed this area in details [4]. Relevant to the current theme of 
this monograph, we have advocated significant paradigm change in critical care 
management of the potential donor, for improving retrieval practices and for more 
intellectual involvement of our specialties in organ preservation, ex vivo evaluation 
and reconditioning and the need for leap advance in our efficiency in converting 
unacceptable allografts to suitable donor organs. As one of the practice points we 
have recommended that cardiothoracic anesthesia and critical care should take 
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greater responsibility for donor injury and ownership for better monitoring, evalua-
tion and management of the organ donor. We have also suggested that the anesthetic 
and critical care community should be more closely involved in research develop-
ments to mobilize further multidisciplinary expertise and investigative talent from 
our specialties.

19.2.3	 �Intra and Postoperative Paradigms

As part of an extended and truly perioperative medicine approach anesthesia occu-
pies a strategic place to plan and coordinate collaborative strategies across the con-
tinuum of patient care with a focus on the intraoperative and postoperative activities. 
Indeed, in their inspirational editorial a decade ago, Evers and Miller called for 
anesthesia to take ownership of the substantial perioperative morbidity and mortal-
ity associated with modern surgery as a core a anesthesia mission [5]. Adapting 
such strategy for anaesthetic mission for lung transplantation thus requires a better 
understanding of the exact perioperative complications contributing to overall mor-
bidity burden and mortality and identifying the intraoperative and intensive care 
strategies that may prevent or attenuate these adverse events.

The most important cause of early morbidity and mortality after lung transplan-
tation is PGD, a form of acute lung injury characterized by severe hypoxemia and 
infiltrates in the lung allograft that develops within 72 h after LTx [1, 2, 6–11]. This 
syndrome occurs in 10–30% of lung transplant recipients who require prolonged 
mechanical ventilation, ICU and hospital stay associated with reduced survival. 
Moreover, PGD also impacts on long term outcomes as PGD scores correlate with 
higher risk of chronic rejection and the development of bronchiolitis obliterans 
syndrome.

The development of PGD appears to be multifactorial reflecting the summation 
of injury inflicted upon the donor lung by the transplant process including donor-
related factors and ischaemic events during preservation prior to implantation. 
However the role of intraoperative factors, especially conditions of reperfusion and 
consequences of intensive care management are being increasingly recognised with 
potential further damage to the lung allograft with additional assaults [6, 10, 12, 13]. 
Substantial current evidence points to surgical and anaesthetic factors suggesting 
that some of these could be mitigated by appropriate intraoperative management 
strategies [6–8, 10, 11, 14]. Therefore focussing anaesthesia mission on preserva-
tion of the pulmonary allograft quality, taking stronger ownership for the develop-
ment of PGD and deploying our technical capabilities to effectively control 
modifiable intraoperative risk factors of PGD has a major potential to improve early 
postoperative and longer-term outcomes.

As LTx is one of the most invasive and extensive surgical procedures, the recipi-
ent’s body is subjected to severe physiological, cellular, and molecular stresses from 
the combined effects of anaesthesia, one-lung ventilation, pneumonectomy, and sur-
gical trauma that may compromise perfusion and O2 delivery to systemic organs 
[15–19]. This may lead to single or multi-organ dysfunction, especially in high-risk 
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patients with significant comorbidities and already compromised organ function 
with limited reserves.

A recent study by the Pittsburgh group revealed that more than 90% of patients 
had a complication after LTx and demonstrated that the presence of any complica-
tion was negatively correlated with long-term survival. Those with the greatest 
negative impact included renal, cardiac, hepatic, and vascular complications [15, 
16]. Such significant appreciation of a “ripple effect” by which non allograft related 
perioperative complications negatively affect long-term survival provides the anaes-
thetist with an opportunity to employ preventative measures and/or to improve treat-
ment strategies for specific complications.

For instance, postoperative AKI is multifunctional and mainly relates to intra- 
and postoperative adverse events (e.g., prolonged episodes of hypotension, low 
flow, hypoxemia, nephrotoxic drug and concurrent rhabdomyolysis). Importantly, 
patients with preexisting renal dysfunction are much more vulnerable to develop 
perioperative AKI and these recurring injuries due to multiple hits may progress 
towards chronic kidney disease, a significant long term posttransplant complication. 
Such recognition has major implications to preoperative assessment, risk stratifica-
tion, optimization and intra-operative risk minimization strategies. Moreover, 
anaesthesia and intensive care could facilitate a perioperative renal protection plan 
aiming to reduce the likelihood or to attenuate the severity of postoperative AKI by 
minimising renal insults such as prolonged hypotension, renal hypoperfusion, 
hypoxemia and administration of nephrotoxic drugs.

Thus, perioperative anaesthetic management should guarantee not only safe 
completion of the transplant surgery but go beyond towards improving the quality 
of the allograft, preventing extrapulmonary complications thereby reducing total 
burden of postoperative complications. Unfortunately, some of the management 
principles to protect the allograft and to preserve systemic organ function are con-
flicting, and priorities need to be decided and principles compromised according to 
the exact clinical situation.

19.3	 �Ex Vivo Lung Perfusion (EVLP)

EVLP is one of the most significant advances of the last two decades in lung trans-
plantation. Steen and colleagues originally developed EVLP to allow better clinical 
and physiological assessments of donor lungs in the Donation after Cardiac Death 
(DCD) setting [20, 21]. Subsequently, it has been recognized that EVLP might 
facilitate better recovery from donors, preserve lung injury, and help recondition 
lungs that were initially considered unsuitable for transplantation. Clinical experi-
ence from Lund, Toronto, Harefield, and others indicate that perioperative and mid-
term outcomes of transplantation of EVLP-reconditioned lungs are comparable to 
standard lung transplantation [22–26]. However, the conversion rate of evaluated 
allografts to transplantation and success of these transplants is not universal. Most 
UK experience indicated an approximately 60% progress to transplantation [24]. 
The first multicentre study to evaluate the clinical value of ex vivo lung perfusion in 

19  Lung Transplantation: Justification for a Paradigm Change



282

the UK, that involved all lung transplant centres, was terminated due to increased 
adverse signals in transplant recipients following implantation of ex vivo recondi-
tioned lungs [27]. These results indicate that further work is needed to better define 
the acceptance criteria for EVLP evaluation and more rigorous decision making in 
accepting these lungs for transplantation. Regardless of such setbacks, there are cur-
rent, large studies evaluating the role of ex vivo lung and heart perfusion and safely 
expanding the donor pool for successful lung transplantation.

The Transmedics group has expanded EVLP evaluation to the donor hospital and 
provides continuous machine perfusion during transit between the donor and 
implanting hospitals. Initial results using the integrated and portable Organ Care 
System (OCS) Lung device suggest that the technology allows favourable organ 
preservation and transplantation [28, 29]. Final results of the INSPIRE multi-centre 
trial have recently been published demonstrating the efficacy and safety of this 
novel technology. A significant reduction of PGD grade 3 within the first 72 h was 
demonstrated in patients receiving lungs after normothermic OCS preservation 
compared to static cold storage [30]. It remains to be elucidated if these observa-
tions translate into earlier recovery and improved long-term outcomes after lung 
transplantation.

Both the current static EVLP technology and the portable OCS platform involve 
careful ventilation and perfusion protocols with specific algorithms for evaluating 
lung performance on these systems. The consensus membership strongly feel that 
anaesthetists and intensivists should be an integral part of the EVLP team in order 
to maximise expertise for optimal ventilation and perfusion strategies along with 
assessment of specific and global lung functions to facilitate decision making 
regarding transplantation.

19.4	 �Intraoperative Management Strategies to Prevent PGD 
and Nonpulmonary Complications

Lung injury associated with transplantation can be conceptualised as a sequential 
series of haemodynamic, metabolic, and inflammatory insults. It starts with pulmo-
nary manifestations of critical illness and side effects of medical management pre-
ceding brain death. The sequence continues with the neurogenic effects of coning 
followed by suboptimal preservation during the period of ischaemia, and finally, 
reperfusion injury and early post-implantation management [31–33].

The recent update on the International Society of Heart and Lung Transplantation 
(ISHLT) consensus project on PGD has recommended minor changes in PGD defi-
nitions, and the mechanism and treatment review has comprehensively addressed 
donor, recipient, and procedure related aspects [6, 34, 35]. Here, we expand on 
perioperative issues with a focus on the potentially modifiable factors and 
components.

Potentially modifiable intraoperative risk factors include the recipient periopera-
tive pulmonary arterial hypertension, use of (CPB), an elevated inspired concentra-
tion of oxygen (FiO2) and oxidative stress during and following allograft reperfusion, 

N. Marczin et al.



283

injurious mechanical ventilation, and fluid management especially the transfusion 
of large-volumes of blood products [10]. Therefore, modifying surgical approaches 
towards less invasive strategies and avoiding CPB, limiting hydrostatic forces, 
hyperoxia, oxidative stress, and employment of protective ventilation strategies 
may attenuate degree of PGD. Some centres routinely practice controlled reperfu-
sion and there is potential for utilisation of antioxidants.

19.4.1	 �Trend Away from Clamshell Towards Minimally Invasive 
LTx (MILT)

Depending on the recipient’s condition, single lung-, bilateral-lung, or heart-lung 
transplantation may be indicated [1, 36]. Heart-lung transplantation is now reserved 
only for patients with irreversible pulmonary disease who have coexisting and 
uncorrectable cardiac failure. This combined procedure is now performed with 
decreasing frequency as more options are available for managing heart failure. 
Currently, the more commonly used surgical procedure is bilateral, sequential 
single-lung transplant (BSSLT). Replacing two lungs generally offers longer sur-
vival and better quality of life for the patient [1, 37, 38].

Bilateral sequential lung transplants are commonly performed via a transverse 
thoracosternotomy, popularly called a clamshell incision [39]. Motivated by reduc-
ing the invasiveness of the clamshell incision, there has been a move to use sternum-
sparing sequential anterolateral or posterolateral thoracotomies with videoscopic 
assist [40–45]. These incisions are believed to achieve better cosmetic results and 
postoperative wound healing.

The minimally invasive approach is gaining momentum as there are perceived 
and single centre observations regarding perioperative benefits, reduction in wound 
infections, and better functional recovery following transplantation. However, there 
is paucity of data on the impact of minimally invasive lung transplantation on warm 
ischemia time, early graft function, and physiologic perturbations intraoperatively 
with potential impact upon systemic organ function (renal, CNS, hepatic) and will 
need all to be addressed in the future.

We have successfully introduced the MILT procedure in our program [44]. In our 
experience the surgical approach provides acceptable exposure to critical surgical 
areas facilitating safe dissection of recipient and implantation of the donor lungs. 
Interestingly, total surgical time was less in MILT suggesting that the surgical tech-
nique does not prolong the overall procedure duration and perhaps facilitates speed 
of chest closure due to less bleeding complications. Indeed, a significant fraction of 
MILT surgery was completed without the use of blood products. In those who 
required transfusion, the MILT group required significantly less plasma, platelet 
and specific hemostasis products. There was also trend for less red blood cell usage 
both intraoperatively and in the intensive care unit. However, in some patients, we 
encountered major vascular bleeding during the MILT surgery, which required con-
version of the procedure to CPB. In this subset, the blood transfusion requirement 
was actually higher that the other groups.
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In our experience MILT has been successfully applied to a broad spectrum of 
patients suggesting that MILT can be considered for most lung pathologies. However 
severe pulmonary hypertension represents unique challenges for both off pump 
BSLT and MILT and we prefer elective bypass for transplantation for PPH.

Compared to the traditional clamshell approach duration of mechanical ventila-
tion and overall ICU stay were shorter with MILT. However, both CS and MILT was 
associated with similar kinetics and magnitude of leucocytosis and CRP increase. 
We have also observed beneficial effects of MILT on evolution of lung function. In 
our study lung function improved steadily over the first year after transplantation 
with the CS reaching approx. 80% predicted FEV1 and FVC after 6 months. MILT 
has provided consistently superior lung function during the first year time period 
after transplantation. The bilateral thoracotomies may have favorable impact on 
chest wall and lung mechanics in early postoperative periods.

Minimally invasive transplantation represents unique challenges both to sur-
geons and anesthetists. For instance, during the minimally invasive approach, the 
heart is not directly visible so continuous transesophageal (TOE) evaluation of heart 
function is essential [44, 46]. In addition, surgical manipulations of the hilum and 
heart are more pronounced requiring the anesthesiologist to be vigilant and in con-
stant communication with the surgeon. Finally, vascular anastomoses need to be 
secured prior to inflating the lung, and there is higher risk for shunt circulation, 
hypoxia, and catastrophic blood loss [44, 46]. While these challenges dictate a more 
involved anaesthesia requirement and constant anaesthetic vigilance, the observed 
clinical benefits warrant such anaesthetic dedication and commitment.

19.4.2	 �Role of Cardiopulmonary Bypass (CPB)

In the recent study by the Lung Transplant Outcomes Group covering the period of 
2002–2010 in ten leading transplant centres with more than 1200 LT recipients, the 
use of CPB represented the strongest risk (OR 3.4) for the development of severe 
PGD at 48 or 72 h [10]. Thus, safe avoidance of CPB during LT may represent the 
single most influential aspect to reduce postoperative morbidity of LT recipients. 
Our consensus has maintained this priority and provides clear management strate-
gies at various critical parts of the operation to control the factors that would trigger 
the controlled or emergent institution of CPB. However, we also recommend that 
timely and safe institution of CPB is important to prevent systemic organ dysfunc-
tion due to severe and ongoing cardiorespiratory instability [17, 44, 47]. We have 
also recommended that veno-arterial (V-A) ECMO should be considered as alterna-
tive mechanical support in appropriate situations [46, 48–52].

19.4.3	 �Management of Pulmonary Hypertension

Clamping of the Pulmonary Artery is the single most significant event regarding 
cardiovascular and systemic organ function during LTx [46, 52, 53]. Occluding the 
right or left PA significantly decreases the vascular cross-sectional area, which 
increases the pulmonary vascular pressure and may lead to abrupt RV pressure 
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overload with acute RV dysfunction and failure, essentially independent of preop-
erative existing RV hypertrophy. This in turn compromises organ function with dire 
consequences for postoperative recovery and outcomes. Moreover, it may necessi-
tate mechanical support, which in turn will compromise allograft function and con-
tribute to PGD. Thus, the entire anesthetic period from induction to PA clamping is 
required in preparation for this event to optimise hemodynamics, fluid status, atten-
uate pulmonary vasoconstriction, and maintain RV contractility by ensuring ade-
quate perfusion pressure, preload, and afterload.

Cardiopulmonary function during One Lung Ventilation (OLV) and one-lung 
perfusion (OLP) for transplantation is significantly different from similar situations 
during pneumonectomy for cancer resection. In the latter situation, patients are 
carefully selected with appropriate ventilatory reserve and generally without signifi-
cant PH. During lung transplantation, OLV needs to support homeostasis with end 
stage lung disease and significant primary or secondary pre-existing PH with car-
diopulmonary remodelling. Successful OLV and OLP will require careful optimisa-
tion of RV preload. Hypovolaemia will reduce cardiac output whereas fluid overload 
will lead to RV overdistension, myocardial ischaemia, tricuspid regurgitation, and 
further decrease of forward flow.

RV afterload should be optimised by complimentary strategies including non-
specific means and active pharmacological therapy with pulmonary vasodilators 
[54, 55]. Among non-specific measures, hypoxemia, hypercapnia, acidosis, and 
hypothermia, light anesthesia should be all considered. In addition, pulmonary 
vasodilators—especially those with pulmonary selectivity—should be up and run-
ning. Selective pulmonary vasodilators decrease PVR and maintain MAP and RV 
perfusion pressure, while also helping with V/Q matching and reducing shunts [56–
60]. Figure  19.1 demonstrates our regular strategy for administration of inhaled 
pulmonary vasodilators including iNO and Iloprost.

Fig. 19.1  Combined administration of 
inhaled pulmonary vasodilator inhaled 
nitric oxide (shown is measurement port 
to monitor exact delivery of inhaled 
nitric oxide in the distal inhalation limb 
of the ventilation circuit but proximal to 
humidifying filter) and ultrasonically 
nebulised Iloprost as the authors standard 
preoptimisation strategy for pulmonary 
vascular and right ventricular support 
therapy
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Intravenous vasodilators could be useful in case of dominance of pulmonary 
vasoconstriction; however, systemic vasodilation, and thereby reduction in perfu-
sion pressures to the RV, kidneys, and brain should be taken into consideration, 
monitored, and protected by additional means.

19.4.4	 �Controlled Reperfusion

There is strong animal experimental data to suggest that rapid reperfusion is harm-
ful by causing stress failure of ischaemic lung microvasculature. In addition, small 
and large animal preparations indicate that limiting the initial reperfusion pressure 
for a short period of time has beneficial effects on subsequent allograft function 
and the development of PGD [61, 62]. Hence, the concept of controlled reperfusion 
is being increasingly recognised in clinical transplantation. Lick and colleagues 
from Texas have demonstrated that controlled reperfusion of the transplanted lung 
with white cell-filtered, nutrient-enriched blood has given excellent results [63]. 
They have collected 1.5 l arterial blood in a cardiotomy reservoir, and a modified 
blood/preservation perfusate was infused into the transplant pulmonary artery for 
10 min at a low perfusion rate of 200 mL/min and low pressure (less than 20 mmHg), 
immediately before removal of the vascular clamp. Schnickel et al. has expanded 
such experience with the modified reperfusion technique and demonstrated low 
incidence of severe primary graft dysfunction and favourable short-term outcomes 
[64]. While these specific and complex reperfusion protocols have not been tested 
in large RCTs and are not practiced routinely, attempts should be made to control 
reperfusion conditions. As this has been taken up widely, the PA clamp can be 
reduced gradually by the surgeon while blood flow is slowly introduced to the new 
lung over a 10–15 min period. A combination of anaesthetic techniques including 
permissive systemic hypotension and use of vasoactive agents to maintain low PAP 
and pulmonary blood flow in order to reduce microvascular stresses for the first 
10 min of reperfusion.

19.4.5	 �Hyperoxia and Oxygen Toxicity

Given that oxidative stress is a principle mechanism of reperfusion injury, hyper-
oxia has been long considered a major contributing factor for the development of 
acute lung injury and detrimental to early graft function [65–69]. The strongest 
clinical insights into these adverse events come from the study of Diamond et al. 
who investigated the effect of pre-reperfusion FiO2 on subsequent development of 
grade 3 PGD at 48 and 72 h [10]. Increased FiO2 during allograft reperfusion was 
strongly associated with development of severe PGD, independent of transplant 
type, bypass use, and pretransplant diagnosis. If the FiO2 was kept below 40%, the 
predicted risk of grade 3 PGD was 12%. However, in the group that received higher 
than 40%, the risk increased to 18%, a relative risk increase of 30%. While higher 
FiO2 may reflect patient needs during the surgical procedure, especially in the 
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setting of minimally invasive transplantation. Diamond and colleagues have high-
lighted different intraoperative practice patterns and preferences among the partici-
pant institutions, which represent a potentially modifiable factor in protecting 
allograft quality [10].

19.4.6	 �Antioxidant Treatment

There is major discrepancy between the strong conclusion of experimental studies 
regarding oxidative stress, the reported beneficial effects of antioxidants, and clini-
cal applications [70]. Despite some real benefits of antioxidant treatment in renal 
transplants, there has been little clinical effort in lung transplantation to fully evalu-
ate antioxidant treatment [70–73]. Our recent survey indicated that there is only a 
minority of centres who routinely administer antioxidative drugs for reperfusion 
injury ascorbic acid (6.7%; n = 5), acetylcysteine (6.7%; n = 5) [74]. This is in con-
trast with the recent clear demonstration that severe PGD was associated with 
increased plasma levels of lipid peroxidation products such as F2-isoprostanes and 
isofuranes, with even higher levels of these biomarkers in the setting of hyperoxia 
at reperfusion or in recipients of lungs from donors with smoke exposure [75]. 
Other important information suggests that the antioxidant capacity of lung trans-
plant recipients is compromised before transplants and remains lower following 
transplantation with evidence of increased oxidative stress both in the lungs and 
plasma long after implantation [76].

Inhaled NO has been advocated as master reperfusion treatment, but most studies 
have not shown true benefit in preventing and treating reperfusion injury. We have 
recently provided a detailed analysis of the LT literature regarding the current status 
of iNO [59]. Both the European recommendations for inhaled NO or the recent 
ISHLT PGD consensus groups could not make a strong case for inhaled NO as a 
reperfusion therapy but appreciated the potential roles of iNO as rescue therapy for 
severe PGD [35, 77]. The only clinical study showing significant reduction in PGD 
by inhaled NO was the Valencia study, but those utilized lower iNO concentrations 
throughout the implant procedures and the effect could be related to hemodynamic 
management rather than true reperfusion effect [78]. Also, inhaled NO may pro-
mote free radical formation, negate any potential benefits and potentially injure the 
vulnerable allograft.

19.4.7	 �Intravenous Fluid Therapy

Judicious administration of intravenous fluid at induction of anesthesia and at criti-
cal stages of high-risk hypotension is justified. However, the benefits of fluid load-
ing should be balanced with potential detrimental effects of intravascular fluid 
overload on one-lung perfusion and right ventricular performance as well as its 
contribution to interstitial and alveolar oedema following lung reperfusion [79]. 
Evidence of appropriate volume loading of the left and right ventricles should be 
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sought by transoesophageal echocardiography (TEE) aiming for adequate renal per-
fusion but avoiding overload to limit the risk of pulmonary oedema.

Large volumes of intravenous crystalloid infusions should increase pulmonary 
filtration forces, and colloids should reduce fluid filtration by increasing vascular 
oncotic pressure. However, in the face of increased permeability, the situation may 
be more complex with colloids contributing to interstitial oedema and reduction of 
gas exchange. Indeed, single centre results indicate that increasing volume of intra-
operative colloid was associated with impaired gas exchange following transplant, 
reduced rate of tracheal extubation, and a trend for prolonging duration of stay in 
ICU [19]. It should be noted, that the colloid used was Gelofusine®, B.  Braun, 
Australia, which has a small molecular weight (30,000 Da), and the findings may 
not be generalised for higher weight colloids such as human albumin with molecu-
lar weight of 65,000 Da.

Indeed, another large single centre study found no association between the non-
blood components of fluid therapy (crystalloids and colloids) and grade-3 PGD, 
while there was a positive association between the total amount of fluids adminis-
tered and development of severe PGD [80]. In this investigation, the odds for devel-
opment of grade-3 PGD increased by 13% for each additional liter of fluid, and 
particularly, patients with grade-3 PGD were given a significantly higher volume of 
red blood cells than patients with lower grades of PGD. In a multi-institutional col-
laboration, the Lung Transplant Outcomes Group also reported a significant asso-
ciation between blood transfusions and PGD development with the conclusion that 
transfusing more than a liter of blood being associated with a twofold increase in the 
incidence of PGD [10]. Furthermore, a meta-analysis also concluded that transfu-
sion of red blood cells and plasma was associated with PGD development [81].

These observations have major implications to intravenous fluid therapy. While 
this remains the cornerstone of intraoperative management of lung transplantation 
and is required for hemodynamic stability and organ perfusion, excessive fluid 
administration, infusion of low molecular weight colloids such as gelatins and allo-
genic blood transfusion may augment lung injury and predispose to primary graft 
dysfunction. The fluid and transfusion restriction however, should be balanced by 
the requirement of maintaining perfusion pressure and cardiac output especially 
towards preserving renal homeostasis.

19.5	 �Protective Ventilation

Mechanical ventilation (MV) is crucial in the intraoperative and early postoperative 
management of lung transplant recipients. Despite this, the intense research on 
mechanical ventilation in general intensive care units and in patients suffering from 
ARDS has only been partially translated to the special setting of LT [82–89]. Thus, 
many fundamental aspects remain unknown. There are only limited studies directly 
observing perioperative ventilation techniques in human lung transplantation, and 
the influence of different ventilation strategies on clinical outcomes currently 
remains largely unknown. Importantly, lung transplant recipients were excluded 
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from the original and subsequent ARDS trials. As a consequence, institutional poli-
cies, reports from single centres, and broader surveys derive their recommendations 
as an extrapolation from results from the ARDS field and emerging experience from 
other perioperative settings [50, 74, 82, 83, 89–93] (Fig. 19.2).

In both situations, the message has been to employ protective, rather than injuri-
ous ventilation settings, although the strengths and details of such recommendations 
vary [94, 95]. The general message for the last decade has been low tidal volume 
ventilation with appropriate PEEP to reduce cyclic opening and closing of lung 
units to avoid volutrauma and barotrauma [88]. Lately, it has become clear that the 
benefits of low tidal volume can only be realised when the low tidal volume con-
ferred low driving pressures, as the latter parameter is now believed to be the major 
factor determining lung injury and cause of poor outcomes [96]. Similar analysis 
also revealed driving pressure but not tidal volume or PEEP as the principle mediat-
ing factor of postoperative complications in a large meta-analysis of individual 
patient data undergoing various forms of general and thoracic surgery [97]. These 
ventilator strategies are just beginning to emerge in LT [90, 98].

For instance, investigators from Iowa and Maryland advocated lung-protective 
MV with low tidal volumes (≤6 mL/kg predicted body weight) and positive end-
expiratory pressure for the LT-recipient. They have recommended that the tidal 

Fig. 19.2  Electron micrographs showing intravascular monocyte in pre-implantation lung biop-
sies. From three different lung. Samples were obtained at the end of the cold ischaemia, prior to 
implantation. Despite the flushing at the time of the retrieval, monocytes (M), with typical 
horseshoe-like nuclei, and neutrophils (N), with bi-lobed nuclei, are seen within the pulmonary 
vasculature with various grades of monocyte–endothelial (EC) interactions (arrows), including 
multiple connections with the ECs consistent with tethering and manifest adhesion
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volume should be standardized for donor body ideal weight as a parameter reflect-
ing of actual allograft size, rather than based on recipient characteristics. However, 
the report of Diamond et al. showed that tidal volumes at the time of reperfusion 
were not a risk factor for the development of subsequent PGD [10].

A systematic review of the LT ventilation literature of the new millennium has 
failed to make recommendations for optimal ventilation strategies for lung trans-
plantation and mainly cited perioperative studies from general cardiac and thoracic 
surgery. Thakuria et al. have advocated taking driving pressure into consideration, 
either by limiting inflation pressures or increasing PEEP [90, 98]. Moreover, the 
only RCT regarding intraoperative ventilation strategies has utilized low tidal vol-
ume ventilation and also explored a lung open concept strategy in a pilot setting. 
Verbeek et  al. demonstrated that intraoperative open-lung protective ventilation 
strategies based on stepwise recruitment, PEEP, and pressure-controlled ventilation 
with tidal volume based on ideal recipient body weight calculation are achievable 
and safe in patients undergoing lung transplantation and appear to be associated 
with a reduced duration of mechanical ventilation and improved oxygenation in the 
acute implantation period [99].

Therefore perioperative protective ventilation strategies represent a major new 
paradigm change for lung Tx anaesthesia. Intraoperative ventilation practice should 
avoid injurious large tidal volumes, high inspiratory pressures, and low PEEP strate-
gies and should employ lung protective and open concept ventilation strategies.

19.6	 �Novel Mechanisms of Lung Injury: Monocytes 
and Cytokines

Current mechanistic and translational scientific basis of lung injury includes isch-
aemic structural and functional damage to the microvascular endothelium and alve-
olar epithelium, inflammatory activation of alveolar cells, circulating and resident 
leukocytes, proinflammatory cytokine imbalance, and increased oxidative stress 
[100] [11] [27, 46, 101, 102]. There is strong evidence to suggest that inflammatory 
genetic alterations are already present at the end of the ischaemic period in lungs 
that subsequently suffer from PGD [103]. Furthermore, reperfusion sets into motion 
programmed cell death cascades with up to 30% lung cells exhibiting signs of apop-
tosis prior to chest closure [104].

For the last few years we have embarked to investigate basic inflammatory 
mechanisms of lung injury associated with LTx. On the basis of previous studies at 
Imperial College where marginated and activated monocytes contribute to endo-
toxin and ventilator induced lung injury, we hypothesised that donor lung-
marginated, intravascular monocytes, exposed directly to the I/R-induced vascular 
stress and in close contact with the pulmonary capillary endothelium, would play 
a key role in development of transplant-related I/R lung injury, and thus PGD. We 
investigated this hypothesis using a mouse isolated perfused lung (IPL) model of 
transplant-related early I/R injury, combined with intravascular monocyte deple-
tion and repletion treatments. We then evaluated numbers and phenotypes of 
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mononuclear phagocytes within pre-implantation lungs and studied their relation-
ships with post-implantation gas exchange and PGD severity in human lung 
transplantation.

We have demonstrated that intravascular monocytes retained in the IPL model 
become activated and contribute significantly to the development of I/R lung injury. 
The clinical significance of these observations was supported by our pilot study 
with human donor lungs, where monocyte numbers and their expression of surface 
activation markers were associated with reduced postoperative gas exchange and 
development of PGD in recipients. Figure 19.1 demonstrate marginated passenger 
leukocytes following harvesting, flushing but before reperfusion of human lung 
allografts. As a substantial intravascular population with immediate exposure to and 
interactions with donor and recipient environments, donor-derived passenger mono-
cytes could represent a novel therapeutic target to improve the quality and function 
of lung allografts.

These monocytes may also contribute to lung injury in the EVLP platform. Our 
collaboration with other LTx centres during the DEVELOP-UK trial and the trans-
lational studies with Newcastle University has shed some novel lights on the cyto-
kine theory of lung injury [27, 105]. We have analysed longitudinal samples of 
perfusate, bronchoalveolar lavage, and tissue from 42 human donor lungs undergo-
ing clinical EVLP assessments for markers of inflammation and tissue injury. Levels 
were compared according to EVLP success i.e. acceptance for clinical transplanta-
tion and stratified according to post-transplant outcomes.

The most effective markers to differentiate between in-hospital survival and non-
survival post-transplant were perfusate interleukin (IL)-1β (area under the 
curve = 1.00, p = 0.002) and tumour necrosis factor-α (area under the curve = 0.95, 
p = 0.006) after 30 min of EVLP. These exciting data provide tremendous insights 
into the cytokine debate regarding acute lung injury. We have clearly demonstrated 
that donor lungs develop a detectable pro-inflammatory signature in perfusate during 
EVLP and that these cytokines and discriminate lungs that are accepted or rejected 
for transplantation and also relate to clinical outcomes after transplantation.

These observations contribute substantially to current understanding of the 
development of lung injury with important clinical and therapeutic potential. They 
indicate that more should be done in attenuating donor passenger leukocyte reten-
tion and activation. Furthermore, the cytokine data during human EVLP provides 
solid foundations for targeted pharmacological treatments towards blocking the 
IL-1β and TNF pathways.
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20.1	 �Introduction

Extracorporeal membrane oxygenation (ECMO) has been available for decades as 
a support treatment for severe cardiopulmonary disease; however, its use was ini-
tially associated with high complication rates and poor results. ECMO has evolved 
in design, technology, patient selection, cannulation techniques, devices and man-
agement, leading to extend its indications with promising results [1]. After CESAR 
study publication [2] an improvement in survival in adults suffering from acute 
respiratory distress syndrome (ARDS) randomized to ECMO compared with con-
ventionally treated patients was reported.

New centrifugal pumps and heparin-coated circuits also led to a radical change 
in ECMO practice. Nowadays ECMO offers a long lasting support for several days 
or weeks with limited inflammatory reaction, less bleeding, less platelet dysfunction 
and reduced circuit malfunctions (Picture 20.1).

The objective of the ECMO devices is to provide respiratory and/or cardiocircu-
latory support.

Cardiopulmonary bypass (CPB) was used during thoracic surgery, but now more 
centers replaced CPB by ECMO for patients with respiratory and/or cardiac failure 
[3]. Several CPB-associated complications were reported, including increased need 
for blood products due to complete heparinization, risk of potential tumour cell 
spilling through the suction and reservoir system (open system) and systemic 
inflammatory response.

There are two types of ECMO: venovenous (VV) ECMO for respiratory failure 
and/or veno-arterial (VA) ECMO when there is also a hemodynamic compromise.
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The VV ECMO is the most frequently used in thoracic surgery [4–6]. The most 
frequent surgeries with ECMO are airway surgery (tracheal resection, bronchial 
resection), resection advanced thoracic tumours, thoracic emergencies, difficult or 
impossible one lung ventilation, lung transplantation (LTx) and acute respiratory 
distress syndrome (ARDS).

In thoracic surgery ECMO is a well-established alternative to one lung ventila-
tion, where intraoperative ECMO can ensure protective lung ventilation strategy 
and good surgical exposure. ECMO to facilitate recovery (bridge to recovery), in 
LTx (bridge to transplantation), change to other devices or configuration (bridge to 
bridge) or change of strategy (bridge to decision).

In the postoperative course VV ECMO has been mainly used in the ARDS con-
text and in the severe primary graft failure [7]. It has also been reported that ECMO 
improves survival in pneumonectomy ARDS [8].

VA ECMO is performed for cardiocirculatory support with or without respira-
tory failure.

Picture 20.1  ECMO 
console
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20.2	 �Configuration

20.2.1	 �VV ECMO

Allows oxygenation and carbon dioxide (CO2) removal. Blood is drained from the 
inferior vena cava (IVC) or right atrium (RA), passing through a centrifugal pump 
and the oxygenator membrane and returns to the patient. Once in the RA, oxygen-
ated and decarboxylated blood is mixed and ejected by the right ventricle (RV) to 
the pulmonary circulation. VV ECMO does not directly support the heart; however, 
severe hypoxemia/hypercarbia improvement, decreases pulmonary vascular resis-
tance, decreases RV afterload and can enhance RV performance. In addition, the 
onset of VV ECMO usually results in a reduction in airway pressures, which also 
improves RV afterload.

20.2.2	 �VA ECMO

It offers cardiocirculatory support with or without respiratory failure. Peripheral VA 
ECMO should not be used as a first-line strategy in case of isolated lung failure. 
Blood is drained from the RA and reinfused into the aorta, thus decreases pulmo-
nary venous return to the left atrium and left ventricle volume and pressure are 
reduced, promoting myocardial rest, improving coronary flow and therefore myo-
cardial recovery.

20.3	 �Cannulation

Seldinger technique is usually preferred for venous cannulation while arterial can-
nulation depends on the anatomy, center experience and cannulation site [9–11].

20.3.1	 �VV ECMO

20.3.1.1	 �Two Cannula VV ECMO
–– Femoro-jugular: blood is drained from the IVC through a cannula introduced in 

the femoral vein and is then advanced until the inferior cavoatrial junction. Blood 
is reinfused into the RA through a cannula inserted into the internal jugular vein, 
the tip advances to the superior cavoatrial junction.

–– Femoro-femoral: The blood is drained from the IVC through a femoral venous 
cannula and is reinfused through a cannula introduced into the femoral vein (usu-
ally contralateral) and advanced into the RA. The drainage cannula is usually 
multi-perforated.

20  Extracorporeal Life Support (ECMO) in Thoracic Surgery



302

20.3.1.2	 �Single Cannula VV ECMO
Single cannula technique offers lower probability of recirculation, reduced risk of 
catheter-related infection, less bleeding and the ability to mobilize the patient. 
Optimal cannula positioning must be controlled with transesophageal echocardiog-
raphy (TEE) or fluoroscopy. The echocardiographic guide and cannula visualization 
is essential for a safe cannulation. Ventricular rupture and cannula displacement are 
the main severe complications of this technique.

20.3.2	 �VA ECMO

20.3.2.1	 �Central Cannulation (Sternotomy)
Often used in postcardiotomy cardiogenic shock or intraoperative cardiorespiratory 
support instead of conventional CPB. Venous cannula drains blood from RA and 
arterial cannula reinfuses oxygenated blood into the ascending aorta. Less heparin 
requirement and less systemic inflammation prevents bleeding and transfusion. No 
venting and the impossibility for cardioplegic arrest are VA ECMO main 
disadvantages.

20.3.2.2	 �Peripheral Cannulation
It can be performed through percutaneous or surgical access. Femoral access is of 
choice due to its accessibility. A multi-perforated cannula through the femoral vein 
(preferably the right femoral vein) is inserted and advanced to the cavoatrial junc-
tion. The arterial cannula (16–20 Fr) is inserted into the femoral artery with the tip 
of the cannula in iliac artery or aorta. Since the femoral arterial cannula can com-
promise limb perfusion, an additional arterial cannula (~10 Fr) should be inserted in 
order to perfuse the extremity (Picture 20.2).

When femoral vessels are not suitable for cannulation, subclavian artery by 
direct cannulation or vascular graft interposition is feasible. The subclavian arterial 

Picture 20.2  Peripheral 
VA ECMO with limb 
perfusion cannula
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cannulation and jugular venous cannulation, also offers the advantage of early 
mobilization and active rehabilitation.

20.4	 �ECMO in Thoracic Surgery

20.4.1	 �Airway Surgery

During tracheal resection surgery, ventilation strategy and airway management are 
crucial. Thoracic surgery frequently requires selective ventilation with right or left, 
double lumen tubes. In this scenario intraoperative hypoxemia can occur and con-
ventional strategies used to prevent this complication (continuous positive airway 
pressure, alveolar recruitment, etc.) can impair surgical exposure. Selective venti-
lation could be impossible during tracheo-bronchial surgery, especially when the 
left main bronchus is involved [12]. Ventilation can be achieved by a high-fre-
quency jet-ventilation catheter, by a fine probe of 5–6 mm crossing through the 
anastomosis or by a sterile probe inserted by the surgeon into the distal trachea. 
Complications of jet-ventilation include lung barotrauma and ventilation issues. In 
these procedures VV ECMO is an alternative to mechanical ventilation allowing 
better visualization and offering oxygenation and CO2 clearance [13, 14] 
(Table 20.1).

20.4.2	 �Difficult or Impossible One Lung Ventilation (OLV)

OLV in pulmonary disease can result impossible. Pulmonary wedge resections 
supported with VV ECMO have been reported in post pneumonectomy patients 
[15, 16].

Table 20.1  ECMO indications [1–4]

Peripheral
VV ECMO

Peripheral
VA ECMO

Central
VA ECMO

Trauma Yes Yes No
Lung resection Yes Yes Yes
Volume reduction Yes No No
PA surgery Yes Yes No
Bridge Ltx Yes No No
PH bridge Ltx No Yes Yes
Ltx/intrao No Yes Yes
Ltx/PGD Yes Yes No

LTx lung transplantation, PA pulmonary artery, PH pulmonary arterial hypertension, PGD primary 
graft dysfunction, INTRAO intraoperative
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20.4.3	 �Mediastinal Masses

Large masses occupying the anterior mediastinum have the potential to cause com-
pression of the trachea, great vessels and RA.  In the awake patient, the negative 
pressure generated by inspiration reduces this effect. This situation is abolished by 
muscle relaxants, and positive pressure ventilation can precipitate central airway 
obstruction or catastrophic reduction of cardiac output and cardiopulmonary arrest. 
The VA ECMO configuration warrants cardiorespiratory assistance before general 
anesthesia is initiated [17, 18].

20.4.4	 �Advanced Surgical Resections

Locally advanced thoracic tumors resection may occasionally be complex or even 
impossible to resect using conventional ventilation [19]. Lung tumor resection and 
reconstruction of superior or inferior vena cava, left atrium, distal aorta, and carina 
has been described with VA ECMO support. Cannulation sites may vary according 
to the planned resection.

20.4.5	 �Thoracic Emergencies

ECMO has been used outside the thoracic operating room during resuscitation 
maneuvers allowing rapid improvement of tissue oxygenation and hemodynamic 
stability. The choice of VV versus VA ECMO in emergency circumstances depends 
on the need for oxygenation versus the need for concomitant hemodynamic support. 
ECMO has been described as a lifesaving emergency treatment until hemodynamic 
stabilization. Severe pulmonary embolism, complex broncho-esophageal fistula, 
tracheal stenosis, thoracic severe trauma and hemoptysis control are different situa-
tions in pulmonary scenario that may require emergent ECMO [20–22].

20.4.6	 �Lung Transplantation (LTx)

Perioperative management in lung transplantation has evolved in the last decade and 
the use of ECMO has become a regular approach. ELSO database [1990–2016] 
reported that 1066 lung transplant recipients and/or patients were supported with 
ECMO in the perioperative period with an overall ECLS survival to hospital dis-
charge of 65% [23].

ECMO can be used at different stages: (1) bridge to LTx; (2) intraoperative sup-
port (3) after LTx.

20.4.6.1	 �Bridge to Ltx
The role of ECMO in this context has been controversial. Some centers considered 
the use of ECMO in terminal respiratory failure a contraindication. However, 
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considering the recent technological improvements some authors estimated that 
4–6 weeks until the right donor is found is a safe and reasonable period. In this 
scenario, both VV ECMO and VA ECMO are used, depending on the hemodynamic 
situation and the presence of pulmonary hypertension. Polymethylpentene (PMP) 
oxygenators and new centrifugal pumps have allowed the reduction of failure and 
technical problems during their handling. Thus, the requirements for blood transfu-
sions have been significantly reduced, thereby improving the exchange of gases, 
reducing the frequency of oxygenator failure and improving the safety of the 
devices. In addition, the incorporation of the heat exchanger and the lower ECMO 
priming volumes have undoubtedly improved the results [24–26].

The use of VV ECMO in awake, non-intubated spontaneously breathing patients 
was first described for respiratory deterioration in patients awaiting lung transplan-
tation. These patients are the ideal candidates for an awake ECMO approach given 
their usual single organ dysfunction, their fragile heart–lung equilibrium, and the 
potential great benefit from the maintenance of preoperative physical 
rehabilitation.

The role of ECMO as bridge to LTx is double: (1) restitute the oxygen delivery 
and CO2 clearance; (2) keep the patient in good conditions (awake, mechanical 
ventilation weaning, ambulatory ECMO) for better LTx outcomes. Except for 
patients suffering from terminal pulmonary hypertension, the best ECMO strategy 
to bridge patients to LTx is the single-site VV ECMO using the Avalon Elite™ can-
nula. Many patients with hypercapnic respiratory failure can be bridged with pump-
less AV ECMO or low flow VV ECMO. Those with significant hypoxia will require 
full flow VV or if hemodynamically unstable, peripheral VA ECMO.

Concerning the pulmonary hypertension patient, VV ECMO should be avoided. 
Indeed VV ECMO would significantly increase the RV preload and would promote 
a life-threatening right dysfunction. In this situation VA ECMO or the pulmonary 
artery-left atrium (PA-LA) Novalung® can be used [27].

20.4.6.2	 �Intraoperative support
Lung transplant surgery is characterized by hemodynamic and respiratory compro-
mise [28]. In the last decade ECMO has gradually supplanted CPB. CPB is known 
to increase transfusion rate, in addition to increase the levels of cytokines impairing 
lung function and aggravating the ischemia-reperfusion syndrome. VA ECMO 
decreases the requirement for dialysis, the risk of bleeding, the need of transfusions, 
the rates primary graft dysfunction (PGD), and critical care unit and hospital length 
stay [29, 30].

Central or peripheral VA ECMO can be used during LTx as an intraoperative 
support. In case of bilateral or single right LTx, the central aortic and atrial cannula-
tions can be performed through a Clamshell incision or a right hemi-clamshell inci-
sion, respectively. In case of left single LTx, it is possible to cannulate the aorta 
according to a central mode and a femoral vein percutaneously. Peripheral VA 
ECMO has the advantage to be kept in the postoperative period if needed. Patients 
bridged to lung transplantation on VV-ECMO can occasionally be supported with 
VV ECMO support during their transplant or combined with VA ECMO support.
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20.4.6.3	 �Postoperative Period
Complications such as PGD, hyperacute rejection and hemodynamic alterations are 
the main causes of respiratory failure. ECMO is considered an adequate system to 
provide cardiorespiratory support in patients with pulmonary dysfunction after 
transplantation once conventional treatments are not effective. According to the 
International Society for Heart and Lung Transplantation, PGD is responsible for 
one third of postoperative mortality (30 days) and 15% of deaths during the first 
3 months in patients who underwent LTx leading to a significant increase in postop-
erative morbidity.

PGD represents a multifactorial complication that develops within 72  h after 
LTx. PGD is defined by the presence of bilateral lung edema in absence of heart 
dysfunction or overloading status. ECMO is indicated in severe and refractory PGD 
[31]. An increase in capillary permeability, as an expression of the damage due to 
the ischemia of the implanted lung is the main mechanism of PGD. The edema is 
influenced by several factors: degree of preservation, time of ischemia, previous 
neurogenic edema, surgical trauma, hydration of the recipient, interruption of pul-
monary lymphatic drainage, etc. Pulmonary venous drainage stenosis or thrombosis 
must be also ruled out [32, 33].

The advantages of veno-venous cannulation compared with veno-arterial can-
nulation have been described in numerous studies (Table 20.2). Double or single-
cannula VV ECMO have both several advantages and drawbacks. Double-cannula 
VV ECMO will allow a better oxygenation in case of high level of O2 requirements 
whereas the single cannula VV ECMO will be compatible with an ambulatory strat-
egy [34].

20.4.7	 �Acute Respiratory Distress Syndrome (ARDS)

The ARDS is the most severe form of lung injury and the largest indication of 
ECMO in thoracic surgery. ECMO is indicated in severe and refractory ARDS in 
association with the protective ventilation strategy. The main goals are to ascertain 
gas exchanges and promote lung recovery by resting the lungs. VV ECMO is of 
choice in severe and refractory adult respiratory failure. Although there are several 
criteria, the ELSO recommends initiation of ECMO when the PaO2/FiO2 is ≤100 on 

Table 20.2  Differences between VV ECMO and VA ECMO [34]

VA ECMO VV ECMO
Cardiac support No cardiac support
Arterial and venous cannulation (related 
complications)

Venous cannulation

Decreases pulmonary artery pressure/supports RV. Pulmonary blood flow is maintained
Higher PO2 with lower perfusion rates Higher perfusion rates are needed
Higher heparin need and neurological complications Less anticoagulation needed
LV dilation or Harlequin syndrome Recirculation
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FiO2 >90% and/or score in the Murray scale 3–4 and/or hypercapnia with pH <7.2 
despite optimal mechanical ventilation or plateau pressure >30 cm H2O [35, 36].

20.5	 �Management

20.5.1	 �Monitoring

Proper monitoring prevents increases in morbidity and mortality [37]. Echography 
plays a key role in the assistance of the patient with ECMO. Especially, echocar-
diography can help during the daily management of ECMO, as well as at the time 
of cannulation for optimal cannula placement. Echocardiography is essential to 
evaluate ventricular and lung recovery and timing of weaning.

20.5.2	 �Anticoagulation

Systemic anticoagulation remains an important component in ECMO management. 
The goal of anticoagulation is to balance therapeutic doses to prevent circuit throm-
bus with minimization of bleeding complications.

Activated clotting time (ACT), activated partial thromboplastin time (APTT), 
anti-factor Xa levels and thromboelastography (TEG) have all been utilized to mea-
sure level of anticoagulation. ELSO guidelines provide details about possible 
anticoagulation.

Cannulation may start if ACT is ≥250 s for both central and peripheral cannula-
tion (bolus of heparin 1–1.5 mg/kg). After finishing the surgical intervention prot-
amine may be added. In special situations, such as heparin-induced thrombocytopenia, 
bivalirudin or argatroban can be used as anticoagulant agents [38, 39].

May ECMO be continued in the intensive care unit, a continuous infusion of 
heparin will be used (2  mg/kg/day) in order to approach ACT 160–180  s. 
Individualized and continuous follow-up should be carried out (every 2 h) and the 
anticoagulation should be adjusted to the specific circumstances (bleeding risk, 
thrombus risk). The heparin should not be administered or should be stopped if the 
thoracic drain is greater than 100  ml/h. In case of hemorrhage, traumatic brain 
injury, severe chest trauma with major risk of bleeding, it is possible not to use 
heparin until the risk of bleeding has decreased.

Hemoglobin threshold to receive red cells depends on the patient diagnose and 
situation but generally is accepted to transfuse if hemoglobin ≤8 g/dl, in case of 
platelets if the count ≤50 × 109/L, and fresh frozen plasma if the international nor-
malization ratio ≥1.5 or in case of coagulopathy, or both [40, 41].

If the required dose of heparin is high (>20 U/kg/h), levels of antithrombin III 
(ATIII) must be measured; fresh frozen plasma or recombinant ATIII is indicated if 
ATIII ≤50% and high requirement of heparin is found. In order to prevent thrombus 
formation, in VA ECMO weaning or low flow VV ECMO (ECMO <1.5 l/min) ACT 
should remain above 200 s.
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20.5.3	 �Ventilation

Once the assistance with ECMO has begun and adequate SaO2 has been achieved, 
ventilator settings should be adjusted avoiding plateau pressure 
≥30  cm  H2O.  Hypercarbia should be cautiously treated due to rapid changes in 
pH. Alveolar recruitment during the acute phase of ARDS should be avoided and 
once stability is achieved spontaneous ventilation must be promoted.

20.5.4	 �Hemodynamic

Mean arterial pressures should be in range of 65 mmHg. In VA ECMO pressure 
pulse can be diminished depending on the left ventricular function, fluid status and 
centrifuge velocity. Aortic valve opening must be regularly achieved in order to 
avoid left ventricular dilation. In VV ECMO hemodynamics depends on the patient’s 
cardiac function and vascular resistance.

20.5.5	 �Other Monitoring

Limb ischemia signs due to limb cannula thrombosis, circuit inspection, infection 
signs, neurological complications, oxygenator thrombus.

20.5.6	 �Weaning

VV ECMO weaning must be considered if pulmonary compliance and clinical sta-
tus improved (mechanical ventilation with Fio2 <50%, PEEP <5 cm H2O, plateau 
pressure <30 cm H2O, with TV > 4 mL/kg). Sweep gas flow can be progressively 
decreased and close off in the presence of constant ECMO blood flow. We will pro-
ceed with VA ECMO weaning if cardiac function is restored. In VA ECMO gas 
sweep must never be stopped and if ECMO flows are decreased ventilation should 
be increased.

20.6	 �Complications

Depending on the scenario ECMO exhibits high rate of complications with an inci-
dence of 32–40%. These complications are shown in Table 20.3.

Cannulation issues are common and should be minimized by careful evaluation 
and monitoring. Seldinger technique and venous cannulation allow preventing ves-
sel injuries and risk of bleeding. Echography offers information in terms of vessel 
size, enhancing cannula size choice and therefore ECMO flow and reduces cannula-
tion complications.
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VA-ECMO disadvantages include risk of arterial injury, bleeding, embolism, 
limb ischemia and cardiac thrombus.

In peripheral VA ECMO Harlequin syndrome can occur [42]. When cardiac 
function improves but pulmonary function is still altered, ECMO oxygenated blood 
will preferentially perfuse the inferior part of the body and the ejected blood from 
the native heart will perfuse the upper body (coronary arteries and cerebral circula-
tion). This complication can be solved changing to VV ECMO mode, changing the 
arterial cannula to axillary artery or performing central cannulation.

Neurological complications such as intracranial bleeding, ischemic stroke and 
brain edema are critical. Sedatives must be interrupted in a daily manner in order to 
check for neurological damage. Other complications include, renal failure, infections, 
hemolysis, heparin induced thrombocytopenia or gastrointestinal bleeding [43–46].

If refractory hypoxemia occurs and high oxygen saturation in the drainage can-
nula (drained blood looks highly oxygenated), blood recirculation should be ruled 
out (infused oxygenated blood) into the atrium recirculates continuously through 
the system.

20.7	 �Conclusions

VV or VA ECMO offer circulatory/respiratory support in the postoperative period 
and in surgical procedures.

VV ECMO is less invasive that VA ECMO, ECMO is an essential tool in thoracic 
surgery, lung transplantation and refractory cardiorespiratory failure.

ECMO exhibits high complication and mortality rates. Monitoring and careful 
indication is essential in ECMO management.

References

	 1.	Squiers JJ, Lima B, DiMaio JM. Contemporary extracorporeal membrane oxygenation therapy 
in adults: fundamental principles and systematic review of the evidence. J Thorac Cardiovasc 
Surg. 2016;152:20–32.

Table 20.3  Complications

Peripheral
VV ECMO

Peripheral
VA ECMO

Central
VA ECMO

Bleeding + ++ +++
Vessel damage + +++ ++
Air/thrombo emboli + +++ +++
Limb ischemia + +++ +
Harlequin + +++ +
Recirculation +++ + +
Neurological complication ++ +++++ +++++
Infection ++ ++ +++

20  Extracorporeal Life Support (ECMO) in Thoracic Surgery



310

	 2.	Peek GJ, Clemens F, Elbourne D, et al. CESAR: conventional ventilatory support vs extra-
corporeal membrane oxygenation for severe adult respiratory failure. BMC Health Serv Res. 
2006;6:163.

	 3.	Machuca TN, Collaud S, Mercier O, et  al. Outcomes of intraoperative extracorporeal 
membrane oxygenation versus cardiopulmonary bypass for lung transplantation. J Thorac 
Cardiovasc Surg. 2015;149:1152–7.

	 4.	McRae K, de Perrot M. Principles and indications of extracorporeal life support in general 
thoracic surgery. J Thorac Dis. 2018;10(Suppl 8):S931–46.

	 5.	Reeb J, Olland A, Renaud S, Collange O, et al. Extracorporeal life support in thoracic surgery: 
what are the indications and the pertinence? Rev Mal Respir. 2017;34(8):802–19.

	 6.	Abrams D, Brodie D, Arcasoy SM. Extracorporeal life support in lung transplantation. Clin 
Chest Med. 2017;38(4):655–66.

	 7.	Sharma NS, Hartwig MG, Hayes D Jr. Extracorporeal membrane oxygenation in the pre and 
post lung transplant period. Ann Transl Med. 2017;5(4):74.

	 8.	Reeb J, Olland A, Pottecher J, et al. Extracorporeal membrane oxygenation for acute respira-
tory distress syndrome after pneumonectomy. Ann Thorac Surg. 2017;103(3):881–9.

	 9.	 Jayaraman AL, Cormican D, Shah P, et al. Cannulation strategies in adult veno-arterial and 
veno-venous extracorporeal membrane oxygenation: techniques, limitations, and special con-
siderations. Ann Card Anaesth. 2017;20(Suppl 1):S11–8.

	10.	Reeb J, Olland A, Renaud S, et al. Vascular access for extracorporeal life support: tips and 
tricks. J Thorac Dis. 2016;8(Suppl 4):S353–63.

	11.	Ko M, dos Santos PR, Machuca TN, et al. Use of single-cannula venous-venous extracorpo-
real life support in the management of life-threatening airway obstruction. Ann Thorac Surg. 
2015;99:63–5.

	12.	Hoetzenecker K, Klepetko W, Keshavjee S, et al. Extracorporeal support in airway surgery. J 
Thorac Dis. 2017;9:2108–17.

	13.	Owada-Ozaki Y, Matsumura Y, Suzuki H. VV-ECMO during subsequent segmentectomy after 
right pneumonectomyJ. Surg Case Rep. 2018;2018(8):1–3.

	14.	Ghanim B, Hötzenecker K, Klikovits T, et al. Extracorporeal membrane oxygenation support 
for complex tracheo-bronchial procedures. Eur J Cardiothorac Surg. 2015;47(2):250–5; dis-
cussion 256.

	15.	Gillon SA, Toufektzian L, Harrison-Phipps K, et al. Perioperative extracorporeal membrane 
oxygenation to facilitate lung resection after contralateral pneumonectomy. Ann Thorac Surg. 
2016;101:e71–3.

	16.	Oey IF, Peek GJ, Firmin RK, et  al. Post-pneumonectomy video-assisted thoracoscopic 
bullectomy using extra-corporeal membrane oxygenation. Eur J Cardiothorac Surg. 
2001;20:874–6.

	17.	Redwan B, Ziegeler S, Freermann S, et  al. Intraoperative veno-venous extracorporeal lung 
support in thoracic surgery: a single-centre experience. Interact Cardiovasc Thorac Surg. 
2015;21:766–72.

	18.	Asai T. Emergency cardiopulmonary bypass in a patient with a mediastinal mass. Anaesthesia. 
2007;62:859–60.

	19.	Lang G, Taghavi S, Aigner C, et al. Extracorporeal membrane oxygenation support for resec-
tion of locally advanced thoracic tumors. Ann Thorac Surg. 2011;92(1):264–70.

	20.	Yusuff HO, Zochios V, Vuylsteke A. Extracorporeal membrane oxygenation in acute massive 
pulmonary embolism: a systematic review. Perfusion. 2015;30(8):611–6.

	21.	Machuca TN, Cypel M, Keshavjee S. Cardiopulmonary bypass and extracorporeal life support 
for emergent intraoperative thoracic situations. Thorac Surg Clin. 2015;25:325–34.

	22.	Willms DC, Mendez R, Norman V, et al. Emergency bedside extracorporeal membrane oxy-
genation for rescue of acute tracheal obstruction. Respir Care. 2012;57:646–9.

	23.	Extracorporeal Life Support Organization. ECLS Registry report. Ann Arbor, MI: ELSO; 
2016. Available from http://www.elso.org/.

	24.	Sauer CM, Yuh DD, Bonde P. Extracorporeal membrane oxygenation use has increased by 433 
% in adults in the United States from 2006 to 2011. ASAIO J. 2015;61(1):31–6.

R. Vicente et al.

http://www.elso.org/


311

	25.	Hayanga AJ, Aboagye J, Esper S, et al. Extracorporeal membrane oxygenation as a bridge to 
lung transplantation in the United States: an evolving strategy in the management of rapidly 
advancing pulmonary disease. J Thorac Cardiovasc Surg. 2015;149:291–6.

	26.	Hoetzenecker K, Donahoe L, Yeung JC, et al. Extracorporeal life support as a bridge to lung 
transplantation-experience of a high volume transplant center. J Thorac Cardiovasc Surg. 
2018;155:1316–28.

	27.	de Perrot M, Granton JT, McRae K, et al. Impact of extracorporeal life support on outcome in 
patients with idiopathic pulmonary arterial hypertension awaiting lung transplantation. J Heart 
Lung Transplant. 2011;30(9):997–1002.

	28.	Nicoara A, Anderson-Dam J.  Anesthesia for lung transplantation. Anesthesiol Clin. 
2017;35(3):473–89.

	29.	Magouliotis DE, Tasiopoulou VS, Svokos AA, et al. Extracorporeal membrane oxygenation 
versus cardiopulmonary bypass during lung transplantation: a meta-analysis. Gen Thorac 
Cardiovasc Surg. 2018;66(1):38–47.

	30.	Bermudez CA, Shiose A, Esper SA, et al. Outcomes of intraoperative venoarterial extracorpo-
real membrane oxygenation versus cardiopulmonary bypass during lung transplantation. Ann 
Thorac Surg. 2014;98(6):1936–42; discussion 1942–3.

	31.	Fischer S, Bohn D, Rycus P, et al. Extracorporeal membrane oxygenation for primary graft dys-
function after lung transplantation: analysis of the Extracorporeal Life Support Organization 
(ELSO) registry. J Heart Lung Transplant. 2007;26(5):472–7.

	32.	Fuehner T, Kuehn C, Welte T, et al. ICU care before and after lung transplantation. Chest. 
2016;150(2):442–50.

	33.	Shah RJ, Diamond JM.  Primary graft dysfunction (PGD) following lung transplantation. 
Semin Respir Crit Care Med. 2018;39(2):148–54.

	34.	Reeb J, Olland A, Renaud S, Lejay A, et al. Vascular access for extracorporeal life support: tips 
and tricks. J Thorac Dis. 2016;8(Suppl 4):S353–63.

	35.	Tautz E, Wagner D, Wiesemann S, et al. Treatment of a broncho-esophageal fistula compli-
cated by severe ARDS. Infection. 2019;47:483. https://doi.org/10.1007/s15010-018-1247-9.

	36.	Martucci G, Panarello G, Bertani A, et al. Veno-venous ECMO in ARDS after post-traumatic 
pneumonectomy. Intensive Care Med. 2013;39(12):2235–6.

	37.	Douflé G, Ferguson ND. Monitoring during extracorporeal membrane oxygenation. Curr Opin 
Crit Care. 2016;22:230–8.

	38.	Pieri M, Agracheva N, Bonaveglio E, et al. Bivalirudin versus heparin as an anticoagulant dur-
ing extracorporeal membrane oxygenation: a case-control study. J Cardiothorac Vasc Anesth. 
2013;27:30–4.

	39.	Young G, Yonekawa KE, Nakagawa P, et al. Argatroban as an alternative to heparin in extra-
corporeal membrane oxygenation circuits. Perfusion. 2004;19:283–8.

	40.	Esper SA, Levy JH, Waters JH, et al. Extracorporeal membrane oxygenation in the adult: a 
review of anticoagulation monitoring and transfusion. Anesth Analg. 2014;118:731–43.

	41.	Raiten JM, Wong ZZ, Spelde A, et al. Anticoagulation and transfusion therapy in patients requir-
ing extracorporeal membrane oxygenation. J Cardiothorac Vasc Anesth. 2017;31:1051–9.

	42.	Frenckner B, Broman M, Broomé M. Position of draining venous cannula in extracorporeal 
membrane oxygenation for respiratory and respiratory/circulatory support in adult patients. 
Crit Care. 2018;22:163.

	43.	Aubron C, DePuydt J, Belon F, et al. Predictive factors of bleeding events in adults undergoing 
extracorporeal membrane oxygenation. Ann Intensive Care. 2016;6:97.

	44.	Mazzeffi M, Greenwood J, Tanaka K, et al. Bleeding, transfusion, and mortality on extracor-
poreal life support: ECLS working group on thrombosis and hemostasis. Ann Thorac Surg. 
2016;101:682–9.

	45.	Lorusso R, Gelsomino S, Parise O, et al. Neurologic injury in adults supported with veno-
venous extracorporeal membrane oxygenation for respiratory failure: findings from the extra-
corporeal life support organization database. Crit Care Med. 2017;45:1389–97.

	46.	Biffi S, Di Bella S, Scaravilli V, et  al. Infections during extracorporeal membrane oxygen-
ation: epidemiology, risk factors, pathogenesis and prevention. Int J Antimicrob Agents. 
2017;50:9–16.

20  Extracorporeal Life Support (ECMO) in Thoracic Surgery

https://doi.org/10.1007/s15010-018-1247-9


313© Springer Nature Switzerland AG 2020
M. Granell Gil, M. Şentürk (eds.), Anesthesia in Thoracic Surgery, 
https://doi.org/10.1007/978-3-030-28528-9_21

M. Granell Gil (*) 
Department of Anesthesiology, Critical Care and Pain Relief, Consorcio Hospital General 
Universitario de Valencia, University of Valencia, Valencia, Spain 

I. Kawagoe 
Department of Anesthesiology and Pain Medicine, Juntendo University, Tokyo, Japan
e-mail: ikawago@juntendo.ac.jp 

E. Sentürk 
Department of Anesthesiology and Intensive Care, Koc University, Istanbul, Turkey 

A. Broseta · L. Giner 
Department of Anesthesiology, Critical Care and Pain Relief, Consorcio Hospital General 
Universitario de Valencia, Valencia, Spain 

M. Şentürk 
Istanbul Medical Faculty, Department of Anaesthesiology, Istanbul University,  
Istanbul, Turkey
e-mail: senturkm@istanbul.edu.tr

21Thoracic Surgery in Patients 
with Previous Lung Resection

Manuel Granell Gil, Izumi Kawagoe, Evren Sentürk, 
Ana Broseta, Laura Giner, and Mert Şentürk

21.1	 �Introduction

More patients who have had previous lung cancer surgery, now can be expected to 
present for repeat lung cancer surgery. Lung cancer is the leading cause of cancer 
mortality in both sexes because exists an high prevalence of smoking in our societ-
ies [1]. The survival rate after lung cancer surgery is increasing because of improve-
ments in surgical techniques and multidisciplinary therapy [2]. It is estimated that 
5–10% of patients surviving lung cancer resection develop a second lung primary 
within 5 years. Most cancer centers have developed consistent follow-up protocols 
for patients after initial surgery so that the chance of detecting a second primary 
when it is still resectable is higher [3].

Some anatomic changes appear after lung resection, including expansion of the 
remaining lung to fill the thoracic cavity, upward displacement of the hemidia-
phragm, and a lateral shift of the mediastinum, occur to varying degrees, depending 
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on the size and site of the resected lung [4]. Accordingly, such bronchial displace-
ment can more often occur after an upper than a lower lobectomy because bronchial 
angulation frequently results from upward displacement of the remaining lower lobe. 
Further, angulation of the remaining bronchus, defined as changes in the bronchial 
angle, is much greater after a left than right upper lobectomy, due to the much longer 
left main bronchus [5–7]. Therefore, deformity of the residual bronchus after a 
lobectomy is observed most predominantly after a left upper lobectomy [8].

One lung ventilation (OLV) is a greater challenge to the anesthesiologist when 
the ventilated lung has previously been submitted to resection [9]. OLV is then 
replaced by an even more challenging scenario: one lobe, or at most two-lobe ven-
tilation. There are no controlled studies describing respiratory mechanics in these 
patients. Sporadic communications reporting gas exchange have been published 
[9–11]. The one lung ventilation of patients undergoing thoracic surgery who have 
undergone previous surgery in this lung can be very difficult due to the rapid onset 
of hypoxemia due to low pulmonary reserve. In this context, lobe collapse using 
bronchial blockers through a single lumen tube or a double lumen tube becomes 
important, allowing the collapse of the lobe undergoing surgery by blocking the 
entrance of a specific bronchial branch while the remaining lobes of the lung being 
operated could be normally ventilated [12].

After lung resection, a series of cardiopulmonary changes and adaptations are 
expected to occur in the remaining lung tissue, and are a function, in part, of the size 
of lung resection. Reduced exercise tolerance after pulmonary resection is related to 
pulmonary hypertension [13]. Following lung resection, exercise tolerance can 
decrease due to pulmonary hypertension and hypoxemia, which may not be evident 
at rest [10].

The principles involved in preanesthetic assessment of these patients are essen-
tially the same as for patients presenting for first-time lung surgery. The respiratory 
system needs to be evaluated in terms of cardiopulmonary fitness, lung mechanical 
function, and lung parenchymal function. These parameters decrease after the sec-
ond pulmonary resection in proportion to the amount of functioning lung removed 
at surgery. The postoperative mechanical function of the lungs in these patients 
would be expected to be above the levels associated with high risk (predicted post-
operative FEV1.0 >30–40%). These patients also should have documented exercise 
tolerance (formal exercise testing, 6-min walk test, or exercise oximetry) and paren-
chymal function (predicted postoperative lung diffusing capacity for carbon mon-
oxide >40%) that meet minimal criteria for operability [14].

21.2	 �Respiratory Mechanics After Lung Resection

Loss of pulmonary tissue appears to be the most important (but not the only) problem 
after the lung resection. As a result of the lung tissue loss, the pleural pressure become 
even “more subatmospheric” (from approx. −6.5 cm H2O preoperatively, to up to 
−10–12 cm H2O), which is more elaborated in fibrotic/restrictive lungs [15]. This 
change causes a change in the balance of pleural and pulmonary water and 
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consequently an increased risk of pulmonary edema [16]. The respiratory work 
increases, forcing the patients to have a “rapid shallow breathing” pattern. Although 
the relative ratio of functional residual capacity (FRC) / vital capacity (VC) increases 
to up to 45–60%, both tissue loss and increased “work of breathing” are associated 
with a decrease in lung compliance exceeded by 10–15% the one expected from the 
resected mass.

Generally, early postoperative pulmonary pathophysiology can be explained by 
three factors: reduced lung volumes, impaired ventilation and impaired gas exchange 
[17, 18] (Fig. 21.1).

Indications of early re-thoracotomy are usually also the challenges for the anaes-
thetic strategy. Knowing the possible pathways of the pathophysiology can be help-
ful to deal with these challenges: Postresectional pulmonary edema may have several 
mechanisms: It is simple to argue that the same cardiac output flows through a 
decreased vascular bed; but there are also more sophisticated pathways such as dam-
age of the glycocalyx, increased (more negative) intrapleural pressure, local hypoxia 

Pathophysiology of lung function after thoracic surgery

Impaired ventilationReduced lung volumes Impaired gas exchange

Functional residual capacity
Forced vital capacity
Diaphragm dysfunction
Dysfunction of intercostal muscle
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Restriction of thorax
Lung edema
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Fig. 21.1  Pathophysiology of lung function after thoracic surgery
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Fig. 21.2  Postresectional pulmonary edema mechanisms
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in lung tissue, and impaired lymphatic drainage (Fig. 21.2). As quoted by Slinger, 
“(with IV fluids), we can make the lung injury worse, but we don’t cause it” [19].

Changes in respiratory functions recover after some period; but depending on the 
amount of lung resection (pneumonectomy >> lobectomy ≫ segmental resection) 
this period can be longer than 12 months—of course, assuming that there would be 
no complications or recurrence [20].

21.3	 �Airway Anatomy Changes After Lung Resection

Some anatomic changes in the lower airway appear after lung resection, including 
expansion of the remaining lung to fill the thoracic cavity, upward displacement of 
the hemidiaphragm, and a lateral shift of the mediastinum, occur to varying 
degrees, depending on the size and site of the resected lung [4]. Bronchial stenosis 
or obstruction (BSO) may occur as an acquired lesion secondary to other condi-
tions but is rare after chest surgery. BSO after upper lobectomy probably occurs 
due to upward movement of the remaining lobe(s) with torsion or deformation of 
the bronchus. The diagnosis of BSO can be confirmed at the time of bronchoscope 
or computed tomography (CT) scan by the findings of a kinked lobar bronchus 
[21]. Occasionally, patients with severe bronchial kinking may require endobron-
chial stenting to relieve the symptoms and signs of endobronchial stenosis [22].

Chest radiograph and CT scan preoperative assessment must be mandatory in 
patients with a previous lung resection because most tracheobronchial distortions 
that cause problems during placement of endobronchial tubes or blockers can be 
seen on the preoperative imaging [11].

Accordingly, such bronchial displacement can more often occur after an upper 
than a lower lobectomy because bronchial angulation frequently results from 
upward displacement of the remaining lower lobe. Further, angulation of the remain-
ing bronchus, defined as changes in the bronchial angle, is much greater after a left 
than right upper lobectomy, due to the much longer left main bronchus [5–7]. 
Therefore, deformity of the residual bronchus after a lobectomy is observed most 
predominantly after a left upper lobectomy [8]. The remaining bronchus may pro-
duce deformation even if lung lobar torsion does not occur. Arai et al. described 
endoscopic and pathological study on deformation of the remaining bronchus after 
left upper lobectomy. They asserted that deformation of the remaining bronchus 
after upper lobectomy was observed most predominantly in cases of left upper 
lobectomy [23].

Moreover, Pinstein et  al. reported that torsion of the right middle lobe may 
occur following right upper lobectomy when the middle lobe twists on its narrow 
pedicle in a clockwise rotation. In the postoperative state, other possible radio-
graphic misinterpretations include atelectasis of the superior segment of the right 
lower lobe or simple atelectasis of the right middle lobe [24]. After right upper 
lobectomy, the orifice of the middle lobe bronchus is round in some cases, but is 
deformed in others. When the orifice was semicircular before right upper 
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lobectomy, deformation of the orifice of the right middle lobe bronchus was com-
mon after right upper lobectomy [25].

Brooks described that lung lobar torsion of the right middle lobe after upper 
lobectomy is the most common, but it can occur in all lobes [26]. Arai et al. [23] 
reported bronchial deformation of the left lower lobe bronchus after left upper 
lobectomy. Wong et al. [27] reported 28 cases of lobar torsion after lung resection; 
16 (57%) of these 28 cases involved middle lobe torsion after right upper lobec-
tomy. The others involved left upper lobe torsion after left lower lobectomy, and 
right lower lobe torsion after right upper lobectomy. There are published articles on 
left lower lobe torsion after left upper lobectomy, as well as right lower lobe torsion 
after right upper lobectomy [24].

21.4	 �Lung Isolation/Separation in Patients with Previous 
Lung Resections

Some anatomic changes in the lower airway appear after lung resection. This is the 
reason because all intubation procedures should be performed under bronchoscopic 
guidance to prevent airway trauma.

Sometimes patients with a reduced lung volume reserve, especially after a lobec-
tomy or pneumonectomy, could suffer an important hypoxemia, hypercapnia and a 
barotrauma because very often they present a dangerous high airway pressure. 
Often the usual preoperative lung test don’t assess enough about the probability that 
the anesthesiologist will have some intraoperative difficulties related with gases 
exchange and mechanical ventilation [28].

In patients with a previous upper left lobectomy scheduled for a right lung resec-
tion, the left-sided double lumen tubes are the most often device used by some 
authors (12–18 patients), but sometimes others devices as right double-lumen tubes 
or bronchial blockers inserted in the right side are the best option (6–18 patients). 
The presence of remarkable bronchial angulation, characterized by a combination 
of a wide (>140°) angle between the trachea and left main bronchus and a narrow 
(<100°) angle between the left main and lower bronchi critically affected left-sided 
DLT insertion [29].

Anesthesiologists can also select right-sided DLT for post left upper lobectomy 
(LUL) patients in the second lung surgery if their anatomy of right upper branch is 
within normal range. If the second surgery is the left lung surgery, we have to take 
care whether the lateral hole of right sided DLT fit right upper branch for adequate 
one lung ventilation, however it is easier to use right DLT in second right lung sur-
gery because fitness of lateral hole is related only to collapsing of right upper lobe 
in surgical field.

Additional device can be recommended for bronchial anatomical change for 
such a post LUL patients particularly who undergo second right lung surgery. 
Specific left-sided DLT with a flexible wire-reinforced tip and a narrow bronchial 
cuff (Silbroncho®, Fuji Systems, Tokyo, Japan) may be adaptable for almost all 
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bronchial anatomical change of the post lung surgery patients. Kawagoe et al. also 
reported that the ventilation failure soon after left jack-knife positioning in the post 
lingula-sparing left upper lobectomy patient, who underwent robotic right upper 
lobectomy was solved by exchanging Left DLT to “Silbroncho® tube” [30].

Selective lobar blockade is an alternative technique to achieve lobar collapse in 
patients who have had a previous right or left lobectomy/pneumonectomy and 
require thoracic surgery. In patients with previous bronchial resection, recognition 
of tracheobronchial anatomy with the bronchoscope is mandatory to increase the 
successful placement and function of lung isolation devices. The advantages of a 
selective lobar blockade are to avoid total lung collapse and only block the lobe(s) 
in which surgery takes place and to improve intraoperative oxygenation [31]. 
Anesthesiologists have to be prepared to solve this problem with several strategies 
using different airway devices as double lumen tubes, bronchial blockers even the 
combination of double lumen tube and bronchial blockers. Sometimes we have to 
collapse only the lobes being operated using bronchial blockers introduced through 
a tracheal tube [11, 12, 32] or a double lumen tube [12, 29, 33] guided by broncho-
scope (Fig. 21.3a, b).

Selective lobe blockade in the patients who needs right upper lobe blockade may 
be more difficult to perform than any other lobe due to its anatomical location 
though it is effective to avoid hypoxemia during OLV. The kind of bronchial blocker 
and anesthesiologist who perform this procedure should be selected carefully. In the 
case which needs partial blockade of right upper lobe, the interesting method had 
been reported that right-sided DLT can obstruct on right upper lobe branch with its 
bronchial cuff instead of bronchial blocker [34].

At first time we should check the correct DLT position in supine position using a 
bronchoscope and after that we must to assess if some critical desaturation became 
after starting the OLV. Arterial gas analysis should have been utilized at this point 
as a predictor for gas exchange during intraoperative OLV, and a different approach 
for lung isolation could have been planned at that time. In patients with a lower lung 
reserve a selective endobronchial blocker insertion prior to turning the patient on 
lateral decubitus should have been considered to avoid a severe hypoxemia has been 
proposed by some authors [12, 28] because they consider it as a convenient maneu-
ver when anesthesiologist would suspect that this patient could suffer a respiratory 
failure during OLV.

21.5	 �Perioperative Mechanical Ventilation in Patients 
with Previous Lung Resections

As a general rule, mechanical ventilation has its two targets also in patient with 
previous lung resections: Maintenance adequate oxygenation/gas exchange AND 
protection of the lung. However, both can be very challenging in this patient group. 
“Protective” ventilation with low TV, PEEP and recruitment manoeuvre can be dif-
ficult to perform and can remain sometimes inadequate: As a “lobar 
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Fig. 21.3  (a, b) Use of bronchial blockers introduced through the tracheal lumen of a left double-lumen 
tube applying CPAP
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blockade”—explained above—is usually indicated, even the lowest tidal volumes 
can be associated with inacceptable driving pressures due to the small amount of 
ventilated tissue (leading to lung injury), and/or these low tidal volumes can be 
associated with insufficient oxygenation.

In these cases, some rescue methods can be life saving:

•	 Hypercapnic ventilation: the decrease in VT can be compensated by an 
increase in frequency, but the price of shorter inspiration can be high ventila-
tion pressures, and the price of shorter expiration can be air-trapping and 
auto-PEEP. More importantly, mild hypercapnia can be ‘permitted’ in many 
cases [35] and can even be ‘therapeutic’ for several hours [36]. There is still 
no sufficient evidence regarding the effects of therapeutic hypercapnia, but 
‘permissive hypercapnia’ can protect the lung and improve the tissue oxygen-
ation as a result of the increased cardiac output and right-shift of the O2-
saturation curve [37]. It has been shown in a comparative study that during 
OLV, hypercapnia (pCO2 = 60–70 mmHg) improved respiratory function after 
OLV in lobectomy patients, reduced peak and plateau pressures and increased 
dynamic compliance. Hypercapnia also inhibited local and systematic inflam-
mation by reducing serum and bronchoalveolar lavage fluid inflammatory 
mediators [38].

However, hypercapnia enhances hypoxic pulmonary vasoconstriction; thus, 
permissive hypercapnia is contraindicated in pulmonary hypertension (which is 
more frequent in post-thoracotomy patients). In the remaining population, per-
missive hypercapnia can be considered as a rational part of PLV.

•	 High frequency ventilation: Ventilation avoiding high driving pressures can be 
achieved using high frequency ventilation (HFV) [39]. There are different ways 
(with different nomenclature !) to achieve HFV: in many of them, the VT is less 
than the dead space, but gas exchange is possible by combining different factors, 
such as convection, diffusion, and others. The types of HFV differ in setting 
(such as in frequency or pressure) and during perioperative ventilation in tho-
racic anaesthesia, it can be applied to both lungs or only to the non-dependent 
lung/lobe or even only to the dependent lung. However, there are no RCT that 
examine the effects of HFV in post-thoracotomy patients.

•	 Extracorporeal ventilatory assistance: (extracorporeal lung assist [ECLA]): 
Extracorporeal methods can be found in another chapter in this book. Regarding 
patients with previous lung resection, the so-called “ultraprotective ventilation” 
can be helpful both in intraoperative and postoperative period to achieve suffi-
cient oxygenation and/or gas exchange. Iglesias et al. have shown in two studies 
(an animal study) [40] and a clinical study [41]. There are some evidence because 
ECLA help to decrease the TV to very low amounts to avoid high pressures dur-
ing ALI in postoperative period; the resulting survival rate was much higher than 
usual (100% in the animal study, and 86% (six of seven patients) in clinical set-
ting). For the intraoperative ventilation, in ten patients, apneic oxygenation could 
be applied successfully with the help of ECLA [42]. One of the author’s experi-
ences is a child with a previous right pneumonectomy who had to be reoperated 
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because of the metastases in the left mediastinum. The ECLA was initiated 
before the operation and continued for 24 h after the operation, and the device 
was removed 18 h after the extubation.

21.6	 �Hemodynamic Changes After Lung Resection 
and Perioperative Hemodynamic Management

Lung resection induces hemodynamic adaptative responses with the right ventricle 
being the focus of most studies. Its scant muscular mass makes it sensitive to 
changes in afterload, so increases in pulmonary arterial pressure (PAP) generate 
more overload and progressively change the morphology of the right ventricle, pro-
ducing its dysfunction.

This increase in PAP appears as a result of the resection itself, changes in the 
position of the heart and great vessels after pneumonectomy [43] and pulmonary 
hypoxic vasoconstriction in COPD patients with FEV1<50% [44]. Pneumonia and 
respiratory distress syndrome, although transient, can worsen pulmonary hyperten-
sion (PHT). Small sample size and varying methodology in published studies make 
it difficult to draw conclusions and to determine the exact role of each of the mecha-
nisms involved in right ventricle dysfunction after lung resection [43, 45–48].

Lung resection reduces the vascular bed. If the vascular compliance is normal 
and the volume of lung resected is a lobe or less, the right ventricle will adapt to the 
changes in the afterload during the first two postoperative days and at the end of the 
first week systolic and diastolic function will be normal, with minimal changes in 
PAP [46, 49–51].

After pneumonectomy PAP increases in the first two postoperative days and con-
tinues to be elevated 4 years after surgery. Right ventricle ejection fraction (RVEF) 
decreases, so maintaining systolic volume against an increased afterload depends on 
the capacity of the right ventricle to dilate. Heart rate at rest increases to compensate 
for this [43, 46–48, 50, 52]. As PAP increase it is not enough to induce right ven-
tricle hypertrophy, an increase in afterload might not be the only mechanism 
involved in right ventricle dysfunction [43, 53]. Forty percent of patients have mild 
to moderate PHT after pneumonectomy, regardless of the side of the resection [46, 
47, 50, 54].

On the other hand, there are few studies looking at the left ventricle function after 
lung resection [45, 48, 51, 52]. It seems that left ventricle ejection fraction lowers 
after lobectomy and pneumonectomy, but remains over 55% [52].

The detection of these hemodynamic changes also depends on the method of 
study: pulmonary artery catheter has been overcome by echocardiography. Even 
bidimensional and Doppler echocardiography are giving way to newer and more 
sensitive technologies, such as strain and speckle tracking echocardiography, that 
allow for detection of subclinic dysfunction when bidimensional and Doppler echo-
cardiography are still normal [55]. Speckle tracking echocardiography reveals there 
might also be ventricle dysfunction in lobectomies, but there are very few studies 
and they just assess early postoperative period [49, 52].
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Preoperative Plasma B-Type natriuretic peptide (BNP) levels in plasma help in 
grading the risk of postoperative cardiovascular complications [56]. BNP also 
increases during the first week after lung resection, suggesting its participation in 
the adaptative response [57]. Increases in BNP are significantly higher in patients 
who develop atrial fibrillation after surgery [58].

Following lung resection, exercise tolerance can decrease due to pulmonary 
hypertension and hypoxemia, which may not be evident at rest [10, 46, 47]. Other 
potential changes after pneumectomy include decrease in lung diffusion capacity, 
and elevation in right heart pressure during exercise [10]. Reduced stroke volume 
index after pneumectomy could be due to impaired filling of the left ventricle sec-
ondary to reduced pulmonary blood volume. The same occurs after lobectomy, 
although less significantly [13, 59].

21.7	 �Conclusions

Nowadays thoracic anesthesiologists have a challenge in patients with a previous 
lung resection and it’s very important to assess very well the anatomic airway 
changes and the cardiopulmonary fitness, lung mechanical function, and lung paren-
chymal function.

Some airway anatomic changes appear after lung resection that require a previ-
ous Chest radiograph and CT scan preoperative assessment to choose the best air-
way devices including DLT, bronchial blockers or both to perform a lung isolation 
or a selective lobar blockade guided by bronchoscope to avoid tracheobronchial 
damage during these techniques and to obtain a successful airway isolation.

On the other hand, it is necessary to apply protective ventilation to these patients 
and also, if anesthesiologists need it, they should be ready to use other methods to 
improve the exchange of gases such as high frequency ventilation and extracorpo-
real ventilatory assistance, among others.

Moreover, it’s necessary to apply a protective ventilation but if anesthesiologists 
needed have to be ready to use other methods to improve the gases exchange as high 
frequency ventilation and extracorporeal ventilatory assistance among others.
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22.1	 �Conceptual Hypothesis

Surgical procedures of the esophagus are very unique and difficult in terms of sur-
gery, anesthesia, and postoperative care. Anesthesia for esophagectomy is a great 
challenge for the anesthesiologist, who is facing with the problem of patient selec-
tion, preoperative preparation, ventilatory strategy, accurate fluid management and 
pain management. The reason is that esophagus passes through three regions of the 
body, so surgical procedure may be performed in the cervical, thoracic, and abdomi-
nal region or in more than one region in same time. Perioperative care of patients 
undergoing esophageal resection is one of the most complex process in anesthesia.

In the last 10–15  years therapeutic strategies of esophageal cancer did not 
changed, nevertheless new surgical approaches and anesthesia techniques have been 
developed.

The most common reason for esophagectomy is cancer; however, it can also be 
a result of Barrett’s esophagus, hiatus hernia, achalasia, stricture, rupture of the 
esophagus, or congenital conditions.

The two most common types of esophageal cancer are squamous cell carcinoma, 
originating in the thoracic part of the esophagus, and adenocarcinoma, which arises 
from the glandular cells lining in the distal part of the esophagus and at the esopha-
gogastric junction.

The preferred treatment for esophageal cancer is surgery. However, for many 
patients, surgery is combined with chemotherapy, radiation therapy, or hormone 
therapy. These nonsurgical treatments may be administered before surgery (neoad-
juvant therapy) or after surgery (adjuvant therapy) [1–5].
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22.2	 �Types of Esophagectomy

22.2.1	 �Traditional Approaches

Esophagectomy is a high-risk procedure, and the complication rate is high due to 
the anatomic challenges of the procedure. Esophagectomy may be done using either 
of two main types of techniques: open and minimal invasive method. In the stan-
dard, open technique, the surgeon operates through one or more large incisions in 
the neck, chest, or abdomen.

The choice of surgical approach depends upon the tumor location, submucosal 
extension, adherence to the surrounding tissues, the conduit to be used to restore 
gastrointestinal continuity, and the extent of lymphadenectomy [6] (Table 22.1).

Although the gastric interposition is most commonly used as a conduit for recon-
struction following esophagectomy, the jejunum or the colon can also be used as the 
conduit. These conduits are resistant to the effects of gastric acid, and they have a 
shape similar to the native esophagus [19–21].

22.2.2	 �New Approaches

The laparoscopic techniques allows esophagectomy to be performed by minimally 
invasive approach. Minimally invasive approaches exist for transhiatal techniques 
as well as for the Ivor Lewis procedure, and the tri-incisional version combining 
thoracoscopic/laparoscopic mobilization with the cervical incision/anastomosis. 
Aim of minimal invasive approach is to reduce the thoracotomy and abdominal inci-
sion size, reduce blood loss, minimize inflammatory response, and finally improve 
postoperative outcomes. The most common approach for minimally invasive esoph-
agectomy allows for completion of the classic Ivor Lewis operation through the use 
of multiple port sites (can be as many as 9–10) in the thoracic and abdominal region. 
Usually the thoracic portion of the procedure is performed using a VATS approach 
with the patient in left lateral decubitus position, however recently a surgical 
approach utilizing the prone position for the right VATS portion of esophageal 
mobilization has been described. Advantages of the prone position include improved 
visualization and reduced need for lung retraction due to effects of gravity, fewer 
port sites, better ergonomics for the surgeon, shorter learning curve compared to 
lateral decubitus approaches, ability to perform procedure using two lung ventila-
tion, and theoretical oxygenation improvements. Disadvantages are the longer posi-
tioning period, limited access to the airway, difficulty converting to open thoracotomy 
in emergency, and lack of uniform surgical method. However, prone positioning 
appeared to be feasible and safe, there are no evidences on better outcome.

Robotic surgical techniques is also a new technique for use in minimally invasive 
esophagectomy, which is commonly done as a hybrid approach coupled with lapa-
roscopic techniques [22–25].
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Table 22.1  Traditional types of esophagectomy

Resection name Indication Surgical resection Disadvantages
Cervical 
esophageal 
resection

Carcinoma of the 
cervical esophagus

Removal of portions of the 
pharynx, the larynx, the 
thyroid gland, and portions 
of the proximal esophagus. 
This one-stage, three-phase 
operation requires cervical, 
abdominal, and thoracic 
incisions, and a permanent 
terminal tracheostomy  
[7, 8]

Transhiatal 
esophagectomy

Cervical, thoracic, 
and 
esophagogastric 
junction cancers

Upper midline laparotomy 
incision and a left neck 
incision, typically without a 
thoracotomy. The thoracic 
esophagus is bluntly 
dissected through the 
diaphragmatic hiatus 
superiorly and via the neck 
inferiorly. A cervical 
anastomosis is created most 
often with a gastric pull-up 
approach [9, 10]

Inability to perform a 
full thoracic 
lymphadenectomy

Ivor-Lewis 
transthoracic 
esophagectomy

Cancers in the 
lower third of the 
esophagus

Laparotomy with a right 
thoracotomy and an 
intrathoracic 
esophagogastric 
anastomosis allowing a full 
thoracic lymphadenectomy

Leak occurring at the 
intrathoracic 
anastomosis is 
associated with high 
morbidity and 
mortality [11–13]

Modified 
Ivor-Lewis 
transthoracic 
esophagectomy

Tumors of the 
gastroesophageal 
junction

Left thoracoabdominal 
incision with a gastric 
pull-up and an 
esophagogastric 
anastomosis in the left side 
of the chest

High incidence of 
complications [14]

Tri-incisional 
esophagectomy

Transthoracic total 
esophagectomy, a 
lymphadenectomy and 
cervical esophagogastric 
anastomosis [15, 16]

Esophagogastric 
junction resection

Esophageal cancers 
at the 
esophagogastric 
junction or 
intra-abdominal 
esophagus

An esophagectomy with 
partial gastrectomy or an 
extended gastrectomy, with 
or without thoracotomy 
[17, 18]
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22.3	 �Preoperative Preparation and Patient Selection 
for Minimally Invasive and Robotic Esophagectomy

Preoperative selection and patient preparation did not changed in the last decades 
and are crucial for esophagectomy because an esophageal resection results in a large 
physiologic insult to the patient. Although the mortality from esophagectomy has 
decreased in the last decades, adequate patient selection is an important issue of that 
reduction in mortality by identifying high-risk patients in whom the procedure 
would be too hazardous. During the preoperative evaluation, anesthesiologists have 
to consider many factors, including age, cardiac and pulmonary function, nutritional 
status, general health, medications, neoadjuvant therapy, tumor stage, and blood 
transfusion.

Some issue must be considered in terms of minimally invasive and robotic 
esophagectomy. In case of prior coronary artery bypass grafting with a patent inter-
nal thoracic artery conduit in proximity of the operative field, proper planning for 
minimally invasive and/or robotic esophagectomy is essential. Preoperative imag-
ing studies are crucial in delineating the course of the internal mammary artery graft 
to avoid iatrogenic damage leading to cardiac ischemia. As with any thoracic opera-
tion that has the potential to jeopardize an internal mammary artery conduit, appro-
priate preparations should be made, including ensuring the availability of cardiac 
surgery, depending upon the anticipated risk.

Inflammation and lesions with dense adhesions including calcified lymph nodes, 
are challenging to excise and present a higher risk of damage to adjacent structures. 
Damage of major vessels can lead to excess bleeding or loss of ventilatory control, 
requiring conversion to thoracotomy. Inflammatory lung changes also create edema 
and fibrosis, making it difficult to divide the lung or judge whether an anatomic 
margin is sufficiently remote from the lesion. Inflammation causing fibrothorax can 
limit viewing and working space in the pleural cavity.

Anatomic chest wall deformities or an elevated hemidiaphragm can limit optimal 
positioning or optimal access into the thorax and should be identified when consid-
ering video-assisted thoracoscopic surgery. Robotic surgery particularly requires 
adequate space within the pleural cavity to allow optimal visualization and manipu-
lation of the arms and instruments.

Manipulation of the thoracoscope and instruments through the chest wall will be 
easier in patients with normal or slender body habitus. Dissection may become dif-
ficult in obese patients as more adipose tissue obscures the normal planes between 
structures. Intra-abdominal obesity also elevates the diaphragm and reduces volume 
of the thoracic cavity. Robotic surgery has advantage in obese patient: the robotic 
arms fulcrum the instruments around a fixed point such that once the trocars are in 
place, the thickness of the chest wall does not affect their mobility.

However, robotic esophagectomy requires prolonged one-lung ventilation (OLV) 
time and obese patients usually have reduced tolerance to OLV and are encouraged 
to try to lose weight before the surgery. Very young patients are also not suitable for 
robot-assisted thoracic surgery due to their small body size and short height, which 
make them unfit for OLV.
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Pulmonary function testing, blood gas analysis and chest X-ray can all help 
determine whether a patient can tolerate the prolonged OLV. Under the resting state 
air inhalation conditions, if conditions such as hypercapnia (PaCO2 >50 mmHg), 
hypoxemia (PaO2 <65  mmHg), chronic obstructive pulmonary disease (COPD), 
bronchospasm, asthma, or severe emphysema are detected, then the patient cannot 
tolerate OLV and the hypercapnia, hypoxemia and pleural positive impact caused 
by continuous CO2 infusion. Therefore, these patients are not suitable for this type 
of surgery. Patients with moderate COPD should go through hormone and physical 
therapy with bronchodilators or adrenocorticotropic steroids and wait until their 
lung functions are improved before being considered for robot-assisted thoracic 
surgery. Those patients who have long smoking histories must quit smoking a few 
weeks prior to the surgery [26–28].

22.4	 �Anesthesia for Minimal Invasive and Robotic 
Esophagectomy

22.4.1	 �Induction, Maintenance, Ventilation

Minimal invasive and robotic esophagectomy is a new challenge to surgeons and 
anesthesiologists. The surgeon performs surgical procedures in a small space, which 
requires high stability of the respiratory cycle and demands regular communication 
and cooperation between the anesthesiologist and the surgeon. The anesthesiologist 
should pay attention to the impacts of prolonged operation on the circulation, oxy-
genation during OLV, intrathoracic pressure caused by CO2 pneumothorax and the 
surgical procedure and should actively respond should these abnormalities occur. 
The focus of anesthesia management is to maintain the respiratory function and 
hemodynamic stability.

The induction of anesthesia is usually performed by intravenous induction (pro-
pofol or etomidate), while the narcotic analgesics include the most commonly used 
sufentanil. The muscle relaxants have a very wide range of choices, rocuronium is 
most commonly used. Other drugs can be used appropriately based on the patient’s 
condition.

Mobilization of the esophagus is usually performed in the right chest either with 
the patient positioned in the left decubitus or prone position. As surgery is per-
formed with thoracoscope, an inadequately collapsed lung or lobe could disturb 
surgery and this is important when considering the method used to achieve lung 
isolation. Some practical points should be discussed regarding robotic surgery for 
esophagectomy. Access to the patient’s airway and endotracheal tube is limited, 
securing and positioning the endotracheal tube is crucial. If any emergency devel-
ops, it may be necessary to undock the robot and potentially reposition the patient 
in order to access the airway, or chest.

After successful muscle relaxation, lung isolation can be provided through a left 
or right double lumen tube or a single lumen tracheal tube and bronchial blocker. 
Right-sided double-lumen tubes are perceived to be less reliable than left-sided 
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tubes, because there is a greater chance of occluding the opening to the upper lobe 
of the right bronchus that arises a shorter distance from the carina than on the left. 
Intubating the bronchus opposite the side of surgery may reduce the likelihood of 
intraoperative tube displacement and because most techniques of minimal invasive 
and robotic esophagectomy involve access to the right chest, a left-sided double-
lumen tube is preferable. If a bronchial blocker is chosen, this will have to be placed 
on the right side as the right lung must be collapsed; however, the blocker cuff may 
occlude the opening to the right upper lobe impairing its collapse. Although some-
times use of bronchial blocker may be necessary (e.g. in cases of difficult intuba-
tion), author suggests that during minimal invasive and robotic esophagectomy use 
of left-sided double-lumen tube is the best choice. Whichever method of lung isola-
tion is selected, a fibre-optic bronchoscope should be used to confirm correct posi-
tioning both after intubation and after moving the patient before surgery. However, 
a new generation of double lumen tubes with integrated high-resolution camera is 
also available. It helps visualizing the carina continuously, which could reduce the 
need for a routine fiber-optic bronchoscopy and intraoperative displacement can be 
diagnosed immediately and corrected.

Anesthesia can be maintained by continuous intravenous infusion of propofol 
and remifentanil, or targeted controlled infusion of propofol with a final plasma 
concentration of 1–1.5 μg/mL and remifentanil with a final plasma concentration of 
5–10 ng/mL with guidance of bispectral index (BIS) while the anesthetic depth can 
be controlled by adjusting the concentration of sevoflurane inhalation. Muscle 
relaxants can be injected intermittently and intravenously according to the require-
ments of muscle relaxation. Thirty minutes before the completion of surgery, inha-
lation of anesthetics should be discontinued, and the intravenous anesthetic propofol 
and narcotic analgesic remifentanil infusion rates are gradually should be decreased 
as guided by the hemodynamic parameters to maintain the proper depth of anesthe-
sia. Meanwhile, a single intravenous injection of sufentanil (5–15 μg) or a non-
steroidal anti-inflammatory analgesic can be performed. At the end of the surgery, 
intravenous infusions of anesthetics and narcotic analgesics are stopped. Because 
this anesthesia method adopts intravenous infusion or injection of the drugs at the 
induction and awakening stages while adopting a combined intravenous and inhala-
tional application of the drugs in the maintenance stage, it is also called “the sand-
wich technique”. This anesthesia technique can ensure early extubation and rapid 
patient recovery. Anesthesia for robotic esophagectomy should appropriately limit 
the uses of opioids, benzodiazepines and muscle relaxants. The application of mid-
azolam to maintain anesthesia intraoperatively is not recommended to facilitate 
early postoperative extubation. Remifentanil can provide hemodynamic stability 
and has a better inhibitory effect on the stress response than the traditionally used 
opioids. In addition, remifentanil has no delay of postoperative respiratory depres-
sion and no need of prolonged postoperative ventilator support and, thus, is more 
reasonable for use in maintaining anesthesia in robot-assisted thoracic surgery than 
fentanyl or sufentanil.

There are other factors during the anesthesia which have influence on postoperative 
period after esophagectomy. Although the incidence of anastomotic complications 
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decreased in the last decades, anastomotic complications and perfusion of the con-
duit are important issues after esophagectomy, as it has been accounted for 37% of 
all hospital death after esophagectomy. Thoracic anastomoses have lower leak rate 
than cervical anastomoses but have higher morbidity and mortality.

One of the factors that are playing role in the incidence of anastomotic leaks is 
conduit ischemia. Appropriate tissue oxygenation depends on several variables: 
vascular anatomy and tone and blood oxygen tension. How can anesthesiologist 
improve blood supply of the conduit? Thoracic epidural anesthesia and the use of 
prostaglandins have influence on gastric vasomotor tone; the use of intravenous 
nitroglycerin and venous bloodletting can reduce venous congestion. Systemic 
hypotension may impair gastric tube perfusion and must be treated. The use of 
vasoconstrictors in normovolemic condition has no detrimental effect on gastric 
blood flow, and the use of short-acting vasopressors as phenylephrine or ephed-
rine is safe and not associated with postoperative anastomotic leak. Norepinephrine 
may be a better option than phenylephrine as it more readily preserves cardiac 
output and produces less splanchnic vasoconstriction and a lesser rise in lactate 
concentrations than phenylephrine. The notion of completely avoiding vasopres-
sor boluses or infusions is unfounded and likely results in excess fluid administra-
tion, a known precipitant of morbidity. However, vasopressor infusions are rarely 
necessary intraoperatively even when providing epidural anesthesia; although, 
they are almost universally required during the first postoperative night. It is rec-
ommended to use low-dose norepinephrine infusions during the first postopera-
tive night to counteract the epidural sympathectomy and avoid overhydration. We 
have to note, that before the use of vasopressors hypovolemia should always be 
excluded.

Another important anesthesia technique which has influence on postoperative 
outcome and complication is ventilation during esophagectomy. Minimal invasive 
and robotic esophagectomy often requires prolonged one-lung ventilation. It has 
been demonstrated that lung-protective ventilation with small tidal volume and with 
the use of moderate PEEP provides sufficient oxygenation during OLV and resulted 
in reduced inflammatory response after esophagectomy, improved lung function, 
and earlier extubation These findings have recently been reconfirmed in a random-
ized control trial comparing protective ventilation with tidal volumes of 5 ml/kg and 
positive end-expiratory pressure (PEEP) during three-hole minimally invasive 
esophagectomy, which demonstrated reduced PPC when compared with tidal vol-
umes of 8 ml/kg and no PEEP. Additionally, continuous positive airway pressure 
(CPAP) applied to the collapsed lung during the intrathoracic stage of esophagec-
tomy reduces local inflammation in the collapsed lung and may therefore be a strat-
egy to further reduce lung injury. These strategies, coupled with mild permissive 
hypercapnea and attempts to limit the duration of OLV, should now be routine for 
OLV during the intrathoracic portion of esophagectomy procedures. A PEEP level 
of 5 cm H2O has been shown to be insufficient during OLV in patients with rela-
tively normal lung function. Individualized PEEP levels should therefore be deter-
mined by optimizing dynamic lung compliance in a PEEP titration study after a 
recruitment maneuver.
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Minimal invasive and robotic esophagectomy often requires continuous blowing 
of CO2 into the ipsilateral chest. This artificial pneumothorax used to reduce the 
incidence of air embolism while facilitating lung collapse, revealing the surgical 
field. The pressure of this artificial pneumothorax is usually 5–12 mmHg. CO2 can 
absorb to the blood causing increased CO2 levels in the blood. OLV also can lead to 
accumulation of CO2 and this elevated CO2 level may have a significant impact on 
a severely ill patient. On other hand, artificial pneumothorax may sometimes lead to 
tension pneumothorax, giving rise to significantly decreased venous return and 
hypotension. During the surgery, the air blowing pressure, airway pressure, exhaled 
tidal volume and central venous pressure should be monitored in real time. Central 
venous pressure monitoring helps to assess the impact of artificial CO2 pneumotho-
rax, while direct monitoring of the pleural cavity pressure can avoid excessive 
pressure-induced tension pneumothorax. Anesthesiologists must consider that CO2 
pneumothorax can reduce cardiac output by 10–30% due to increased vena cava 
pressure induced by the increased intrathoracic pressure, increased venous resis-
tance, retention in the venous blood, and others. The reduction in reflux is propor-
tional to the decrease of the cardiac output. OLV induces lung V/Q imbalance, 
increases pulmonary artery pressure and also reduces cardiac output; CO2 pneumo-
thorax elevates mediastinal pressure, inhibits systolic and diastolic functions and 
accelerates the accumulation of CO2 in the body, leading to acidosis, which is mani-
fested by decreased blood pressure and high heart rate. The blood pressure can be 
raised by rapid fluid replacement and vasopressor application via appropriate uses 
of phenylephrine or dopamine. Some believe that appropriately controlling the infu-
sion amount can reduce exudate in the surgical field and can make it easier to oper-
ate; in the absence of massive bleeding, infusion of excessive liquid is indeed 
unnecessary [29–41].

22.4.2	 �Fluid Management

Fluid management is also crucial for all thoracic surgeries including esophagec-
tomy. Association between excess perioperative fluid therapy combined with hypo-
albuminemia, which is common in patients undergoing esophagectomy, and 
respiratory complication after esophagectomy is well established. Hypervolemia 
precipitates acute lung injury and anastomosis leak. However, restrictive fluid man-
agement can lead to hypovolemia resulting ischemia in conduit. Determining which 
patients require more volume remains a challenge as commonly proposed mecha-
nisms of stroke volume variation and pulse pressure variation are not predictive of 
fluid responsiveness after abdominothoracic esophagectomy and have not been vali-
dated in the open chest setting. Correspondingly, goal-directed fluid therapy only 
achieved a level C recommendation in a recent evidence-based guideline for esoph-
agectomy [17, 18]. While intuitively intriguing, the role of noninvasive cardiac out-
put monitors in the absence of supportive evidence at present is likely limited to 
optimization at the start of the operation prior to commencement of the intrathoracic 
portion. On the basis of the above, it appears reasonable to provide maintenance 
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fluids of 2–3 ml/kg/h and replace blood losses with an appropriate volume of crys-
talloid or colloid to achieve a total intraoperative fluid volume of at least 3 ml/kg/h 
but not exceeding 10 ml/kg/h. It means, that anesthesiologists should consider a 
restrictive fluid administration in the first 24 h (<20 ml/kg, less than 2 L crystalloid 
and less than 1 L albumin intraoperatively with less than 3 L of total amount of 
crystalloids in the first 24 h) Therefore, close monitoring of intravascular volume 
status is required, along with invasive hemodynamic monitoring (arterial blood 
pressure, central venous pressure, thermodilution techniques) and urine output.

Routine monitoring should include pulse oximetry, noninvasive blood pressure 
monitoring, and electrocardiography. Since many patients presenting for esopha-
geal surgery have comorbid disease of the cardiovascular and respiratory systems, 
consideration should be given to invasive monitors where appropriate. With the 
exception of patients with advanced cardiovascular or pulmonary disease, routine 
intraoperative monitors will generally suffice for those patients presenting for endo-
scopic and minimally invasive procedures limited to the abdominal cavity. 
Transthoracic approaches to the esophagus generally mandate a more aggressive 
approach to monitoring. An indwelling arterial catheter for continuous measure-
ment of systemic arterial blood pressure is the standard of care for these 
procedures.

Surgical manipulation of thoracic and mediastinal structures can profoundly 
affect determinants of cardiac performance including venous return and cardiac fill-
ing and may contribute to the development of dysrhythmias, all of which can com-
promise cardiac output and hemodynamic status. In addition, many of these 
procedures require lung isolation and OLV, a ventilation strategy which substan-
tially limits arterial oxygenation. Surgical dissection can lead to unexpected bleed-
ing, occasionally massive in nature. Point of care testing of arterial blood samples 
can aid in the assessment and maintenance of adequate arterial oxygenation, acid 
base status, as well as hemoglobin and electrolyte concentrations.

Euthermia can be achieved by use of commercially available forced warm air 
heating blankets and fluid warmers.

Special attention must be made during positioning of the patient, as the heavy 
robot is typically located directly over the patient in order to dock correctly and 
strict attention must be made to pad all exposed pressure points. In lateral decubitus 
position slightly greater arm extension may needed, thus placing the brachial plexus 
as risk [42–46].

22.4.3	 �Blood Administration

Regardless of the specific approach (transthoracic versus transhiatal), esophagec-
tomy with lymphadenectomy represents a major operation with a mean operative 
blood loss of 3–500 ml approximately. The use of neoadjuvant chemotherapy can 
cause bone marrow suppression and anemia in patients undergoing esophagectomy. 
All of these factors require consideration of administration of blood transfusion in 
the perioperative period. Nevertheless, there are evidences that blood transfusion 
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may worsen the oncologic outcome, though these reports were uncontrolled. 
Patients who received blood transfusion have had larger tumors, more sever medical 
conditions. Therefore, the relationship between cancer recurrence and death has not 
been clearly proven.

The ideal perioperative hemoglobin level is not clear. Keeping the hemoglobin 
level above 100 g/l is poorly supported with evidences. Recently, in hemodynami-
cally stable patients, the transfusion trigger is 70 g/l. There are evidences that the 
use of allogenic blood transfusion decreases survival and increases the incidence of 
cancer recurrence, compared with the use of autologous transfusion [47, 48].

22.4.4	 �Analgesia

Effective analgesia after esophagectomy is a challenging issue in anesthesia. 
Analgesia for thoracic procedures has been discussed extensively in another chapter 
of this book. However, it is important to remember that sympathetic activation caused 
by surgical procedure and pain manifests as tachycardia, hypertension, and increased 
contractility, all of which result in increased myocardial oxygen consumption. As it 
has been noted, most of the patients undergoing esophagectomy have cardiovascular 
coexisting diseases, especially ischemic heart disease (IHD). These patients’ response 
to surgical stress differs from that of healthy patients. Sympathetic stimulation 
caused by pain may constrict post-stenotic coronary arteries and reduce blood supply 
to the subendocardium. The difference in oxygen delivery and demand presents as 
postoperative myocardial ischemia. The selective sympathectomy using thoracic 
anesthesia in patients with IHD can dilate constricted coronary vessels, reduce heart 
rate, and improve cardiac function by reducing preload and afterload and optimizing 
myocardial oxygen delivery. The sympathectomy of thoracic epidural analgesia 
causes vasodilatation in mesenteric vessels and has been shown to improve bowel 
function by reducing the duration of postoperative ileus, enhancing bowel blood. The 
increase in bowel motility from unopposed parasympathetic activity is not associated 
with any significant increase in anastomotic dehiscence.

In patients in whom thoracic epidural analgesia is contraindicated, there are sev-
eral alternative methods. Using intercostal nerve block a catheter is placed in a 
paravertebral space just below the level of incision. Effectiveness of this method is 
mostly similar to epidural analgesia. Intravenous opioids and nonsteroid analgesics 
can work synergistically and can reduce postoperative pain [49–54].

22.5	 �Postoperative Care After Esophagectomy: Enhanced 
Recovery After Esophagectomy

The enhanced recovery after surgery (ERAS) program, also known as fast track 
surgery, is a patient-centered, surgeon-led system combining anesthesia, nursing, 
nutrition and psychology, which was initiated in the 1990s. However, ERAS devel-
oped relatively late in esophagectomy (2014) due to its surgical complexity and 
high morbidity of postoperative complications. Recently, use of minimally invasive 
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technique, attention to organ function protection concepts and improvement of gas-
tric conduit and anastomosis techniques allows enhanced recovery program after 
esophagectomy. ERAS can minimize stress response, reduce postoperative pulmo-
nary complications, and improve patient outcome, decrease hospital stay and reduce 
hospital costs [55].

22.5.1	 �Timing of Extubation and Supplemental Oxygen Therapy

Timing of extubation is a crucial issue after esophagectomy. Basically there are two 
concepts of extubation after esophagectomy: prolonged ventilation and early extu-
bation. Before the introduction of thoracic epidural analgesia, studies suggested 
prolonged postoperative ventilation up to 2 days. However, prolonged ventilation 
has not been shown to decrease incidence of postoperative pulmonary complica-
tions. Moreover, there are disadvantages of this approach: sedation-related side 
effects, risk of aspiration, and weaning problems.

Use of thoracic epidural analgesia and shorter operative time, early extubation 
has been advocated to reduce mortality, morbidity, and cost after esophagectomy. 
Early extubation may reduce intensive stay and cost, decreases postoperative respi-
ratory complications, and does not increase the risk of reintubation.

However, there are conditions that could require prolonged ventilation: bleeding, 
hemodynamic instability, respiratory insufficiency, and neurologic impairment.

After extubation supplemental oxygen administration should be used either by 
face mask or nasal cannula (1–6 l/min) for maintaining of oxygen saturation above 
90%. Supplemental oxygen has advantages after esophagectomy: decreased inci-
dence of postoperative nausea and vomiting, improved wound healing, maintenance 
of adequate cardiac and central nervous function, and decreased incidence of 
arrhythmias. There are data that low oxygen delivery after esophagectomy is associ-
ated with the risk of complications [56–58].

22.5.2	 �Deep Vein Thrombosis Prophylaxis

Postoperatively, a majority of thoracic surgery patients are not able to move because 
of pain, respiratory distress, and age. The lack of ambulation can result in a blood 
stasis in lower extremities; this increases the contact time between blood and vein 
wall irregularities, helping a blood clot formation. The incidence of deep venous 
thrombosis in patients in medical and surgical intensive care units is about 10–30%. 
Prophylaxis with mechanical (compression stockings are applied to both lower 
extremities) and pharmacological methods (heparin shots are given subcutaneously 
twice a day) has been shown to be effective and safe in most types of surgery and 
should be routinely implemented. Both subcutaneous, low-dose unfractionated hep-
arin (LDUH) and low molecular-weight heparin (LMWH) have been shown to 
reduce the risk of venous thrombosis. Low-dose unfractionated heparin use does not 
interfere with epidural catheter placement or removal. However, LMWH should be 
held for 12–24  h before epidural placement or removal, to decrease the risk of 
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hematoma formation. The use of LMWH for 2–3 weeks after hospital discharge in 
patients undergoing major cancer surgery may reduce the incidence of asymptom-
atic deep venous thrombosis. Until patients are ambulating independently, they 
should keep the stockings on when in bed. Encourage early ambulation as well as 
leg and ankle exercises. Early mobilization of patients includes getting them out of 
bed to a chair the first postoperative day and three times each day thereafter [59, 60].

22.5.3	 �Management of Drainage Tubes

Chest tubes are indwelling catheters placed into the pleural space to evacuate air and 
fluids and maintain a physiological negative pleural pressure. Air collects at the less 
dependent part (apically or retrosternal, depending on patient’s position), and fluid 
collects at the lower part of the chest cavity. That’s why most guideline recommends 
the use of two chest tubes.

However, chest tubes can impair patient mobilization, cause pain, and increase 
the risk of infection. Early chest tube removal improves lung function after thoracic 
surgical procedures. It also reduces pain, allows early mobilization of the patient, 
and results in shorter hospital stay. Therefore, early chest drain removal represents 
an important element of ERAS protocol in esophageal surgery.

In the absence of air leak (50 ml/min in 12 h or less than 20 ml/min in 8 h), most 
postoperative chest tube removal protocol is based on quantity and quality of secre-
tions. If bleeding, chylothorax, or empyema does not exist, the normal daily pleural 
secretion is about 350 ml. Most surgeons remove chest drains if the daily secretion 
is less than 300 ml.

If an air leak exists, a digital drainage system with continuous suction with 
(minus 15 cm H2O) is recommended. If air leak reach less than 50 ml/min in 12 h or 
20 ml/min in 8 h, chest tubes are removable.

As chest tubes are playing major role in postoperative pain, their early removal 
appears to accelerate postoperative recovery [61, 62].

Digital drainage systems have several advantages over a traditional water seal: 
they are light, compact and have a built-in suction pump so there is no need to attach 
to wall suction, favoring early patient mobilization and able to objectively display 
the volume of air leak. There are evidences, that digital systems are associated with 
reduced chest tube time, length of stay, air leak duration and costs. The use of digital 
drainage systems is therefore to be recommended as they remove variability in clini-
cal decision-making and facilitate early mobilization while positively influencing 
patient outcomes.

22.5.4	 �Physiotherapy

Early mobilization and physiotherapy are intuitive components of ERAS and are meant 
to counteract the deleterious effects of immobilization. Postoperative immobility is 
associated with increased morbidity and length of stay following esophagectomy. 
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Therefore, patients should be mobilized as soon as possible, and certainly within 24 h 
of surgery, to avoid the deleterious effects of bed rest.

Respiratory complications are frequent after esophagectomy. The benefits of 
physiotherapy in the perioperative period have been shown by numerous studies. It 
has been showed that preoperative physiotherapy (e.g., inspiratory muscle training) 
for two or more weeks before cardiac surgery reduced the incidence of pulmonary 
complications. Preoperative physiotherapy is also feasible for patients undergoing 
esophagectomy to preserve respiratory muscle strength.

There are two main types of breathing exercises: active cycles of breathing and 
using incentive spirometry. Both techniques aim to re-expand the lung with maxi-
mum sustained and fractional inspiration and clear airways with assisted cough. For 
both types of exercises, patients must be in upright position either in bed or chair. 
During active cycle of breathing, patients must place hand over upper abdomen and 
take slow deep breaths and hold for 3–5 s and repeat four to five times. After this 
cycle, the patient has to huff as this maneuver helps move phlegm to clear. Using 
incentive spirometer, patient inhales from the spirometer and holds breath as long as 
it is possible. This should be practiced up to 10 breaths per h. It is important to 
mobilize patients as soon as possible after esophagectomy to prevent postoperative 
complications such as pneumonia and deep vein thrombosis. At the first day, the aim 
is to sit in chair that can help to improve lungs by increasing the depth of each 
breath. By the second postoperative day, patients should aim to walk with assistance 
on the ward and increase gradually the exercise tolerance. Due to the wound and 
chest drains, patients may be reluctant to move arm on the operated side. It is impor-
tant to practice shoulder mobility to prevent joint stiffness [63–65].

22.5.5	 �Pain Management

For adequate physiotherapy and early mobilization correct pain management is 
indispensable. Thoracic epidural analgesia is considered the gold standard tech-
nique for pain control after thoracic surgery and an essential part of ERAS protocols 
after esophagectomy. In comparison with conventional analgesia techniques, TEA 
provides superior analgesia for postthoracotomy pain, attenuates surgical stress 
response, having a positive impact on postoperative recovery. However, TEA has 
several disadvantages including hypotension, urinary retention, and muscular weak-
ness. It can be overcome by performing thoracic paravertebral block (PVB). Recent 
meta-analysis and systematic reviews confirmed that PVB provides comparable 
analgesia to the TEA, but with statistically significant lower incidence of side 
effects, suggesting PVB as analgesic technique for major thoracic surgery [66].

22.6	 �Conclusions

Although complications reduced in the last decades, esophageal resection remains 
one of the most high risk procedure. Perioperative care for esophageal surgery is a 
very complex process, which has key elements as fluid management, lung protective 
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ventilatory strategy with low tidal volume, pain management using epidural and 
perioperative physiotherapy. Multidisciplinary team work, careful patient selection 
and well trained anesthesiologist are the key elements of improvement of outcome.
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23.1	 �Introduction

Any tracheal segment, from the cricoid cartilage to the carina, if it measures less 
than half the length of the trachea, can be safely resected by a trained team of sur-
geons and anesthetists [1, 2]. Carinal resections may be accompanied by the partial 
resection of the main bronchus, with or without lobectomy or pneumonectomy. 
There are differences in anesthetic techniques, depending on the type of resection: 
whether proximal, median or carinal, with bronchial reconstruction. Ventilation is 
different from the other types of anesthesia in thoracic surgery. And it is not only 
about the interference with the main way of ensuring the gas exchange during the 
general anesthesia. Having specific technical equipment and materials, acquiring 
the appropriate skills by the anesthetic team and, not least, a perfect coordination of 
the anesthetic and surgical times are mandatory.

23.2	 �Etiology: Post-tracheostomy Tracheal Stenoses  
Are on the Rise

Prolonged tracheal intubation is, by tradition, the main cause of laryngotracheal 
stenosis [3], whose incidence has taken an obvious downward trend since the intro-
duction of the low pressure endotracheal tubes [4]. The incidence of these types of 
lesions, varying between 6% and 21%, is difficult to assess, given that stenotic 
lesions may take months or even years to develop after the moment of intubation 
[5]. The increasingly large number of critical patients with classical or percutane-
ous tracheostomy makes it likely to become the first cause of benign laryngotracheal 
stenosis to require surgical resection [6, 7]. Tracheobronchial resections for other 
benign stenoses are less frequent (below 1%), the most highly cited being the tra-
cheal infections (bacterial, tuberculosis etc.), idiopathic and collagen vascular dis-
eases [8]. The tumoral pathology is much more diverse, including primary or 
secondary tumors of the large airways, with a 0.2% incidence of respiratory malig-
nant lesions [9], like in tumoral extensions, mostly in the lung or the thyroid. 
Table  23.1 illustrates a comparison between the etiology of 901 cases at the 
Massachusetts General Hospital in 28 years [10] and of the 284 cases of tracheo-
bronchial resection performed at the Marius Nasta Institute of Pulmonology from 
Bucharest (Romania) in the past 18 years.

23.3	 �Does the Surgery of the Large Airways  
Require Special Equipment?

During anesthesia predictable or unpredictable situations may occur that make gas 
exchanges difficult to achieve. The decisions and reactions of the anesthetic and 
surgical teams must be quick and optimal, while all technical devices should be 
available in the operating room (Table  23.2). Aside from the usual equipment 
needed in thoracic surgery for general anesthesia (including fiberbronchoscope, 

R. Stoica and I. Cordos



345

high-flow oxygen anesthesia machine, double lumen tubes, flexible wires endotra-
cheal tube, etc.), the equipment for High Frequency Jet Ventilation (HFJV) is man-
datory. The centers specialized in such interventions should be equipped with an 
extracorporeal assist device for oxygenation for a potential “rescue therapyˮ, prefer-
ably the device for extracorporeal membrane oxygenation (ECMO), with staff 
trained to apply this method [11]. A second anesthesia or ventilation machine may 
be needed, rarely, during carinal resections when one-lung ventilation fails to pro-
vide sufficient oxygenation [12].

23.4	 �General Anesthesia: Always Necessary?

General anesthesia, whether intravenous or with inhalation, sometimes combined or 
used successively, is indicated in most cases and used in all centers with experience in 
tracheal surgery [14, 15]. Total intravenous anesthesia (TIVA) infusion is commonly 
used during HFJV and apneic episodes. The inhalational substances are the usual ones 
(mainly Sevoflurane), just like the intravenous ones (propofol, etomidate, ketamine, 
short acting opioids and muscle relaxants), so the choice and administration thereof 

Table 23.1  Etiology of tracheal stenoses operated at the Massachusetts General Hospital 
(28 years) and at the National Institute of Pulmonology Bucharest (18 years)

Massachusetts General Hospital 1975–2003 
(901 patients)

National Institute of Pulmonology Bucharest 
2000–2017 (284 patients)

Post-intubation tracheal stenosis  
(PITS): 589 patients
Tumors: 208 patients
Idiopathic laryngotracheal stenosis 
(ILTS): 83 patients
Tracheoesophageal fistulas (TEF): 21 
patients

PITS  185
– Subglottic  69
– Tracheal  116
Primitive neoplasia  31
– Thyroid invasion  21
– Lung  7
– Metastatic  3
Benign tumors or ILT  7
– TEF  14
– Post-traumatic  2
– Post-tuberculosis  3
– Other  11

Table 23.2  Additional equipment needed in the operating room in tracheobronchial resections

• �Flexible, wired tracheal tubes of different sizes and lengths (for unilateral bronchial 
intubation)

• ETT connectors and extenders for “cross-fieldˮ intubation
• Laryngeal masks
• High frequency jet ventilator (HFJV) with separate plugs for oxygen and air
• Jet ventilator catheters
• EZ-blocker [13]
• Equipment for interventional bronchology (tracheoscopes, connectors, etc.)
• “Rescue therapyˮ:
   – Second ventilator (rare situations of independent lung ventilation)
   – Extracorporeal assist device (ECMO)
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are at the discretion of the anesthetist. When the surgical approach is performed by 
thoracotomy, a regional technique may be added on (epidural or paravertebral analge-
sia) which helps with both faster recovery and earlier extubation at the end of the 
surgery [16]. Basic monitoring is applied [17], usually supplemented by a left radial 
arterial catheter to avoid interferences due to interception of the innominate artery. If 
the surgery is major or the cardiovascular conditions require it, a central venous cath-
eter may be placed if it does not interfere with the operating field. Inserting a gastric 
tube, to be suppressed before extubation, is helpful in detecting the esophagus during 
the tracheal dissection. Given the potential periods with poor ventilation (hypoxemia, 
permissive hypercapnia, apnea) when the administration of the intravenous medica-
tion should be better titrated, as well as the need for early extubation, the monitoring 
of the depth of anesthesia with an EEG bispectral index (BIS) and the neuromuscular 
one may be added [18, 19].

Is tracheal surgery possible with awake anesthesia only, without intubation? 
There are reports of isolated cases of tracheal resection, especially in the subglottic 
area, without intubation or any moment of positive ventilation [20, 21]. The local-
regional anesthesia techniques have been either intravenous sedation combined with 
cervical plexus local anesthesia [20], or sedation and local anesthesia with ropiva-
caine [21], the spontaneous ventilation being initially provided with laryngeal mask 
and low-flow oxygen. The most relevant study is the one published by Macchiarini 
et al. in 2010 [22] that looks prospectively at the clinical feasibility of resections in 
the subglottic area or in the median trachea under cervical epidural anesthesia with 
ropivacaine, with mild sedation, with the patient awake and breathing spontane-
ously. Of 21 patients, only one was converted to general anesthesia, with a high 
level of patient satisfaction.

In centers with experience in tracheobronchial surgery, general anesthesia 
remains the primary option, both in terms of patient safety throughout the procedure 
and of surgical comfort.

Extracorporeal circulation, most commonly ECMO, may be an alternative to the 
conventional procedures especially in pediatric surgery [23, 24] or as “rescue therapy” 
in patients that, during the tracheobronchial resections, may suffer critical situations 
where conventional methods cannot provide proper ventilation [25, 26], such as major 
tracheal trauma or complex carinal resections [27]. A meta-analysis published in 2017 
by Schieren et al. presents only 25 cases of tracheal resections with new forms of 
extracorporeal support out of a total of 759 patients [28]. There are no standardized 
recommendations regarding the extracorporeal support methods in complex tracheo-
bronchial resections, causing them to be used only on rare occasions.

23.5	 �Prepping the Patient for Anesthesia: What Information 
Do We Need?

The patients to be subject to tracheal and bronchial resections get to the anesthesia 
after going through a series of specialist consultations including, usually, the pul-
monologist, the bronchoscopist, the radiologist and the thoracic surgeon, as well as 
other physicians, in case of significant comorbidities.
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Before deciding on the anesthetic strategy, several key questions must be 
answered.

	1.	 Is it a respiratory emergency or not? Most cases are not emergencies, but in situ-
ations with imminent suffocation, the primary objective is freeing the airways 
through an interventional bronchoscopy maneuver (partial resection of the 
lesion, dilation etc.) or tracheostomy, followed by the actual resection as a sec-
ond step [29, 30].

	2.	 What is the site, the extent of the lesion and the degree of stenosis? This is valu-
able information, as it helps establish the ventilatory strategy and the succession 
of the anesthetic maneuvers from induction until the end of the intervention. 
Usually, the patient is investigated by the pulmonologist from a clinical and 
respiratory function perspective (Table 23.3). The symptomatology may develop 
insidiously or acutely, the obvious signs (wheezing or stridor) occurring usually 
when the adult’s trachea narrows down to 5–6  mm (an approximately 70% 
reduction in diameter). Interpreting the respiratory function tests, especially the 
peak inspiratory and expiratory flows, may point to the presence and, to a certain 
extent, the degree of obstruction and the site: intrathoracic, extrathoracic or 
whether it is fixed (flow-volume curves) [31].

The bronchoscopic examination is extremely important [32]. It assesses the 
degree of stenosis and, in most cases, its extent, the appearance and nature of the 
lesions by biopsy and the possibility of initially ventilating the patient with or 
without the dilation prior to induction. The appearance, mobility and distance 
between the vocal cords and the lesion are equally relevant [33]. If the patient 
has a tracheostomy tube, then the bronchoscopic assessment of the lesion is done 
both at transglottic level and through the tracheal orifice.

Table 23.3  Clinical and functional signs of tracheobronchial stenoses

History
– a history of prolonged intubation
– progressive dyspnea at increasingly smaller efforts
Clinical examination
– cough, hoarseness
– �increased dyspnea in forced inspiration (extrathoracic stenosis) or in forced expiration 

(intrathoracic stenosis)
– suprasternal retractions
– wheezing, stridor
– cyanosis
Respiratory function tests
– �flow-volume curves: flattening the inspiratory limb in variable extrathoracic obstruction, 

flattening the expiratory limb in variable intrathoracic obstruction, flattening of both limbs in 
fixed obstruction

– Midpoint maximal inspiratory flow is FIF50% <100 L/min
– FEF50% > 1/FIF50%
– FEV1/PEFR > 10 mL/L/min
– FEV1/FEV0.5 > 1.5

FIF50%: midpoint maximal expiratory flow. FEF50%: midpoint maximal inspiratory flow. FEV1: 
forced expiratory volume in 1 s. PEFR: peak expiratory flow rate. FEV0.5: forced expiratory vol-
ume in 0.5 s
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The modern X-ray examination supplements and enhances the precision of 
the preoperative assessment of the tracheobronchial stenoses. The axial CT 
(computer tomography) scan, but especially the spiral CT with multiplanar 
reconstruction (MPR) and tridimensional (3D) images, as well as the virtual 
bronchoscopy (VE) improve the diagnosis accuracy. The matching between the 
preoperative assessment of stenosis severity and extent using these means and 
the actual one, resected during the surgery, is more than 95% [34, 35]. 3-D CT is 
very helpful in the stenosis of the main bronchus, where the fibrobronchoscope 
cannot pass, like in the case of double stenoses after prolonged intubation and 
tracheostomy (Fig. 23.1).

In case of esotracheal fistulas, the esophageal endoscopy completes the man-
datory preoperative investigation [36].

	3.	 Other investigations. Mortality due to other comorbidities may be higher than 
the one secondary to the actual surgery [37]. The patient with tracheobronchial 
stenosis is subject to the usual preoperative investigations in thoracic surgery, 
with a special remark for cardiac assessment. Aside from a routine ECG, patients 
with coronary risk factors (elderly, history, smokers), may require specific car-
diological treatment following more complex investigations. Other comorbidities 
(diabetes, kidney failure, neurological, liver and others) must be evaluated and 
treated by specialist consultations.

23.6	 �The Anesthetic Technique Varies by Lesion Site: 
Optimizing the Anesthetic Steps with the Surgical 
Moments

The anesthetic and surgical team has all the investigations related to the type, degree, 
site and extent of the stenotic lesions. The surgeon describes the extension of the 
resection and the way he plans to achieve the reconstruction of the airways. He also 

Fig. 23.1  3D-CT double 
tracheal stenosis
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outlines the most delicate moments of the intervention when he needs intraoperative 
comfort to perform the anastomosis of the airways. Table 23.4 summarizes the main 
issues subject to discussion prior to the surgical intervention.

Always be ready for a difficult airway management!

23.6.1	 �Upper Tracheal Stenosis (Non-critical Subglottic)

Proximal resections are interventions that require the removal of stenosis located in 
the upper third of the trachea, with or without cricoid cartilage involvement. The 
approach usually consists of Kocher cervicotomy. Sometimes, during the preopera-
tive preparation, the patient undergoes a dilation session to facilitate ventilation. 
The endotracheal tube cannot always go beyond the obstacle.

Step 1. After the anesthetic induction, ventilation can be performedː

–– with a flexometallic (wired) tube, suprastenotic (fixed in the stenosis) 
(Fig. 23.2a).

–– with a transstenotic flexometallic tube, possibly after preoperative bronchoscopic 
dilation, which is the most convenient option.

–– on a preexisting tracheostoma (in case of very tight or complete subglottic 
stenosis)

–– more rarely, on a laryngeal mask when the stenosis is tight and very high and 
cannot be ventilated with the abovementioned methods [38].

Comments. Before severing the trachea below the stenosis, pediatric ETTs with 
an inside diameter of 4–4.5 mm may be inserted, under acceptable ventilatory con-
ditions for a short while [39].

Table 23.4  Tracheobronchial surgery. Surgical and anesthetic strategy

Surgical Anesthetic

Stenotic lesionː site, severity, extent, pathology
Surgical approach: cervical, cervico-
sternotomy, sternotomy, laterothoracic
Extent of resectionː laryngotracheal, tracheal, 
carinal, pneumonectomy with carina, main 
bronchus
Tracheobronchial reconstructionː 
laryngotracheal (thyro-tracheal or crico-
tracheal), tracheo-tracheal, tracheobronchial 
(sleeve with or without preservation of the 
pulmonary parenchyma), carina reconstruction
Anesthetic requirements for surgical comfortː 
“cross-field ventilation”, HFJV, succession of 
the ventilation techniques

Position of the patient at induction and 
during the intervention
Anesthetic medication at induction and 
intraoperative.
Monitoring requirements
Initial ventilationː preoperative dilation of 
the stenosis (HFJV), intubation with 
transstenotic ETT or with ETT above the 
stenosis, laryngeal mask, tracheostomy, 
intubation with double lumen tube.
Ventilatory needs during the interventionː 
providing ETT and connectors for “cross-
field ventilation”, HFJV with accessories.
Vulnerabilitiesː How is the patient ventilated 
at the most challenging moments during 
surgery.
Is a form of “rescue therapyˮ (ECMO) 
possible/necessary?
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Step 2. After sectioning the distal trachea below the stenosis, the ventilation can 
be performedː

–– by having the surgeon place in the distal trachea a flexometallic ETT connected to 
the anesthetic circuit through an extension, for “cross-field” ventilation (Fig. 23.2a, 
b). In case of initial ventilation via the tracheostomy tube, it is suppressed.

–– by introducing an HFJV catheter in the distal trachea through the initial ETT, 
which is “pending” above the stenosis, or through LMA [40].

–– by passing the initial flexometallic tube in the distal trachea after resection of the 
stenotic section

–– to make the sutures, there can be periods of apnea after ventilation with oxygen 
100%.

Comments. ETT temporarily positioned between the cords, for the initial ventila-
tion in upper stenoses, can be extubated during the surgical maneuvers. The patient 
is re-intubated after completing the posterior part of the crico-tracheal anastomosis, 
in order to ensure ventilation until the end of the intervention regardless of how the 
initial ventilation was done.

a ba

Fig. 23.2  (a) “Cross-field” ETT (b) “Cross-field” ETT with wired ETT “pending” above the 
stenosis
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23.6.2	 �Median Tracheal Stenosis

The ventilation steps are the same as in upper stenoses. In mid-tracheal stenosis, the 
approach is the partial cervico-sternotomy. At this level, the most common ones are 
post-tracheostomy stenoses, those with the tracheostomy tube in place, double ste-
nosis and those caused by the invasion of thyroid tumors.

Comments. In case of tracheal compressions and invasions by thyroid tumors, 
the tracheal lumen is narrow and deformed (Fig. 23.3). Initially, the ETT must be 
positioned using the bronchoscope or the ventilation can be performed through 
the laryngeal mask [41]. Preserving at least one recurrent nerve is important for 
post-anesthesia extubation (Fig. 23.4). In case of double stenosis (Fig. 23.1), that 

Fig. 23.3  Thyroid tumor 
invading mid-trachea

Fig. 23.4  Thyroidectomy 
with tracheal resection. 
Detecting the recurrent 
nerve
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can be excised en bloc (less than 6.5 cm long), the dilation by rigid bronchoscopy 
is recommended to facilitate the ventilation from induction to distal tracheal 
sectioning.

23.6.3	 �The Distal Trachea (Minus the Carina) is Resected 
Following the Same Ventilation and Surgical Rules Like 
in the Case of the Other Tracheo-tracheal Anastomosis

Most often, the lesions are benign, but they can be malignant, too (metastasis, cystic 
adenoid carcinoma). The surgical approach is either by sternotomy or, more rarely, 
by right thoracotomy [42]. After the distal resection of the trachea, one-lung ventila-
tion may be applied either by using a no. 6 or less ETT for “cross field” ventilation 
of the left lung, preferably, or HFJV by a catheter placed by the surgeon, preferably 
on the right or alternatively left-right. In the end, ventilation is provided by the ETT, 
initially placed above the anastomosis.

Comments. Cross-field ETT in the main bronchus is suppressed, after passing the 
suture threads of the anterior part of the anastomosis. Until it closes, there is an 
apneic period and the patient is pre-oxygenated with 100% oxygen.

23.6.4	 �Carinal Resections with or Without Lung Resection

Carinal resections are the biggest challenge for the anesthetic-surgical team. The 
surgical approach is important for the succession of the ventilation steps. This is 
usually performed by right thoracotomy for the resection of the carina, with or with-
out right sleeve pneumonectomy, or median sternotomy for the isolated carinal 
resection. In case of left sleeve pneumonectomy, much more uncommon, the surgi-
cal approach is controversial, with different solutions described here: a clamshell 
incision or a median sternotomy, with or without anterior left thoracotomy [43], or 
by simple left posterior-lateral thoracotomy, or a 2-step approach consisting of left 
thoracotomy for left pneumonectomy followed by right thoracotomy for carinal 
resection and anastomosis between the trachea and the right main bronchus or a 
right thoracotomy for carinal resection and reconstruction followed by video-
assisted left pneumonectomy [44].

During the isolated carinal resection, usually for rare tumoral diseases (adenoid 
cystic carcinoma, mucoepidermoid carcinoma, metastasis), the reconstruction is 
done either by creating a neo-carina of the two main bronchi and anastomosis in the 
trachea (Figs. 23.5a, b and 23.6) or by other anastomotic arrangements between one 
of the main bronchi and the trachea and the lateral implantation of the other bron-
chus. Initially, the ventilation can be achieved by a regular ETT positioned in the 
trachea above the tumor lesion. The HFJV catheter is inserted through the ETT to 
the right and the left bronchus is severed, then to the left for the right bronchus. The 
HFJV is kept as long as the neo-carina is built, as well as the anastomosis between 
the carina and the trachea is achieved (Fig. 23.5a, b). Until the end of the interven-
tion ventilation is ensured by the initial ETT.
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a bb

Fig. 23.5  (a, b) HFJV during carinal resection and anastomosis between the neo-carina and the 
trachea

Fig. 23.6  Carinal 
resection with 
reconstruction—2-years 
later

During the right tracheal sleeve pneumonectomy, the succession of the ventilation 
steps is initially on the left double–lumen tube (DLT), until isolating the right lung. 
Then the DLT is retracted in the trachea and the HFJV is inserted on its bronchial 
branch to the left bronchus [45] (Fig. 23.7). After performing the left tracheobron-
chial anastomosis, the ventilation is maintained traditionally on the tracheal DLT.

During the left tracheal sleeve resection, the procedure can be the same or the 
DLT intubation in the right main bronchus may be applied.

Comments. Depending on the type of tracheobronchial reconstruction, “cross-
field” ventilation with ETT may be applied in a main bronchus, alternating with 
HFJV, after DLT retraction in the trachea. An example is left tracheobronchial anas-
tomosis with lateral implantation of the other main bronchus after carinal resection. 
However, the HFJV catheter is preferred for being thin and enabling the passage of 
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the threads in a more convenient space. The oxygenation must be well monitored as 
there can be moments of apnea. The carinal resection on a single lung can be done 
with the succession of oro-tracheal ETT, HFJV alternating with apneic periods until 
the completion of the tracheobronchial anastomosis.

An extracorporeal support technique (ECMO or cardio-pulmonary by-pass) is 
rarely used in adults in this type of surgical interventions, but may be a temporary 
option in certain situations [46]. The benefits of the method in elective surgery 
would concern a better surgical exposure in the delicate moments when an adequate 
control of ventilation is required. Lang et al. reported in 2015 a series of 10 cases of 
complex tracheobronchial resections using ECMO in oncologic patients [47]. The 
authors recommend for the technique to be used only in carefully selected cases, as 
there are many unknown impediments and complications. Experimented centers 
managing complex cases must be equipped with ECMO and a team trained to apply 
this method [46].

23.6.5	 �Esotracheal and Esobronchial Fistulas

Tracheal resections performed while repairing esotracheal fistulas occurring after 
prolonged intubation may pose significant problems during anesthesia. Usually, the 
patients have a tracheostomy and come after a long stay in hospital, with recurrent 
pulmonary infections and risk of gastric aspiration. The tracheal and esophageal 
defect can be repaired by a single surgical intervention [48], the resected tracheal 
part being sometimes long, including the fistula segment. The ventilation steps are 
similar to those used in tracheal resections with preexisting tracheostomy: ventila-
tion on the tracheostomy tube, then “cross-field” ventilation on distal trachea and, 
in the end, ventilation on oro-tracheal ETT introduced after closing the esophagus 
and the posterior part of the tracheo-tracheal anastomosis [49].

Comments. The intervention is recommended to patients with spontaneous 
breathing [49], but there are reports of cases when the tracheo-esophageal defect 
had to be repaired in mechanically ventilated patients [50]. Sometimes, because of 
the long length of the resected tracheal part or of the precarious state of the patient, 

Fig. 23.7  Left DLT 
retracted in the trachea. 
HFJV catheter for left 
bronchus ventilation
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the tracheostomy tube may remain in place postoperatively [51, 52] or the sutures 
are protected by a Montgomery or Hebeler Safe-T-Tube for mechanically ventilated 
patients [50].

23.6.6	 �Stenosis of the Large Bronchi: Bronchial Sleeve Resection

The main bronchi are resected in case of benign stenosis, frequently post-tuberculosis 
or sleeve-resection or in case of lung tumors of the upper pulmonary lobes with 
bronchial involvement. Tracheal intubation is done with DLT or with ETT with 
bronchial blocker to separate pulmonary ventilation until the broncho-tracheal anas-
tomosis is achieved.

23.7	 �Recovery from Anesthesia

Recovery from anesthesia, preferably in the operating room, is the objective recom-
mended in most patients that were subject to tracheal and/or main bronchi resec-
tions [10]. The pharmacological technique must be adapted to this purpose, whether 
it is a TIVA technique or another type of combined anesthesia. The opioid medica-
tion and the muscle relaxants must be gradually reduced or antagonized towards the 
end of the surgical intervention. Nausea and vomiting may endanger the suture and 
cause gastric aspiration. Cervical incisions and even sternotomies do not necessarily 
require postoperative opioid analgesia and the administration of central antiemetics 
is indicated. The association with epidural analgesia in case of thoracotomies is also 
recommended. In case of upper and median tracheal resections and of the wide-
spread ones, the anterior flexion of the neck is recommended to be maintained for 
4–8 days by “guardian stitches” between the submental and presternal skin [53] or 
by special orthesis, in particular for non-cooperative patients [54].

Comments. Maintaining a nasotracheal tube in the first day after surgery, to pro-
tect the anastomosis or rather in case of edema of glottis or damage of the laryngeal 
nerves is the preferred extubation method for certain authors [55], but it is very 
rarely needed in reality. Another method, again highly uncommon, in patients with 
early postoperative respiratory difficulties, is maintaining a temporal tracheostomy, 
two rings below the anastomosis [56]. More than 90% of tracheal resection patients 
can be extubated in the operating room [56].

Early complications are rare in case of tracheal resections and the fatal ones occur 
exceptionally, usually related to anastomosis (anastomosis dehiscence, vascular fistu-
las) [56]. They are more common in carinal ones, directly proportionate with the 
experience of the center where they are performed [57]. Thus, mortality due to tra-
cheal resections may go down to 1% [9] and due to carinal ones, to 3–12% [58]. The 
most frequent complications unrelated to anastomosis are dysphonia, dysphagia and 
wound infection. The pediatric population, large laryngotracheal resections, diabetes 
mellitus, preoperative tracheostomy and re-intervention are the main risk factors [10].
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23.8	 �High Frequency Jet Ventilation (HFJV)

HFJV is the most commonly used method of high frequency ventilation in the 
surgery of the trachea and the large airways. VT administered intermittently, with 
a high instantaneous gas flow is much smaller that the anatomically dead space 
of the airways. The respiratory rate is high (usually >60 breaths/min) and the 
expiration is passive [59]. The gas exchanges are complex and incompletely clar-
ified. The mechanisms of convection, of augmented diffusion (Taylor disper-
sion), spike formation generated in the center of the airway while the gas exits 
the lung at the periphery of the airway by a helical pattern (coaxial flow), cardio-
genic mixing of gas lost to the pericardium or pendelluft are most commonly 
responsible. During the surgical interventions on the large airways, HFJV is 
delivered in an open system because the inspiratory VT (1–3 ml/kg body weight) 
and expiratory VT cannot be currently measured [60] and practically there is no 
risk of barotrauma. Gas exchanges are monitored by pulse oximetry which is 
usually supplemented with the intermittent gas analysis on the radial arterial 
catheter, especially for PaCO2 assessment during longer interventions. There are 
special catheters with dedicated lumen for capnography or it can be recorded on 
a channel of the rigid bronchoscope if the frequency is temporarily down to less 
than 10 breaths per min [61, 62]. There are several models of High Jet Frequency 
Ventilators, Mansoon III Acutronic/Switzerland or TwinStream Carl Reiner 
GmbH/Austria being commonly used in Europe. The gas injection catheters have 
multiple side holes to increase turbulence or have a basket tip, both reducing the 
catheter whip lesions.

The regular settings of HFJV in the surgery of the trachea and large bronchi are 
a FiO2 that usually ranks between 0.6 and 1, respiratory rate (F), between 60 and 
180/min injection pressure or driving pressure (∆P), between 0.3 and 3 bar, and an 
inspiration time around 40% [61]. During this type of ventilation, there is a positive 
end-expiratory pressure (PEEP), which is why the settings of the alarms must 
include a Power Pressure alarm (PP) that we usually set at 10 cm H2O because in 
case of tight tracheal stenosis, auto-PEEP may increase fast [63]. The alarm for the 
peak inspiratory pressure (PIP) is usually set at 20 cm H2O and is also important on 
the one hand as an element of protection for barotraumas, but also in practical terms, 
detecting the obstruction of the catheter with blood secretions or tumoral tissue or 
impossibility of expiration, which causes the non-initiation of the next inspiration. 
The humidifier system that can be attached is useful in long-term interventional 
bronchoscopy and less used during tracheobronchial interventions when the large 
airways are open. Attention should also be given to a follow-up of certain observa-
tional and clinical elements, such as the regular movement of the thorax, ausculta-
tion and the noise produced by releasing the air jet.

The benefits of HFJV in the surgery of the trachea and large bronchi are obvious 
and exceed the likely complications that are rare and generally easy to prevent by a 
regular team using this equipment (Table 23.5).
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23.9	 �Conclusions

Resections with reconstruction of the large airways require specially trained staff, 
specific technical equipment, in particular for the HFJV, and access to a form of 
extracorporeal circulatory support.

Anesthesia during this type of interventions implies a succession of ventilation 
methods, depending on the surgery steps and site of the resected segment (upper, 
median or distal trachea, carina or main bronchus, with or without lung tissue).

Hermes Grillo has probably best summarized the need to promote centers that 
specialize in this type of interventions: “In dealing with apparently simple, yet com-
plex problems that are not frequently encountered, such as tracheal reconstruction, 
the best results for our patients will be obtained if the work is concentrated in spe-
cial units where a continuing commitment has been made to this type of work” [2].
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24Pediatric Thoracic Anesthesia

César Rodriguez-Diaz, Tumay Umuroglu, 
and Edmond Cohen

24.1	 �Introduction

Pediatric patients undergoing thoracic surgery can present unique challenges to the 
anesthesiologist. Firstly, their unique anatomical and physiological characteristics 
render them at higher risk for hypoxemia during and after the procedure. Their size 
does not allow for the use of standard equipment often times requiring the anesthe-
siologist to get creative with the tools at hand. Their behavior will likely not allow 
them to cooperate despite the best laid anesthetic plan. And lastly, the large variety 
in pathology, some of which can be rare, adds more difficulty to the whole proce-
dure. In this chapter we will discuss the above in more detail as well as go over the 
techniques that have been used successfully to take care of this patient population 
during thoracic surgery.

24.2	 �Pediatric Anatomy and Physiology

Pediatric patients have several key differences in anatomy and physiology com-
pared to the adult which the anesthesiologists must be aware to successfully take 
care of these patients during thoracic surgery. The most prominent airway charac-
teristics are listed below [1]:
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•	 Large head, short neck and a prominent occiput.
•	 Tongue is relatively large.
•	 Larynx is high and anterior, at the level of C3–C4.
•	 Epiglottis is long, stiff and U-shaped.
•	 Preferential nasal breathing
•	 Airway is funnel shaped and narrowest at the level of the cricoid cartilage.
•	 Airway is small and prone to develop edema resulting in airway obstruction.

In terms of respiratory physiology, the pediatric patients have a baseline limited 
respiratory reserve during normal two lung ventilation due to several reasons listed 
below [2]:

•	 Horizontal ribs prevent the ‘bucket handle’ action seen in adult breathing and 
limit an increase in tidal volume. Ventilation is primarily diaphragmatic.

•	 The chest wall is significantly more compliant than that of an adult. Subsequently, 
the Functional Residual Capacity (FRC) is relatively low. FRC decreases with 
apnea and anesthesia causing lung collapse.

•	 Minute ventilation is rate dependent as there is little means to increase tidal 
volume.

•	 The closing volume is larger than the FRC until 6–8 years of age. This causes an 
increased tendency for airway closure at end expiration. Thus, neonates and 
infants generally need intermittent positive pressure ventilation during anesthe-
sia and would benefit from a higher respiratory rate and the use of positive and 
expiratory pressure (PEEP).

•	 Muscles of ventilation are easily subject to fatigue due to low percentage of Type 
I muscle fibers in the diaphragm. This number increases to the adult level over 
the first year of life.

•	 The alveoli are thick walled at birth. There is only 10% of the total number of 
alveoli found in adults. The alveoli clusters develop over the first 8 years of 
life.

•	 Apneas are common post operatively in premature infants.
•	 High O2 consumption compared to adult.

24.2.1	 �Effects of the Lateral Decubitus Position and One Lung 
Ventilation (OLV) in Children

In children up to age 8 years, the chest wall compliance is high, the lungs are easily 
compressed by external pressures, the functional residual capacity is low and the 
oxygen consumption is high. All of these measures render children more vulnerable 
to the unwanted effects of the lateral decubitus position together with OLV, when 
compared to adults. The dependent lung is under pressure. Inhalational anesthetics 
inhibit hypoxic pulmonary vasoconstriction and blood flow to the operative lung 
cannot be reduced. Ventilation/perfusion is easily mismatched, atelectasis forma-
tion and hypoxemia are almost inevitable [10].
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Unlike adults, oxygenation is higher in the nondependent lung rather than the 
dependent one (healthy lung), especially in neonates and infants. The reason for this is 
that children have easily compressible chest wall. FRC becomes equal to the residual 
volume in the dependent lung and small airways begin to close even in tidal volume 
values. Hydrostatic pressure between dependent and nondependent lungs is minimal 
because of the small size of the children. Therefore, the advantage of better oxygen-
ation in the nondependent lung is heralded. As a result, compared to adults, children are 
at greater risk for developing hypoxemia or airway complications during thoracoscopic 
surgery or thoracotomy, even though one lung ventilation is not used [2].

24.3	 �Preoperative Evaluation

Preoperative evaluation and patient preparation are mandatory in order to reduce 
perioperative complications in thoracic surgery in children. The required fasting time 
and premedication recommendations are similar to other surgical patients. In sum-
mary, 2 h nil per os (NPO) for clear fluids, 4 h for breast milk, and at least 6 h for milk 
formula or light meal, is recommended per the American Society of Anesthesiology 
guidelines [3]. The most important task is the diagnosis and evaluation of the acute 
and chronic pulmonary and cardiac pathologies. Dyspnea and decreased tolerance to 
exercise are signs indicating decreased pulmonary reserve [2].

Lung auscultation must be performed in either supine or sitting position. 
Pathologic sounds such as rhonchus or wheezing should be evaluated. Blood gas 
analysis is not mandatory in children. It is usually sufficient to evaluate peripheral 
oxygen saturation and venous bicarbonate concentrations which is always elevated 
in children with chronic carbon dioxide (CO2) retention [2]. Although respiratory 
function tests are not recommended in asymptomatic patients, they may be useful to 
determine the progression of disease [4, 5]. Radiologic appearance of the pathologies 
must be examined by the anesthesiologist. This examination may help the anesthesi-
ologist to be ready for possible problems such as difficult intubation or blood loss.

Pediatric and adult thoracic surgeries differ in terms of indication. In adults, the 
indication is usually limited to infections, tumors, and lobe resections. Usual indica-
tions in younger children are congenital diseases, such as pulmonary sequestration, 
congenital diaphragmatic hernia, trachea-esophageal fistulas, congenital lobar emphy-
sema, vascular rings and tracheal stenosis. Usual indications in older children and 
adolescents are infections, mediastinal masses and musculoskeletal deformities.

24.4	 �Anesthetic Techniques

24.4.1	 �Flexible Bronchoscopy

Flexible bronchoscopy is an endoscopic technique which enables to visualize and 
evaluate the trachea and bronchi mainly for diagnostic procedures. In pediatric 
anesthesia is it performed often times to evaluate the patency of the airway. In order 
to asses for dynamic obstructions spontaneous ventilation is necessary. Thus, 
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sedation supplemented with topical anesthesia is usually satisfactory for this proce-
dure. Optionally a laryngeal mask airway can be utilized while providing general 
anesthesia. If the flexible bronchoscopy is being done for other purposes, such as 
takin biopsy samples, general endotracheal anesthesia with or without paralysis is 
adequate.

24.4.2	 �Rigid Bronchoscopy (RB)

Rigid Bronchoscopy (RB) is mainly therapeutic in nature. It is used in the diagnosis 
and treatment of intraluminal obstructions or extra luminal mass effects. Due to the 
stimulating effects it is performed under general anesthesia. The indications of RB 
in pediatric patients are the same with the adult patients; but the most frequent indi-
cation is the tracheobronchial foreign body (FB) aspiration [6]. Broncho alveolar 
lavage, endobronchial biopsy, dilatation of the subglottic stenosis, tracheal stent 
application, laser surgery, cryotherapy and diagnostic procedures may also be per-
formed under RB.

24.4.3	 �Thoracic Surgery

The goal of anesthesia during RB is to ensure adequate depth of anesthesia, provide 
effective analgesia, decrease airway secretions, restore hemodynamic stability, pre-
serve airway patency at the end of the procedure. All stages of anesthesia including 
induction, maintenance, ventilation and emergence are critical and will be discussed 
next.

24.4.3.1	 �Preoperative Period
FB removal offers some differences with other bronchoscopic procedures. First, it 
is always performed under emergent conditions; second, the patient is usually 
totally healthy before FB aspiration. For this reason, pre-anesthetic evaluation of the 
routine laboratory tests is not beneficial and is time consuming. It is essential to 
inform parents about the perioperative risks of the procedure and to obtain a written 
consent. The fasting time should be in the recommended limits. If not (as in emer-
gent cases), measures to reduce the aspiration risk should be taken. The decrease in 
the production of saliva and anxiety are the beneficial effects of premedication. 
Albuterol sulfate and budesonide inhalations are reported to be advantageous in 
reducing perioperative pulmonary complications [20]. The knowledge of the type, 
place and aspiration time of the FB is important. If it is above the carina, there is a 
total obstruction risk and face mask ventilation or ventilation after endotracheal 
intubation may be impossible. Penetrating objects may cause pneumomediastinum 
or subcutaneous emphysema. Organic materials may swell progressively and result 
in total obstruction. The anesthesiologist must know the aspiration time in order to 
predict the airway edema or granulation tissue formation [7].
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24.4.3.2	 �Intraoperative Period
Performing general anesthesia in pediatric patients is always a challenging task, but 
the situation becomes more complicated in RB procedures, even in previously 
healthy children. RB indications usually include airway obstruction or respiratory 
system pathologies and children have limited pulmonary oxygen reserve and high 
oxygen consumption rate. Furthermore; the surgeon, the anesthesiologist and the 
nurse share the same space creating a risk of chaos [8].

The shaving chin position (with head extension by keeping a shoulder roll, chin 
pointing upwards) is given. This is the ideal position to restore airway continuity. 
Monitoring should include electrocardiography, oxygen saturation via pulse oxim-
etry, noninvasive blood pressure and body temperature [9]. Monitoring of the end 
tidal CO2 values is not possible. Transcutaneous CO2 analysis may provide a con-
tinuous estimation of the arterial CO2 values. Total intravenous anesthesia (TIVA) is 
commonly used during RB, therefore bispectral index monitor is recommended in 
order to assess the depth of anesthesia.

24.4.3.3	 �Ventilation Techniques
There are four ventilation techniques during RB [2]. The choice of the ventilation 
technique depends on the patient’s condition and the anesthesiologist’s preference.

	1.	 Apneic oxygenation: After preoxygenation, the patient is not ventilated until the 
periphery oxygen saturation begins to fall. This allows the surgeon a brief period 
of time to perform an intervention. At the end of this period, the patient is venti-
lated. This cycle is repeated during the procedure. The technique is not preferred 
in pediatric patients because of their limited oxygen reserves.

	2.	 Spontaneous assisted ventilation: In this technique, the patient is ventilated with 
a bag and flexible tubing attached to the ventilation port of the RB, with high 
flow oxygen. Ventilation is spontaneously maintained by the patient and assisted 
by the anesthesiologist, when required. Generally, total intravenous anesthesia is 
administered, but despite the disadvantage of the environment air pollution, 
some centers use volatile anesthetics through the ventilation port of the broncho-
scope. The advantages of this technique are the preservation of the patient’s 
spontaneous ventilation during the procedure, decreased risk of migration of the 
FB to another site because of the absence of positive pressure. Nevertheless, 
spontaneous ventilation may be disrupted as a result of the increased airway 
resistance caused by the instruments inside the RB. Laryngospasm is another 
risk [10–12].

	3.	 Positive pressure ventilation: This is the most commonly used technique. In this 
technique, anesthesia circuit is connected to the ventilation port of the 
RB. Positive pressure is created manually by the reservoir bag or by the anesthe-
sia machine. Muscle relaxation is required. The advantages are the decrease of 
atelectasis risk, improvement in oxygenation and decrease in airway resistance. 
As the air leak through the outer part of the RB is inevitable, adequate tidal vol-
ume may not be delivered; this is the most frequent disadvantage of this ventila-
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tion technique. Maintaining effective ventilation may only be possible by 
increasing flows and prolonging inspiratory times, bringing the risk of air trap-
ping in airways distal to the stenotic areas. Another disadvantage is the disloca-
tion of the FB by the effect of positive pressure. During positive pressure 
ventilation, the viewing port must be occluded in order to deliver an effective 
breath through the ventilation port of the RB [13]. It is advised to use spontane-
ous ventilation for the removal of proximally located FBs and positive pressure 
ventilation for the removal of distally located FBs [14].

	4.	 Low-frequency jet ventilation (LFJV): This technique is preferred in order to 
prevent hypoventilation resulting from the air leak through the outside the RB. It 
can be applied via Sanders or Manujet III injector (VBM, Germany). High oxy-
gen pressure created by the hospital medical gas system (wall piped oxygen) is 
applied to the ventilation port of the RB. This pressure is regulated and reduced 
by an adjustable valve, manually. It runs through the RB with a high flow, lead-
ing to a negative pressure within the airways. This creates an air corridor outside 
the RB and air is entrained to alveoli (Venturi effect). This technique allows the 
delivery of tidal volumes between 1 and 3 ml/kg. Ventilatory parameters used 
during LFJV vary with age group (Table 24.1). The resulting alveolar ventilation 
is the total of the volume delivered by the injector and the entrained air. Low-
frequency jet ventilation offers the advantages of allowing bronchoscopic inter-
ventions to be performed without cessations. Complications include barotrauma, 
inability to predict FiO2 and monitor ETCO2, FB dislocation and blowing of 
blood and debris materials to distal airways resulting in inadequate gas exchange. 
LFJV should not be used in patients with tracheobronchial mucosa injury or low 
respiratory compliance [15]. In addition to standard monitoring, monitoring of 
chest wall rise, depth of anesthesia, SpO2 and transcutaneous pressure of CO2 (if 
available) is essential during LFJV.

Whatever the ventilation technique is, the key of an uncomplicated procedure 
is the cooperation of the surgeon and the anesthesiologist.

The choice of anesthesia method depends on the experience of the surgeon 
and the anesthesiologist. The major concern during anesthesia induction is to 
minimize airway reactivity. Concerning FB removal, face mask ventilation may 
cause a FB to move, resulting in complete obstruction. Inhalational or intrave-
nous agents or both may be administered. During maintenance, short acting 
agents such as propofol, dexmedetomidine, remifentanil and short acting muscle 
relaxants are administered as the procedure is generally quite short. Nitrous 
oxide is not recommended, because many patients undergoing RB have air trap-
ping to some extent.

Table 24.1  LFJV parameters according to age groups

Patient age group Frequency/minute Injection (driving) pressure
Neonate 40 0.5 bar
Infant 40 1 bar
Children 20–30 2 bar
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Preservation of the spontaneous breathing during the procedure decreases the 
risk of FB dislocation, but unwanted motion, cough, retching, bronchospasm and 
laryngospasm are found to be more common compared to controlled ventilation. 
Nevertheless, there is still no consensus regarding the most effective ventilation 
method (spontaneous or controlled). In cases of spontaneous ventilation, anes-
thesia should be induced with sevoflurane, maintained with sevoflurane together 
with propofol infusion, together with topical lidocaine 1% (to diminish airway 
reflexes and anesthetic agent’s doses) [25].

Severe complications can occur during RB [16]. These are closely related to 
the patient’s condition, the severity of the pathology, the experience of the sur-
geon and the anesthesiologist.

Hypoxia-induced cardiac arrest is a major cause of death. Mortality is closely 
related to the general state of the children, at admission, the quality of anesthesia 
induction and the insertion success of the bronchoscopy.

The complications are as follows:
	(a)	 Death (0.42%)
	(b)	 Severe laryngeal edema
	(c)	 Bronchospasm (Necessitating tracheostomy or endotracheal intubation)
	(d)	 Pneumothorax and pneumomediastinum
	(e)	 Hypoxic arrest during induction, maintenance or recovery period
	(f)	 Hypoxic brain injury
	(g)	 Tracheal or bronchial laceration
	(h)	 FB dislocation
	(i)	 Failure to perform RB (Necessitating thoracotomy or tracheostomy, depend-

ing of the pathology)
	5.	 Ventilation during the postoperative period:

The choice of the ventilation technique after the procedure depends on the 
severity of the pathology, the patient’s medical condition, the effectivity of the 
ventilation and the degree of edema in airways. In uncomplicated cases, sponta-
neous ventilation is assisted via a face mask; but endotracheal intubation should 
be preferred in patients having severe pathologies together with impotent air-
ways and ineffective ventilation. After the recovery, hospital stay is strictly rec-
ommended [17]. If the patient has no previous respiratory failure and has 
completed the procedure without complication, he may be referred to the ward. 
Otherwise, follow up in intensive care is mandatory.

24.4.3.4	 �Sternotomy
In children, sternotomy is generally performed for the biopsy or removal of the 
mediastinal tumors. A detailed history and physical examination are extremely 
important. Anesthesiologists should focus on the respiratory system symptoms such 
as difficulty in breathing, cyanosis or stridor aggravated by motion, cough or strain-
ing. Wheezing unresponsive to the bronchodilators, recurrent pneumonia, persistent 
atelectasis, pericardial invasion, arrhythmias, pulsus paradoxus or signs of the supe-
rior vena cava syndrome are the warning pathologies for a complicated periopera-
tive period. Echocardiographic examination is mandatory in children with 
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mediastinal tumors in order to determine a possible mass effect. The riskiest period 
is the induction of anesthesia especially in previously symptomatic children. 
Decrease in the sympathetic tonus, loss of the spontaneous ventilation and physio-
logic changes related to patient position diminish compensatory mechanisms. 
Children with mediastinal mass are in increased risk of severe airway obstruction 
and hemodynamic instability. The pediatric surgeon must be ready to perform emer-
gent rigid bronchoscopy (RB) during the anesthesia induction of children with a 
mediastinal mass, in cases of total obstruction as a result of a mass effect. During 
induction of anesthesia, preservation of the spontaneous ventilation to secure the 
airway continuity is recommended. In cases of superior vena cava obstruction 
symptoms, induction must be performed in the sitting position and intravenous lines 
must be inserted into the lower limb veins. If possible, biopsy must be taken under 
local anesthesia. Chemotherapy or radiotherapy must be done to shrink tumors 
before surgery. A cardiopulmonary bypass circuit on standby should be considered 
for extremely high-risk cases.

24.4.3.5	 �Two Lung Ventilation with Manual Retraction
Several thoracic procedures, for example patent ductus arteriosus ligation, vascular 
ring resection and tracheo-esophageal fistula repair, can be performed with a single 
lumen tube positioned in the trachea providing ventilation to both lungs with the 
surgeon retracting the lungs as necessary. This is typically for short procedures in 
small infants where the surgeon is operating in the chest cavity but not directly on 
the lungs. This technique is especially helpful in the management of emergencies 
such as acute hemorrhagic conditions or tension pneumothorax. Lung injury is a 
concern and thus retraction should be kept to the minimum necessary. It is also pos-
sible for the surgeon to insufflate carbon dioxide (CO2) into the pleural space to 
displace the lung if a thoracoscopy is being performed.

24.4.3.6	 �Lung Isolation and OLV
OLV is a ventilation strategy which facilitates surgical exposure in thoracoscopy or 
thoracotomy [18]. Unlike adult patients, OLV is not easy in children, especially in 
neonates and infants, because of the equipment limitations. Nevertheless, technol-
ogy is advancing daily and equipment available to help anesthesiologists in per-
forming OLV has been developed. OLV has other advantages other than surgical 
exposure, they include:

•	 Decreasing the over distention of the pathologic lobe, in congenital lobar 
emphysema.

•	 Differentiating the normal lung tissue from the pathologic one.
•	 Decreasing the potential trauma to the lung tissue, caused by the retractors.
•	 Decreasing the risk of contamination of the healthy lung by secretions, blood or 

infected materials originating from the diseased lung.

We will discuss next different ways to achieve OLV in pediatric patients.
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Selective Bronchial Intubation
Selective bronchial intubation with a regular single lumen tube can be achieved 
readily and is the simplest to achieve one lung ventilation. The endotracheal tube 
(ETT) is advanced while auscultating breath sounds until the sound is lost on the 
desired side. Confirmation can be obtained by noting an acute drop in end tidal 
CO2 as the tube enters a mainstem bronchus. Being that the left bronchus has a 
more acute angle of separation from the trachea than the right bronchus (45° ver-
sus 25°) it is much more common for the tube to be advance into the right main-
stem bronchus. Rotating the patient’s head to the right side helps to decrease angle 
the left bronchus improving the chance of a left mainstem bronchus intubation. 
Also rotating the ETT 180° so the bevel is pointing to the left helps direct the tube 
to the left bronchus. Alternatively, and with higher first pass success rate, the tube 
can be guided with a fiber-optic bronchoscope. It should be noted that the bronchi 
have a smaller diameter than the trachea and thus a tube that is too big could cause 
trauma to the bronchus. If an uncuffed tube is being used there is chance of a leak 
which might not allow for full lung collapse. Cuffed tubes should not be placed 
too far into the bronchus since the cuff can occlude the upper lobe of the selected 
bronchus, especially when intubating the right mainstem bronchus [19]. It is rec-
ommended the cuff to partially remain in the trachea. A major downside to selec-
tive bronchial intubation is that it is not possible to ventilate, apply suction, or 
continuous airway pressure (CPAP) to the nondependent lung. Several variations 
of this technique have been described. Marraro described an endobronchial bilu-
men tube consisting of two uncuffed tube joined together with the bronchial tube 
being longer than the tracheal one. It is developed for children under 3 years old 
[20]. Tsujimoto et al., described a micro laryngeal ETT that can be advanced into 
the desired bronchus, through the intubating laryngeal mask airway, with the aid 
of flexible fiber-optic bronchoscopy (FOB) [21]. High frequency jet ventilation 
(HFJV) and high frequency oscillatory ventilation (HFOV) is another option and 
can be indicated in short procedures. They provide optimal surgical field while 
allowing blood gas exchange. There is inability to monitor end tidal CO2 (EtCO2) 
which might be overcome by transcutaneous CO2 (PtcCO2) monitoring 
(Table 24.2).

Table 24.2  Approach to one lung ventilation by age

Age ETT Feasible one lung ventilation technique
Fiber-optic 
size

Newborn–2 years 3.0–4.5 mm Endobronchial intubation/5F Parallel BB <2.2 mm
2–8 years 4.5–6.0 mm 5F BB Coaxial/Endobronchial Intubation 2.2–2.8 mm
8–10 years 6.0–7.0 mm 5F BB coaxial/4.0 Univent Tube 2.8–4 mm
>10 years 7.0 mm plus 7F BB Coaxial/26 or higher Double Lumen 

Tube/4.0 or higher Univent Tube
2.8–4 mm
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Bronchial Blocker
Another option for lung separation is the placement of a bronchial blocker (BB) in 
the operative side. A major advantage of this technique is the BB balloon can be 
deflated allowing quick ventilation to the operative lung if necessary. The smallest 
bronchial blockers in the market are the 5 French (F) Arndt blocker (Cook Medical, 
Indiana, USA) and the Uniblocker (Fuji System Corporation, Tokyo, Japan). They 
are both smaller versions of the 9F blockers from each company and are intended to 
be used in the same way, inside (also called coaxial) the ETT (Fig. 24.1) with the 
major difference to all the other blockers being that the 5F Uniblocker does not have 
a suction port. It should be noted that the 5F BB has a higher-pressure balloon than 
the 9F BB balloon used in adults and caution is warranted when inflating it [22]. 
Being that a fiber-optic bronchoscope is necessary for the placement of all bronchial 
blockers, placing them becomes a challenge when the ETT inner diameter is small. 
The most common pediatric fiber-optic bronchoscope size available is 2.2 mm in 
outer diameter. Since both the FOB (2.2 mm) and the 5F BB (1.67 mm) must fit 
inside the ETT plus some room for maneuvering them, the minimum recommended 
ETT inner diameter is 4.5 mm. Since there are many different models and sizes of 
fiber-optic bronchoscopes in the market it is best if the anesthesiologist checks that 
both the FOB being used and the BB fit inside the intended tube ex vivo. In small 
patients where the BB and the FOB do not fit inside the tube, i.e. ETT 4 mm or 
smaller, lung separation can still be achieved with a BB, however it must be placed 
outside (also referred as parallel) the ETT (Figs. 24.2a, b and 24.3). Our routine 
practice when doing this is, after assuring the patent is fully anesthetized and para-
lyzed, to perform a laryngoscopy with the adequate size blade, passing the 5F 
blocker through the glottis and advancing it gently until soft resistance is met, fol-
lowed by intubation of the trachea with the desired ETT tube. Typically, we use 
cuffed ETT to minimize having to reintubate for leaks. After verifying the trachea 
has been properly intubated and end tidal CO2 (EtCO2) is confirmed, an FOB is 
placed inside the tube to visualize the carina and position the BB into the proper 
bronchus. The adapter included with BB can be used to ventilate while the FOB is 
being used. Most of the time the BB is in the right mainstem bronchus and needs to 
be pulled back. If collapse of the right lung is desired the balloon of the BB is placed 

Fig. 24.1  5F Uniblocker 
and 5F Arndt blocker with 
its own ventilator adapter 
when used inside the tube 
(coaxially)
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a

b

Fig. 24.2  (a) Uniblocker 
placed in left mainstem 
bronchus outside a 4.0 
ETT visualized through a 
2.2 fiber-optic scope. (b) 
Uniblocker placed outside 
a 4.0 mm ETT

Fig. 24.3  5 French (F) 
Uniblocker and 5F Arndt 
blocker when used outside 
the tube (parallel)

very shallow in the right mainstem bronchus to avoid blocking the right upper lobe. 
Visualization of the cuff as it is being inflated is mandatory to avoid injuring the 
bronchus or herniation of the cuff into the trachea. If it is desired to block the left 
mainstem bronchus then the BB must be pulled above the carina and, taking advan-
tage of the hockey stick design of the Uniblocker (or alternatively manually shaping 
the distal end of the Arndt blocker into a hockey stick, since we do not use the lasso 
with this technique), rotating it so that the hockey stick shape directs the BB into the 
left bronchus. As mentioned previously, rotating the head of the patient to the right 
side can help bring the left bronchus into a more direct angle. It must be recognized 
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that when placing a BB outside the tube it can be much more difficult to manipulate 
the BB into the left bronchus compared to when placed inside the ETT, especially if 
it migrates out of the bronchus mid procedure. Care must be taken to ensure the 
ETT and BB are properly secured in place and not to allow any motion such as neck 
flexion or any undue pulling on the circuit that can displace the BB. Our preference 
is to advance the BB far into the desired bronchus while the patient is supine and, 
after the patient has been fully positioned, to pull the BB out into the correct dis-
tance into the bronchus after we are certain the patient will remain immobile. 
Alternatively, Fogarty catheters or Miller atrial septostomy balloons have been 
described when small BB have not been available but being that they have a high-
pressure low volume balloons caution is recommended to avoid injuring the bron-
chus [2].

Univent Tube
The Univent tube (Fuji System Corporation, Tokyo, Japan) is a single lumen tube 
with a bronchial blocker balloon already integrated in the wall of the tube [13]. 
The blocker balloon has a hockey stick shape at the end and is advanced and 
rotated into position. Albeit narrow, the lumen of the second tube may be served 
to deliver oxygen, inhalational agents or suction the operated lung; but this prop-
erty is only present in Univent tubes with an ID of 6 mm or greater. The Univent 
tube’s blocker balloon has low-volume, high-pressure properties, so over disten-
tion or long-term use may cause damage of the tracheal mucosa [23]. Dislodgement 
of the balloon during surgery is quite difficult, because it is strictly connected to 
the main endotracheal tube [2]. Due to the simplicity of its design It would seem 
ideal for lung isolation in small pediatric patients. However, the outer diameter is 
much larger than a regular single lumen tube with the same inner diameter. For 
example, the smallest Univent tube in the market has a 3.5 mm inner diameter but 
an outer diameter of at least 7.5–8 mm per the manufacturer, which would com-
pare to a regular 5.5 mm tube. Thus, it is useful for children older than 6 years of 
age, in which case it is likely preferable to use a regular single lumen tube with a 
BB inside, which provides a larger area to ventilate and less resistance to flow. In 
the scenario of a patient needing to remain intubated post procedure, the BB can 
be simply pulled out instead of requiring the Univent tube to be replaced a regular 
single lumen tube.

Double Lumen Tube
Double lumen tubes are the preferred method for lung separation in older children. 
Just as with adults, it provides true lung isolation, it allows for suction, and applica-
tion of CPAP. The smallest in the market is 26F Rusch (Teleflex, North Carolina, 
USA). Both right and left sided tubes are available. Its outer diameter is 8.67 mm 
which is close to the outer diameter of a 6.5 mm regular single tube (8.9 mm). Other 
pediatric sizes available in the market are 28F and 32F, both made by Rusch and 
Mallinckrodt (United Kingdom). Thus, they are recommended for children older 
than 8 years of age [24]. A small pediatric FOB is required to be able to enter each 
lumen. In adults, the correct length of the tube is directly proportionate to the height 
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of the patient, but there is not a clear proportion in children. The use of right DLTs 
is not preferred in small children because of the high risk of occluding the right 
upper lobe. This is an anatomical disadvantage of the children and the tube manipu-
lation does not overcome it. A similar disadvantage is present in left-sided DLTs 
such as occluding the left upper lobe bronchus by the advanced bronchial tip. The 
technique for placement is the same as in adults and will not be described here.

Hypoxemia Management During OLV
Hypoxemia during OLV is almost inevitable, especially in small children. As in 
adults, CPAP use or intermittent ventilation of the nondependent lung, PEEP appli-
cation to the dependent lung may improve oxygenation [10].

24.4.3.7	 �Monitoring
Standard monitoring including electrocardiogram, pulse oximeter, blood pressure 
measurement, end tidal CO2 monitoring (EtCO2), and temperature are the minimum 
requirement for any thoracic procedure involving general anesthesia. Invasive arte-
rial blood pressure monitoring is usually not required unless there is expectation of 
a long or complicated procedure, poor cardiopulmonary status, or possibility of 
large blood loss. If in doubt it is probably best to err on the side of caution and 
obtain arterial access. In terms of venous access most cases can be done with two 
large bore, for age, peripheral intravenous catheter. Central venous access is rarely 
required, but if there is poor peripheral venous access or any comorbidity that might 
require the patient to need any vasoactive infusions, it is reasonable to obtain. 
Transcutaneous CO2 (PtcCO2) is recommended when the operative procedure does 
not allow for end tidal CO2 monitoring.

24.4.3.8	 �Pain Management
Pain management after thoracic surgery in pediatric patients presents unique chal-
lenges. In young patients that may not be able communicate properly the identifica-
tion and assessment of pain presents a challenge in itself. Even when pain has been 
properly identified and assessed, providing adequate analgesia without risking over 
sedation and respiratory depression can be difficult. Pain is a very complex experi-
ence involving a multitude of factors, the most obvious being the tissue trauma, but 
also just as important, the anxiety and coping mechanisms of the child along with 
the parents [25]. Left untreated, pain can have physical consequences such as hyper-
glycemia, protein catabolism, increased oxygen consumption, increased blood pres-
sure, diaphragmatic splinting, decreased cough, decreased tidal volume, decreased 
Functional Residual capacity (FRC), and decreased bowel motility [26].

Chronic pain after thoracotomy, also referred to as post thoracotomy pain syn-
drome, is defined by the International Association for the Study of Pain as pain 
along the thoracotomy incision that persist after 2 months following the surgical 
procedure [27]. Its incidence is estimated around 50% in adults but appears to be 
lower in 20% children [28, 29]. Preemptive analgesia, particularly regional anesthe-
sia, may help to reduce its incidence [30, 31].
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Regional Modalities
The most basic form of regional anesthesia is surgical wound infiltration with local 
anesthetic. It has low risk and can be easily performed by the surgeon. Care must 
be taken not to exceed the toxic amount of local anesthetic. Doses of bupivacaine 
of up to 3 mg/kg, and lidocaine up to 5 mg/kg have been found to be below the 
toxic range [32, 33]. It should be noted that clearance and protein binding for local 
anesthetic agents are reduced in infants below 6 months of age thus the dose is 
recommended to be halved in these patients. Preemptive local anesthetic infiltra-
tion prior to incision for thoracotomy did not reduce postoperative pain in a study 
by Cerfolio et al. [34].

Thoracic epidural catheters are the most common modality for pain manage-
ment in adult thoracic anesthesia [35]. It seems obvious that local anesthetic deliv-
ered at the corresponding thoracic level will provide superior pain control. The 
administration of local anesthetics at the thoracic level is easily titratable, and pro-
vides the additional advantage of sympathetic blockade and superior blunting of 
stress response otherwise not achieved by other techniques. In pediatric patients, 
epidural catheter placement is performed in the same manner and following the 
same safety guidelines as for adults with the major difference being that both, the 
American Society of Regional Anesthesia and the and the European Society of 
Regional Anesthesia, recommend that all regional anesthesia in children should be 
performed during general anesthesia or deep sedation [36, 37]. Also, in infants less 
than 1 year it is common practice to thread the epidural catheter from the caudal 
space to the desired thoracic location [38]. Ultrasound imaging has been found to 
be helpful in guiding the catheter to the proper location [39]. Maximum infusion 
rates for lidocaine of 1 mg/kg per h, and for bupivacaine of 0.2–0.3 mg/kg per h 
have been recommended for young infants [33, 40]. Again, the dose should be 
halved for infants younger than 6 months. The concomitant use of opioids allows 
the use of lower concentrations of local anesthetics and decreases the risk of local 
anesthetic toxicity.

Paravertebral catheters have emerged as an alternative to the epidural catheter 
route for management of post thoracotomy pain. When performed unilaterally they 
have been found to provide comparable pain control with fewer side-effects such as 
nausea, vomiting, and hypotension, when compared to an epidural catheter tech-
nique [41].

Single shot epidural techniques are typically administered in younger children at 
the caudal epidural space. Since administering a local anesthetic at the caudal or 
even lumbar epidural level will not reach adequate thoracic levels, single shot cau-
dal techniques are mostly limited to the use of hydrophilic opioids and in particular 
preservative free morphine. Morphine, easily administered via the caudal space in 
younger children (typically but not limited to children <5 years of age) will provide 
a long-lasting analgesic effect. Its peak analgesic effect is 4–7 h [42], and its dura-
tion of action has been reported up to 24 h [43]. Even though neuraxial opioids don’t 
offer the potential advantages of a sympathetic thoracic epidural block achieved 
with local anesthetic agents, epidurally administered opioids have been shown to 
provide excellent analgesia, pulmonary function, and early ambulation [44]. Side 
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effects related to neuraxial opioids include nausea and vomiting, pruritus, somno-
lence, respiratory depression, and urinary retention. Close post-operative monitor-
ing for 24 h is mandatory when neuraxial opioids are utilized. Alternative drugs 
such as the alpha 2 receptor agonist clonidine, ketamine, and magnesium have been 
used in the epidural space to minimize undesirable side effects of opioids such as 
respiratory depression, and to prolong analgesic effects [45–47].

Insertion of an epidural catheter can lead to several complications such as mis-
placement, knotting, and migration, especially if advanced too far, rupture, infec-
tion, leakage, epidural hematoma, and neurologic injury. The true incidence of 
neuraxial anesthesia complications is not known. Severe complications of epidural 
catheters, defined as infection, local anesthetic toxicity, cardiac arrest, drug error 
causing harm, or neurologic injury, in pediatric patients have been estimated around 
1 in 2000 patients in one study, with permanent neurologic injury at 1  in 10,000 
patients [48]. Whereas another reported zero neurologic complications in 150,000 
single shot caudal anesthetics [49]. At the moment it does not appear children are at 
higher from neuraxial techniques risk than adults [50].

Intravenous Modalities
Intravenous opioids although highly effective for pain management, have the down-
side of having periods of heavy sedation early after being administered, transition-
ing into periods of low analgesic effect when wearing off. In addition, nausea, 
pruritus, urinary retention, and constipation are common side effects. Long acting 
opioids such as morphine, hydromorphone, and even methadone provide a steadier 
pain control than short acting opioids such as fentanyl.

Acetaminophen is a non-opioid, centrally acting analgesic. Acetaminophen 
used in combination with opioids leads to improved analgesia and a decrease in 
opioid dosing and their side effects [51]. Non-Steroidal Anti-inflammatory Drugs 
(NSAIDS), particularly ketorolac, have been shown to reduce postoperative opioid 
requirements in pediatric surgical patients, including neonates and premature 
babies [52].

Dexmedetomidine is a sedative agent that confers sedation by selectively binding 
to central alpha 2 adrenoceptors. Although at this point it is only approved by the 
FDA for use in adults for up to 24 h, it has been widely used in children even for 
prolonged periods of time [53]. It has become popular in pediatric anesthesia since 
it is associated with a lower incidence of emergence delirium after inhalational 
anesthesia in children [54, 55]. Preemptive use of intravenous dexmedetomidine 
was reported to reduce the incidence of post thoracotomy pain syndrome in adults 
undergoing coronary artery bypass grafting [56]. However, in another study, when 
administered via a paravertebral catheter even though it was associated with lower 
post-operative pain and opioid consumption, it had no effect in the incidence of post 
thoracotomy pain syndrome. It must be noted that pre-operative teaching also plays 
a role in anxiety reduction [57].

Ketamine, an N-methyl d-aspartic acid (NMDA) receptor antagonist, is a disso-
ciative hypnotic with analgesic properties when used in low doses. It has been 
shown to reduce in lower pain scores in the postoperative period in adults [58].
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Taking it all together, a complete multimodal approach to pain management cov-
ers different factors involved in the experience of pain. Local anesthetic to block the 
transition of the nociceptive signal, and anti-inflammatory to reduce tissue trauma, 
an NMDA receptor antagonist to prevent central sensitization to pain, opioids to 
enhance inhibitory pathways, and a preoperative teaching and/or a sedative for 
anxiolysis.

24.5	 �Conclusion

Anesthesia for pediatric thoracic surgery is quite challenging. It is essential to per-
form a detailed preoperative evaluation, have a knowledge of characteristics of dif-
ferent age groups and applicable two-lung or OLV strategies, and also have a full 
anesthetic plan that includes pain management strategies. Furthermore, it must be 
stressed that communication between the surgeon and the anesthesiologist, such as 
sharing the surgical plan, any acute changes in ventilation parameters, heart rate or 
blood pressure, and the post-operative plan, is extremely important in order to 
reduce complications.
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25Robot-Assisted Thoracic Surgery 
and Anesthesia

Dirk Smets, Bérengère Papegay, and Laszlo L. Szegedi

25.1	 �Introduction

From the time of ancient civilizations there have been many accounts of automated 
devices or automats representing humans in appearance. Through the industrial age, 
there appeared more practical applications, by replacing humans in performing 
repetitive or dangerous tasks, which humans prefer or are unable to do because of 
size limitations, or which take place in dangerous environments.

The term robot, which means forced labor in Czech language, was first used in 
the begin of the last century by Karel Capek in his play entitled Rossum’s Universal 
Robots and presented in 1921, introducing the term robot into English and other 
languages.

Actually, a robot means a machine capable of carrying out a complex series of 
actions automatically. Robots have either their control embedded within, or are 
guided by external, human control.

Robots have become incorporated into daily life over the last half-century: what 
was once only science fiction has now become a reality. Robots are used widely in 
all kinds and types of activities and domains: from house holding, to grass movers, 
to leisure, to industry, and most recently medicine, enhancing the development of 
certain types of surgical interventions. Today, everyone living in the developed 
world benefits from the advances in robotics in everyday life. While robots are com-
monly employed in the healthcare laboratory setting, they have been more slowly 
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integrated into clinical medicine. Over the last two decades, research in surgical 
robotics has been continually increasing with a geometric rise in the number of 
manuscripts published each year. Surgical robotics is an evolving field aiming to 
take advantage of the features of robotics that have made them so valuable in other 
industries nishiharadierk.

In 1985, the first surgical application of industrial robotic technology was 
described when an industrial robotic arm was modified to perform a stereotactic 
brain biopsy with 0.05 mm accuracy. This served as the prototype for Neuromate 
(Integrated Surgical Systems, Sacramento, CA, USA) which received Food and 
Drug Administration (FDA) approval in 1999 [1]. In 1992, the Robodoc (Integrated 
Surgical Systems, Sacramento, CA, USA) was introduced for use in hip replace-
ment surgery. Whereas the Robodoc has been used in thousands of patients in 
Europe, it has not yet received FDA approval in the United States because of con-
cerns regarding complication rates [2–4]. Similar devices have been designed for 
use in knee replacement and temporal bone surgery, but neither device has yet com-
pleted clinical testing nor received FDA approval [5, 6].

The potential for widespread clinical application of the newly developed telero-
botic devices was commercially recognized and in 1997, Intuitive Surgical’s daVinci 
surgical system was used to perform a laparoscopic cholecystectomy in Belgium 
[7]. In 1999, Computer Motion Inc. introduced the Zeus surgical system, which dif-
fered from daVinci primarily in the configuration of the surgeon’s workstation.

Robotic assisted thoracic surgery (RATS) started in a few centers in the mid-late 
1990s. The first report was made at the beginning of the year 2000 [8].

Despite the fact that thoracic surgery is one of the fastest growing techniques, the 
results of RATS are reported very rarely. Yet we may not recognize any major 
advantage in the outcome when compared to video assisted thoracic surgery (VATS), 
but certainly, the superior capabilities of the robotic surgery could be beneficial. 
More experience in RATS may provide superior results in oncological, physiologi-
cal and life quality measurements [9].

25.2	 �Surgical Point of View for Thoracic Robotic Surgery

25.2.1	 �Advantages, Disadvantages, Learning Curves

In the beginning, RATS was mainly compared with the VATS.  This technique 
gained recognition in thoracic surgery from the 1990s and some articles even 
reported significant improvements in comparison with open surgery. Advantages of 
video assisted thoracic surgery were less trauma and pain [10], shorter chest drain-
age duration, decreased hospital stay [11–13], preservation of short-term pulmonary 
function [14], reduced pain, fewer complications. The robotic surgery is of course 
also a minimally invasive technique, and therefore, it will be difficult to show differ-
ences in the future with VATS.

Like the VATS did years ago, RATS is a surgical technique that is getting more 
and more integrated in the spectrum of thoracic surgery. The spread of initial 
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minimally invasive techniques was slow considering limitations (limited maneuver-
ability and unstable camera platform) [8] and poor ergonomics. Often, one specific 
technique, either VATS or RATS, is chosen by one particular surgeon. Availability 
of the robotic platform is the mean reason. A minority of thoracic surgeons is trained 
in both minimal invasive techniques and so it will be difficult to obtain large com-
parative studies with those equipoise experts. Also, worldwide, there are areas 
where robotic platform has integrated very well and other areas where RATS-
programs are just starting up.

Of course, the costs for the use of a robotic system are an important factor here. 
Since VATS does not have such an expensive price tag, its penetration is much 
greater. Unfortunately, there is no real standardization of the VATS, which seems to 
be more the case with RATS. Furthermore, the learning curve for VATS is greater 
than for RATS (50 cases versus 25 cases) [15]. Obviously, the original way of train-
ing of the surgery must be taken into account. Previously everyone was trained for 
open surgery through the thoracotomy or sternotomy, later on, the video assisted 
thoracic surgery was started up. In the group of people who have not switched to 
video assisted thoracic surgery, there are a number of surgeons that immediately 
switched to RATS bypassing VATS. Those who switched from VATS to RATS, of 
course, already had a minimal invasive thoracic surgery learning curve, which might 
be the explanation for the need of a smaller number of cases before getting to 
expertise.

Advantages of RATS are of course the 3D vision, the use of the robot-controlled 
and hinged instruments, and the ergonomic aspect for the surgeon. Movements are 
more precise, filtered and scaled. Therefore, improved surgical precision and accu-
racy is possible.

The robotic system is not perfect: loss of tactile feedback, increased operation 
time, distance between the surgeon and the patient. Training and learning to work 
with this system can overcome these issues. The big disadvantage remains the high 
cost price of the system and the parts that are needs for an operation. Instruments 
can only be used in a limited way (10–20 uses), which leads to considerable costs. 
Some articles indicate a shorter hospital stay, which means that part of the higher 
cost price for the material could be recovered.

Another aspect is of course the specific training that is required. If this can be 
done on a dual console system, there is of course a better guidance of the start-up. 
The ‘student’-surgeon and the experienced surgeon (proctor) have the same picture 
and switching the instruments between the two consoles is easy. Also, in case of 
bleeding, there is often more and better control possible because the robots’ arms 
remain standing in the same position and therefore are not dependent on a human 
factor (movements, distraction, …). An emergency thoracotomy can always be per-
formed while the bleeding remains under stable control, much better than with a 
video assisted thoracic procedure. Training with a single console is possible but 
more difficult.

The big advantage is actually a personal one, for the surgeon. Ergonomics for the 
surgeon on the robotic console cannot be compared with the situation during a video 
assisted thoracic operation. Sitting down on a comfortable chair at the console is 
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completely different from standing with two surgeons sideways from a patient and 
looking at a screen. The torsion of the body leads to stresses in the back and legs.

In the meantime, the technique has been considered safe, reproducible and there 
is an association with a reduced duration of stay, low morbidity and mortality [12]. 
Recent articles on RATS mention equally good oncological results in the medium 
term. Larger series show that the visualization and dissection of lymph nodes in the 
mediastinum goes more smoothly so that more nodal stations are procured. This 
gives a better staging of the disease and consequently a more adapted therapy [11]. 
The robot was primarily intended for cardiac surgery, but the current machine is 
intended for different surgical disciplines. This has also ensured that the RATS has 
developed well in recent years and the number of procedures continues to increase.

25.2.2	 �The Robot Assisted Lobectomy

The lobectomy is the most commonly performed oncologic procedure in which a 
precise anatomical dissection of the lung is performed. Each center has now devel-
oped a technique, usually in function of the type of the robotic system. Where there 
used to be more three-armed systems, there is now a rise of operating techniques 
where the four arms can be used. This led to more standardization (3- or 4-arms) of 
the technique and it can also be used for resection of all lobes. The older system is 
more dependent of correct positioning above the patient due to the lesser mobility 
of the central attachment of the robotic arms. This created situations where acces-
sibility for the anesthesiologist to the patient was impaired, and that may be crucial 
in critical situations. This issue was cleared with the use of a last, improved model 
of the robotic system.

The mortality is comparable to the other techniques, open and video assisted 
surgery. Long-tern oncologic results are consistent with other large series using 
VATS or thoracotomy [15]. The morbidity is also the same and there are no specific 
complications due to the robotic system described in the literature (in case of tho-
racic surgery). Blood loss is not significantly different in comparative ranges 
between VATS and RATS [16].

25.2.3	 �The Robot Assisted Segmentectomy

The number and proportion of early-stage lung cancers is likely to increase due to 
the growth and aging the population and the low-dose chest CT screening programs 
of high-risk populations.

Due to the extra movement possibilities of the robotic arms and new preoperative 
visualization techniques of vascular structures with indocyanine green and creation 
of anatomic 3D-models for preoperative planning, segmentectomy (sublobar ana-
tomical resection in a lobe) has become an intervention that can also be performed 
by more surgeons in a mini-invasive way. Video assisted thoracic surgery experts 
perform this technically demanding operation in difficult circumstances. The use of 
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the robot has made the operation more accessible. The meticulous dissection of 
hilar, bronchial, and vascular lymph nodes is possible and very important for the 
correct staging of early lung cancer.

Metastases in the lungs can thus be removed and wider resection margins are 
obtained. Resections of small early lung cancers in high-risk individuals are also 
possible with the aid of the robot system. To give the oncological validation for 
sublobar anatomical resections in small lung cancer, two studies are in progress, 
namely CATGB 140503 (USA) and JCOG 0802 (Japan). The future will show 
whether this attitude can be applied to all patients with clinical stage 1A disease 
without having to make oncological compromises. Segmentectomy has been proven 
safer than lobectomies [17]. It gives even less complications when performed thora-
coscopically compared to open surgery. This is why some surgeons advocate that a 
sublobar anatomical resection has to be closed surgery, giving new challenges. The 
robotic platform will probably be more useful in this type of operations.

Our surgical technique is a four-arm set up. The anesthetized, ventilated patient 
is positioned on a vacuum mattress in lateral decubitus. The chest is elevated with 
an inflatable balloon placed under the patient so that the thorax is the highest point, 
horizontalized. The robot is positioned in the back of the patient. Four ports are used 
and one assistants-port.

The camera is located on the intersection of the eighth or ninth intercostal space 
and posterior axillary line. From here the second port is placed 8 cm to the anterior 
side, the third port 8 cm to the posterior side, the fourth 8 cm in 45° up and posteri-
orly, respecting 6 cm from the midline of the spine. A 12-mm laparoscopic port is 
place supradiaphragmatically, under visualization with a 30° camera, and after 
insufflation of CO2, at a pressure of 5 mmHg. This port is used for suctioning, sta-
pling and retraction. It’s also this ports’ entry point that will be enlarged to approxi-
mately 4 cm at the end of the operation for retraction of the specimen. Instruments 
that are used are the spatula in the right hand, the bipolar forceps in the right and the 
tip-up forceps also in the right hand. The spatula is changed with the Cadière-
forceps for passing behind structures. The assistant port is used for the stapling 
devices. After the removal of the specimen, one drain is placed in the anterior 
robotic port. Patient is awake and extubated in the operating room.

25.2.4	 �The Robot Assisted Thymectomy

Minimal invasive thymectomy is indicated for a majority of patients with myasthe-
nia gravis and early-stage thymoma [18]. The robotic approach offers a better medi-
astinal dissection, may improve cosmetic results and reduce postoperative pain [19]. 
This results in accelerated recovery. Size is generally accepted as a factor for the 
choice of operative approach, although there are no guidelines. Masses smaller than 
4 cm on imaging techniques resected by robotic assisted thoracic surgery give better 
results for quality of life postoperatively [20].

Our technique is a three-arm technique, but if the size of the patient’s thorax 
allows it, we use a four-arm technique. The patient is in dorsal decubitus on a 
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vacuum mattress, slightly tilted (30–45°) to the opposite site of the access site. 
The camera port is placed at the intersection of the fourth intercostal space and 
mid-axillary line. The second port almost in the axilla, under the anterior axillary 
fold, the third 8  cm distally of the camera port. The assistant’s port is placed 
supradiaphragmatic in the eighth or ninth intercostal space, posterior axillary 
line. Insufflation of CO2, at a pressure of 5 mmHg permits a good visualization 
of the mediastinum. Dissection is started caudally, until the upper pole of the 
thymus is released. The specimen is always removed in a bag and one chest drain 
is placed.

25.2.5	 �Summary of Surgical Point of View

Over the past decade robotic assisted thoracic surgery has grown and for sure, it will 
take an important place in the treatment of complex thoracic pathologies. The 
enhanced dexterity and 3D-visualization makes it possible to do this in the small 
space of the thoracic cavity. The need for adapted instrumentation is still actual.

25.3	 �Anesthetic Management of RATS

25.3.1	 �Are There Any Differences?

Given the relative recent introduction of RATS technique for thoracic surgery, there 
are no or very few studies describing the right anesthesia technique and the right 
analgesia to be used in this situation. Nevertheless, there is evidence for some dif-
ferences as compared to classical VATS and some specific points, some of them 
commons for all types of robotic surgery that should be taken into consideration.

25.3.2	 �Understanding the Surgical Technique and Equipment 
and Patient Selection

First of all there is the bulkiness and particularity of the robot operating technology, 
which can be a disturbing factor in an operating room. The thoracic robot is differ-
ent from other robot-assisted surgeries, because there is carbon dioxide insufflation, 
artificial pneumothorax, prolonged one-lung ventilation (OLV) and other factors 
that may influence significantly the respiratory and circulatory functions. Therefore, 
anesthesia for thoracic robotic surgery is more demanding as compared to anesthe-
sia for general robotic surgical procedures.

A full understanding of not only the surgical technique, but of the related equip-
ment, theirs impacts on he patient and the corresponding pathophysiological 
changes is necessary to ensure both success of the surgery and the safety of the 
patient.
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Because of the different technique used as compared to other thoracic surgical 
procedures, including small incisions, artificial tension pneumothorax and pro-
longed OLV, the patients’ selection is strict.

The patient’s condition including a height above 130 cm and a weight more than 
30 kg is necessary. The included patients should present for lobectomy, and lymph 
node dissection, esophageal surgery and resection of mediastinal neoplasm less 
than 5 cm. Lung function, arterial blood gases, chest X-ray and airway viable for 
endotracheal intubation and tolerating long OLV periods is necessary. No patients 
with acute coronary syndrome, heart failure, serious arrhythmia or valvular disease 
should be operated by RATS. Laboratory tests should be negative for coagulation, 
kidney and liver disorders. Finally, one of the most important points is that the 
patients should meet the requirements for conventional thoracotomy or thoraco-
scopic surgery.

The duration of surgery is longer than a classical VATS by 2–3 times, which 
consequently prolongs the period of OLV, thus may have a negative effect on out-
come. There are no clear numbers of necessary cases for surgeons to reduce the 
duration; nevertheless, as stated before, with learning curves the duration exceeds 
minimally that of a VATS procedure.

25.3.3	 �Access to the Patient

Another major problem is that there is a longer OLV, but there is no or very small 
place to access to the head of the patient for control the position of the lung separat-
ing device by fiber-optic bronchoscopy, and the difficulty of fiber-optic bronchos-
copy to the operated side.

25.3.4	 �Positioning of the Patient

Given the long duration of surgery and the lateral position of the patient, care should 
be taken for the correct positioning. With the taping of the head, instead of using pro-
tecting foam devices, cases of ear injury or facial numbness were already described.

Protecting the eyes with constructed, improvised devices as “classically” done, 
from two eye pads and tape is not efficient for protecting against pressure, costs a 
lot and needs time. Several companies are commercializing disposable, not too 
expensive eye protectors made from foam and having a transparent shell to protect 
and to can watch the eyes. These are available in different sizes.

With the positioning of the patient, care should be taken with the bending of the 
arms—in the standard lateral decubitus position; arms are restricted to less than 90° 
of angle. There should be enough place to allow the arms of the robot, without 
touching the patient.

There are robot assisted esophagectomies performed with the patient in prone 
position, but no major anesthetic complications were reported in these cases, despite 
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a rise in central venous pressure and mean pulmonary artery pressure, no hemody-
namic instabilities were mentioned [21].

25.3.5	 �Intraoperative Monitoring, CO2 Insufflation, Fluids

As compared to standard surgical techniques, no extra intraoperative monitoring is 
needed. However, it should be mentioned that given the difficulty of access to the 
patient and the difficulty of visualization of the “real” surgical field, intraoperative 
diagnosis could be altered.

An acute decrease in the arterial blood pressure can be caused by trocar insertion. 
However, other possible causes of intraoperative hypotension, as for example the 
position of the patient with the dependent leg bended and hanging should be evalu-
ated also. Insufflation of carbon dioxide increases intrathoracic pressure, and sec-
ondary decreases preload, or even may cause pneumothorax and subcutaneous 
emphysema. The insufflation pressure of CO2 should be start at not more than 
5 cm H2O, limited to maximum 10 cm H2O or even less in compromised patients, 
under low flow (less than 2 l/min) which is described to be relative safe [22]. The 
potential remedies for enhance preload should be considered, like diminishing the 
insufflation pressure, inotropes, volume load and/or repositioning the patient.

Concerning the fluids, we know nowadays that they are not the trigger for post-
pneumectomy pulmonary edema, but that contribute to its worsening. Restrictive 
versus goal-oriented fluid approach is still subject to debate. Thorough monitoring 
of fluid losses is difficult, given the “closed”, hidden character of the operating field.

With the long duration of surgery, the urinary output and temperature should be 
monitored mandatorily.

Unfortunately, in case of RATS, and given the fact that the access to the head of 
the patient is limited, it’s hard to imagine realizing transesophageal echocardiogra-
phy during the surgery. Otherwise, very invasive monitoring devices of pulmonary 
pressures, cardiac output have been replaced by modern monitoring devices (Nicco, 
Picco, FloTrac, …).

During the procedure, as compared to open or even to VATS procedures, rapid 
diagnosis of occurring intraoperative surgical problems and complications like bleed-
ing or pushing with the retractor on the left atrium are difficult, despite the on-screen 
visualization of one or two of the operating robotic arms, but not the other arms.

One of the major reasons is the bulkiness of the robot surgical device limiting the 
access to and round the patient, and raising the difficulty of evaluating of blood 
losses.

25.3.6	 �Communication

The space occupied by the robot, its arms, the console of the surgeon and the differ-
ent screens not only limits the access of anesthesiologist to the patient and to the 
surgical field (despite its visualization on screens), but makes visual and verbal 
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communication with the surgeon difficult. The surgeon, sitting at his console and 
speaking through a microphone while the others have to shout back, makes verbal 
communication difficult and sometimes reaction times to the misunderstanding are 
prolonged. While it sounds easy to just communicate, the logistics aren’t always 
enough adapted to this.

The control console can be in the direct opposite corner of the room with numer-
ous obstacles to cross (hanging cables, portable monitors, scrub tables, etc.)

An arrangement of the operating room with the surgeon sitting at his console 
next to the anesthesiologist could be helpful for this [23]. Clear commands, syner-
gistic actions and a good team working are necessary for the positive outcome of the 
operation.

25.3.7	 �Lung Separation Techniques

Lung separation and isolation is described in another chapter. However, we have to 
mention, the difficult access to the head of the patients, installed in a lateral decubi-
tus position under the drapes, while the robot’s arms are working above the patient, 
the possibility of displacement of the lung separation device is still present. The best 
lung separation method is the method that the anesthesiologist best knows. Double-
lumen tubes may be used, either left or right sided, keeping in mind that in case of 
a right—sided double—lumen tube, the margin of safety for positioning is less than 
in case of a left—sided one. An alternative for double-lumen tubes, which can 
diminish the incidence of sore throat after anesthesia, is the use of single-lumen 
tubes with bronchial blockers, however the user should be trained with these devices. 
There is always the recommendation for every anesthesiologist to have an alterna-
tive for double-lumen tubes [24]. A helpful method might be the recently introduced 
left-sided double lumen tube with embedded camera in the tracheal limb (Viva-
Sight, Ambu), connected to a screen, which permits a continuous visualization of 
the position of the DLT [25, 26].

25.3.8	 �Pain Management

Studies on postoperative pain after RATS are lacking, nevertheless it seems that RATS 
is associated with less postoperative pain. Indeed, patients notice more small painful 
regions, like pain from bladder catheters, more sore throat, pain from chest tubes and 
of course pain due to positioning, sometimes from cervico-facial numbness to shoul-
der pain. In order to reduce these painful regions, a bronchial blocker with a single-
lumen tube instead of a double-lumen tube could be used, the need for very restrictive 
positioning should be evaluated, the need for postoperative bladder catheter evaluated, 
infiltration of chest tube insertion places with local anaesthetics done. Pain manage-
ment after thoracic surgery is discussed in another chapter, but in most cases of RATS, 
thoracic epidural analgesia is not mandatory, a paravertebral block or intercostal infil-
tration might be enough associated with systemic analgesics.
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25.3.9	 �Responsibility and Ethical Considerations

Even if described by Capek, the one who is credited with the popularization of 
robotics in a collection of short stories published between 1938 and 1942 is the 
Russian writer Isaac Asimov. Asimov is best known for his three laws governing 
robot behaviour. Asimov conceived his laws of robotics to impose order on the free 
will of his fictional robots (Astounding Science-Fiction, March 1942, ed. John W 
Campbell Jr, Street & Smith Publications Inc., 1942.03.00). Either they are embed-
ded with a control, or controlled from outside, there are some robotic laws that 
should be respected: they should not injure a human being, must obey orders given 
by a human being ad must protect its own existence as far as it does not conflict with 
higher law. The laws of robotics presume that the terms “human beings” and 
“robots” are understood and well defined.

The human factors play an essential role in the safe delivery of patient care. They 
are the major contributors to adverse outcomes. The robots used in medicine and 
surgery, as well as for thoracic surgery are tele-operated robots, which raises the 
question of responsibility in case of their use.

There are no cases yet described in RATS for robot dysfunction, nevertheless, 
there are several in other types of robot surgery.

Robotic thoracic surgery may open new perspectives in the practice of thoracic 
surgery. Special training and experience along with high quality assessment are 
required in order to provide state-of-the-art treatment. While the legal basis for pro-
fessional liability remains exactly the same, litigation with the use of robotic sur-
gery may be complex. In case of an undesirable outcome, in addition to physician 
and hospital, the manufacturer of the robotic system may be sued. In respect to ethi-
cal issues in robotic surgery, equipment safety and reliability, provision of adequate 
information, and maintenance of confidentiality are all of paramount importance. 
Also, the cost of robotic surgery and the lack of such systems in most of the public 
hospitals may restrict the majority from the benefits offered by the new technology. 
Some even raised the question if RATS was not just a simple marketing strategy 
without any beneficial effect as compared to standard VATS.

While surgical robotics will have a significant impact on surgical practice, it 
presents challenges so much in the realm of law and ethics as of medicine and health 
care.

Joint Commission International Accreditation Standards for Hospitals, 6th 
Edition, provides the basis for accreditation of hospitals throughout the world. Joint 
Commission International Standards define the performance expectations, struc-
tures, and functions that must be in place for a hospital to be accredited by JCI. A 
study done by JCI shows that accreditation for anesthesia and surgical care needs 
304 standards and 1218 measurable elements (JCI Accreditation Standards for 
Hospitals, 6th Edition May 2018). Another study carried out by researchers at the 
University of Illinois at Urbana-Champaign, the Massachusetts Institute of 
Technology and Chicago’s Rush University Medical Casimoventer [27] says that 
144 deaths, 1391 injuries and 8061 device malfunctions were recorded out of a total 
of more than 1.7 million robotic procedures carried out between January 2000 and 
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December 2013 in the United States. This was based on reports submitted by hospi-
tals, patients, device manufacturers and others to the US Food and Drug 
Administration, and the study notes that the true number could be higher. The 
researchers did not, however, compare accident rates with similar operations in 
which robots were not used and the study has not been peer reviewed, so these data 
should be considered carefully.

All the complications are from other types of robotic surgery and no serious 
device malfunctions were yet reported in RATS. More studies are needed to provide 
information about the safety and effectiveness of RATS compared with standard 
techniques and to delineate the nuances of RATS relative to VATS.

25.4	 �Conclusions

The management of the robotic thoracic surgical patient requires the knowledge 
of minimally invasive surgery techniques involving the chest. Familiarity with the 
robotic surgical system by the anaesthesiologists is mandatory. Management of 
one-lung ventilation techniques with a left-sided double-lumen endotracheal tube 
or an independent bronchial blocker is required, along with flexible fiber-optic 
bronchoscopy techniques. Patient positioning and prevention of complications 
such as nerve or crashing injuries while the robotic system is used. Recognition of 
the hemodynamic effects of carbon dioxide (CO2) during insufflation in the chest 
is required. The possibility for conversion to open thoracotomy should be also 
kept in mind.
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26.1	 �Introduction

Bronchoscopy, or direct examination of the tracheobronchial tree, is considered one 
of the most significant advances in the diagnosis of respiratory illnesses, creating an 
important sub-discipline in many reference hospitals [1].

Flexible bronchoscopy is considered the diagnostic procedure and basic thera-
peutic approach to pneumology. This allows for the obtaining of mediastinum and 
pulmonary parenchyma samples, as well as from the respiratory tract. From this 
perspective, the numerous therapeutic techniques permitted through flexible bron-
choscopy are increasing with more techniques readily available including the use of 
cryotherapy and cryobiopsy with flexible probes, argon plasma coagulation and 
electrocautery, or in other cases the implantation of prostheses and devices that can 
be used in airway leakage and pulmonary emphysema treatments.

Additionally, flexible bronchoscopy is an endoscopic technique with low morbid-
ity and mortality rates, supported by a relatively short invasive period for bronchial 
biopsies and the aspiration of secretions. An objective there of is to find the least irri-
table means of inspecting the airway, considering the irritations to the oropharynx 
produced by the bronchoscope such as coughing and chocking sensations. Additionally, 
frequent observations include patient anxiety in cases where chronic pulmonary 
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pathologies may result in the diagnosis of lung cancer. Considering this, common 
practice by pneumologists recommend bronchoscopic procedures under sedation or 
general anaesthetic. The type of which depends on the difficulty and length of the 
procedure, as well as the patients current comorbidities or objections [2–4].

Such procedures present numerous advantages for the patient including a reduc-
tion in procedural duration and an increase in benefits [5, 6]. Additionally, the 
patient’s recollection of the procedure may result uncomfortable or unpleasant. On 
account of this, recently little objection has been made to patient sedation before an 
endoscopic respiratory examination. From this perspective, anaesthetics are used in 
more complex procedures, including flexible bronchoscopy, due to the technical 
complexity or characteristics of the patient undergoing the procedure. This is espe-
cially relevant in the case of rigid bronchoscopy.

Bronchoscopy originates from the end of the nineteenth century. Up to this point, 
direct exploration of the lower respiratory tract was considered an overly dangerous 
procedure, considering the belief that contact with tracheal mucosa could produce 
haemoptysis, putting the patient’s life in danger. In 1897, however, Doctor Gustav 
Killian, an otorhinolaryngologist from the University of Freiburg (Germany), per-
formed the first direct laryngoscopy on a patient with dyspnoea, cough, haemopty-
sis and foreign body aspiration. Using a Kirstein laryngoscope, Killian was able to 
visually inspect the right primary bronchi and observe the presence of a solid abnor-
mality. Through esophagoscopy and under a local anaesthetic using cocaine, Killian 
was able to extract the foreign object. Today, Killian is considered the father of 
modern bronchoscopy.

Some years later, Doctor Chevalier Jackson, a North American doctor offered an 
alternative without the need for a laryngoscope; autonomous rigid bronchoscopy. This 
self-illuminated bronchoscope possessed a small bulb in its distal extremity, providing 
the advantage of endobronchial lesion visualisation. This presented arguably one of 
the most significant advances in bronchoscopy, with greater ability for visual diagno-
sis as well as providing an improvement for possible treatment procedures.

In 1966, the Japanese Doctor Shigeto Ikeda introduced the first flexible broncho-
scope, providing a revolution in endoscopic bronchial procedures. From this moment 
onwards, the use of rigid bronchoscopy fell significantly. However, towards the end 
of the twentieth century, it is once again important as a resaul of the rise in different 
therapeutic techniques included the use of laser procedures, the implant and handling 
of endobronchial prostheses among other procedures that have come to be known as 
interventional bronchoscopy.

26.2	 �Rigid Bronchoscopy

26.2.1	 �Introduction

The most commonly used rigid bronchoscope today is the Dumon-Harrell. This 
equipment consists in a stainless steel, straight and hollow metallic tube with a cir-
cular light. The diameter for adults varies between 6.5 and 14  mm, with a total 
longitude that oscillates around 29 cm for tracheal processors (tracheoscopes) and 

E. De Casimiro Calabuig et al.



393

40 cm for endoscopic bronchial procedures (bronchoscope). The distal extremity is 
bevelled, allowing easier manoeuvrability around the vocal chords and stenotic 
areas. The proximal end (handle) consists of at least three orifices, two lateral and 
one frontal, where the optic instruments are inserted. This may include a flexible 
bronchoscope and diverse instruments such as fibre optics, tweezers, puncture nee-
dles and probes, to name a few. Considering the use of anaesthetics, the third orifice 
connects to a ventilation system (Fig. 26.1).

The latest models of bronchoscopes are able to monitor exhaled gases as well as 
the pressure in the respiratory tract, usefully providing a jet type ventilation system. 
Monitoring oxygen concentrations is especially useful for laser based approaches 
and electrotherapy; procedures that require a <40% concentration of oxygen to 
avoid igniting the respiratory tract.

b

a a

b

c

a

C

Fig. 26.1  Rigid bronchoscope parts including the (a) handle, (a) frontal and lateral inputs with two 
pieces for the introduction of fibres for laser and catheter aspiration, (b) connections for ventilation, 
(c) connections for tracheobronchoscopes and rigid bronchoscopes. (b) Tracheobronchoscopes of 
different diameters. (c) Rigid Bronchoscope of different diameters
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26.2.2	 �Indications

Rigid bronchoscopy is utilised for a multitude of different diagnostic and therapeu-
tic procedures. While flexible bronchoscopy is more common for diagnostic meth-
ods, rigid bronchoscopy continues to be ideal for complex cases, allowing a greater 
control of the respiratory tract, breathing, blood, secretions and obtaining large 
samples.

For therapeutic procedures rigid bronchoscopy continues to be the ideal solu-
tion, especially in the exeresis of benign and malignant endobronchial lesions. 
Preferable use of this technique provides a fast and safe method for dilating the 
airway in the case of stenosis. As in the case of endobronchial lesions and the 
mechanical resection or “debulking” and placement of endobronchial prosthe-
ses (Table 26.1). Nevertheless, mixed procedures of both rigid and flexible bron-
choscopy are considered more efficient in cases where both modalities are 
required.

26.2.3	 �Contraindications

Contraindications specific to this procedure are relative and directly related with the 
clinical state of the patient.

Table 26.1  Indication of rigid bronchoscopy

Therapeutic rigid 
bronchoscopy

• Dilation of the tracheobronchial stenosis.
• Procedural instruments:
   – Positioning of the bronchial prosthesis.
   – Endobronchial laser
   – Cryosurgery
   – Electrotherapy
   – Photodynamic therapy
• Extraction of foreign bodies.
• �Post-transplant pulmonary tracheobronchial stenosis 

treatment
• Control of the threatening haemoptysis

Diagnostic rigid bronchoscopy • Tracheobronchial stenosis
• Tracheoesophageal fistula
• Diagnostic tracheobronchial obstruction
• Malignant tumours
• Benign tumours
• Extrinsic compressions
• Tracheobronchomalacia
• Hemoptysis
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26.3	 �Endoscopic Pneumological Techniques  
Using Anesthesia

26.3.1	 �Introduction

Asides from rigid bronchoscopy, there are other techniques in flexible bronchos-
copy that require anaesthesia. These include, and are not limited to, Endobronchial 
Ultrasound-guided Transbronchial Needle Aspiration (EBUS-TBNA), bronchial 
laser and electrocautery treatments, endobronchial coagulation with argon plasma, 
cryotherapy, cryobiopsy, balloon dilation, volume reduction techniques and han-
dling of endobronchial fistula, and finally, treatment techniques of the alveolar and 
pleural respiratory tracts.

26.3.2	 �EBUS

EBUS is a technique that allows the combined use of conventional bronchoscopy 
and ultrasonography in the same flexible bronchoscope. This allows the examina-
tion and evaluation of nearby lesions to the respiratory tract, as well as endobron-
chial ultrasound-guided transbronchial needle aspiration via an ultrasound probe 
located on the end of the bronchoscope (EBUS-TBNA) (Fig. 26.2).

a b

Fig. 26.2  Figure presenting a (a) diagram of the ecobronchoscope’s extremities and (b) ultraso-
nographic image of the puncture of a mediastinal adenopathy
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The echobronchoscope is inserted orally and passed along until it reaches the 
trachea and bronchi. When the ultrasound transducer comes into contact with the 
wall of the respiratory tract, it obtains a high quality ultrasound image of the 
observed structures and lesions. The needle is then guided through the echobron-
choscope’s working canal with real time vision. Adenopathic cells, masses or medi-
astinal and perihilary cyst cells can then be obtained through aspiration.

Multiple studies recommend EBUS-TBNA as the primary tool for lung cancer 
diagnosis and staging, according to international guidelines such as the American 
College of Chest Physicians (ACCP) and the European Society for Medical 
Oncology (ESMO) [7, 8].

This consists in a minimally invasive, ambulatory procedure, however, much like 
other bronchoscopic interventions, requires a general anaesthetic and deep sedation. 
This procedure presents an important advantage of avoiding more invasive and 
costly surgical procedures such as mediastinoscopy that in turn require the patient 
to be hospitalised for a number of days.

Indications are shown in Table 26.2.

26.3.3	 �Endobronchial Laser Surgery

Endobronchial Laser Surgery uses laser energy projected via a fibre optic probe. 
The most frequently used is the Neodymium Yttrium Aluminium Garnet (Nd-YAG). 
The thermic effect of the laser transforms absorbed energy by the tissue into heat. 
Depending on the amount of applied energy, the laser can produce coagulation, cuts 
or vaporisation.

The main use of this technique is the recanalisation of the primary respiratory 
tract, obstructed by anomalous tissue that restricts ventilation. In neoplastics, the 
laser is initially used for photocoagulation, facilitating the resection without draw-
ing blood. This technique is also employed in the treatment of benign stenosis in 
airways of multiple causes. Primarily, this techniques contraindication is found in 
cases where airways are extrinsically compressed or the distal bronchial bed is non-
functional. Patients presenting untreated coagulopathies or marked hypoxemias are 
also contraindicative of this technique.

Table 26.2  Indications for 
endobronchial 
ultrasonography

• Diagnosis and staging of lung cancer
• �Restaging of non-small lung cancer after induction 

treatment.
• Diagnosis of intrapulmonary masses
• �Diagnosis of extrathoracic neoplasms including 

lymphoma
• �Diagnosis of infections (tuberculosis, fungi and 

bacteria)
• �Diagnosis of inflammatory granulomatous illnesses 

including sarcoidosis
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Laser treatment can be administered in either a flexible or rigid bronchoscope, 
however, rigid approaches are preferred. The rigid bronchoscope allows for greater 
control of possible bleeding and aspiration of continuous material. Additionally, 
this technique is useful for mechanic dilations of the airway and the implantation of 
endoprostheses.

Throughout its use, this procedure requires constant smoke extraction and con-
trol of oxygen concentrations (<40%), thus avoiding the likelihood of igniting flam-
mable substances.

The most frequent complications include haemorrhaging, the perforation of tra-
cheobronchial or vascular tracts and burns produced by ignition. In addition, there 
is a possibility of ocular damage produced by reflected energy throughout its use, 
obligating both the patient and medical attendees to wear protection at all times.

26.3.4	 �Endobronchial Electrosurgery: Coagulation  
Using Argon Plasma

Endobronchial electrosurgery applies the use of electrically produced heat via a 
high frequency current through a probe, electroscalpel or diathermy electrodes. This 
equipment is guided using either a flexible or rigid bronchoscope. Use of this tech-
nique intends to coagulate, vaporize and cut anomalous tissue (Fig. 26.3).

Coagulation with argon plasma is a non-contact procedure using argon gas as a 
conductor for the electrical current. Depending on the type of probe, equipment, 
electrical current and applied energy, this technique can act differently on the 
effected tissue. Throughout the procedure, constant suction is required to extract the 
removed tissue, blood and the vapour produced. Similar to laser treatment, the con-
centration of oxygen should remain low (<40%) [9, 10].

Fig. 26.3  Electro
coagulation with argon 
plasma of a bronchial 
mucosa lesion. The 
coagulated tissue presents 
an irregular surface texture. 
Note the electrical sparks 
directed towards the area 
of interest
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Indications for this procedure are similar to those of laser surgery. The most 
important indication being the removal of obstructions such as malignant tumoural 
lesions, as well as benign intraluminal growths in the trachea and bronchi. 
Contraindications include the presence of pacemakers susceptible to electronic 
interference as well as when used close to metallic objects including prostheses and 
sutures. Generally, this procedure is relatively safe and well received when carried 
out by an experienced professional and following the correct guidelines. 
Complications may include bleeding and puncturing of the airway. Combustion is 
also possible when carried out in highly concentrated rich conditions.

26.3.5	 �Cryotherapy

Cryotherapy is the use of extremely low temperatures for the destruction of tissue 
whereby the area is rapidly frozen and thawed in multiple cycles. The application of 
this technique was initially based on the Joule-Thompson physical principal: tem-
perature of a gas decreases if it is submitted under a decrease in pressure. This 
decrease in pressure is obtainable through passing gas through a narrow opening. If 
the compressed gas is in liquid form, lowering the pressure produces an expansion 
that rapidly turns the liquid to gas. This effect is consequently accompanied by a 
clear drop in temperature.

Cryotherapy is employed through the use of cryoprobes that are manoeuvred 
through a flexible or rigid bronchoscope. The most commonly used gas is nitrous 
oxide or liquid nitrogen.

Tissue damage is produced in the area of contact with the extremity of the cryo-
probe, whereby the process of freezing the tissue produces a direct effect in the forma-
tion of intra and extracellular ice crystals. The efficiency of this technique is directly 
proportional with the quantity of intracellular water present in the tissue and vasculari-
sation. Grease, cartilage, connected and fibrotic tissues are cryoresistant. Tumours, 
nerve, granulomas and vascularisation are cryosensitive. Macroscopic effects are not 
immediate, unlike the case of laser therapy and electrosurgery, while cryotherapy is 
not sensitive to oxygen levels either. Complications are infrequent, and are normally 
in the form of bleeding, hyperaemia and an increase in secondary tissue volume.

Additionally, cryoadhesion is produced in the process of freezing the gas, creat-
ing the possibility of cryoextraction of foreign bodies, cryoresection of endobron-
chial tumours and the performing of cryobiopsies [11, 12].

26.3.6	 �Cryobiopsy

Cryobiopsy is an increasingly popular technique (Fig. 26.4a). Its use includes the 
sampling of bronchial or pulmonary masses, however more recently has also been 
used for the study of diffuse interstitial pulmonary diseases. The diagnostic success 
of this technique has been important in conventional transbronchial biopsies, 
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providing larger samples with greater preservation of pulmonary architecture. The 
primary complications produced include haemorrhaging and pneumothorax, occur-
ring when the probe is placed in proximity with the visceral pleura. Preventing pos-
sible haemorrhaging is performed positioning a balloon dilator close to the area 
under study and, once the sample has been taken, inflating the balloon to control the 
haemorrhaging when and if produced (Fig. 26.4b).

a

b

a

b

Fig. 26.4  (a) The position of a cryoprobe in the pulmonary parenchyma, (b) the moment in which 
the cryoprobe is retracted after 3 s of actively freezing the pulmonary parenchyma. Note the cath-
eter balloon that is expanding immediately after the biopsy to control any possible bleeding. (b) 
Placement of the hemostatic balloon at the entrance of the segmental bronchus (a) where the cryo-
biopsy will be performed. Vision of the segmental bronchus (b), through the balloon with the 
bronchoscope, once the cryobiopsy is done and the balloon is inflated
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26.3.7	 �Placement of Endobronchial Prostheses

Airway endoprosthetics (or stents) are placed in the tracheobronchial tree for 
maintaining airway patency and diameter. The indications and effects of this pro-
cedure are varied. This can be used to overcome possible stenosis, achieving the 
“vault effect”, or preventing the growth of endoluminal tumours, achieving the 
“barrier effect”. Two types of prosthesis are currently used, the first made from 
silicone and the second of mixed composition. Silicone prostheses were devel-
oped by Jean-François Dumon in the 1990s in Marseille. These consist in cylin-
drical prostheses whose external surface are covered in peak-like features that 
facilitate the fastening of the stent on the tracheal or bronchial wall. These pros-
theses come in various shapes and sizes. Some are even designed in a tracheo-
bronchial or diabolo shape (a Y shape) to adapt to the place of the airway where 
they are needed.

Mixed prosthetics or metallic prostheses covered in silicone exist in various 
shapes and sizes (straight, conic, in Y or in J).

The different prostheses are normally positioned using a rigid bronchoscope. 
Some specific implant devices exist for silicone prostheses, allowing for their com-
bined use with rigid bronchoscopes. Mixed prostheses can be placed using radio-
logical control and laryngeal mask airways. However, these are not recommendable, 
considering the complications produced if the prosthesis is incorrectly positioned, 
resulting in repositioning or removal for precise insertion using a rigid broncho-
scope. Rigid bronchoscopes provide the additional advantage of being able to use 
tweezers for higher precision.

26.3.8	 �Volume Reduction Techniques and the Treatment  
of Air Leaks

Emphysema is characterised by the irreversible progressive destruction of alveoli 
and a loss of surface area available for gas exchange, premature collapse of the air-
ways with a consequent trapping of gas as well as hyperinsufflation. Techniques in 
endoscopic pulmonary volume reduction are used in advanced cases of emphysema 
and reduce hyperinsuflation to improve respiratory mechanics, lowering dyspnoea 
in patients. Candidates for this type of treatment include patients with severe emphy-
sema (FEV1: 20–50%; DLCO: 20–50%), significant hyperinsuflation (VR: >175–
200%; TLC: >100%), symptomatics, do not present frequent exacerbations and are 
free of significant comorbidities.

Three endoscopic volume reduction techniques exist, including endobronchial 
valves, mechanic retraction and inflammatory pulmonary parenchyma.

Endobronchial valves are the most clinically advantageous in cases of complete 
lobar exclusion (absence of collateral interlobar ventilation). This is well studied 
through computerised tomography or by endoscopic means using the Chartis® 
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catheter (Pulmonx Corp., Redwood City, CA, USA). These unidirectional valves 
produce a loss in pulmonary volume until reaching atelectasis of the respected lobe 
(Fig. 26.5). Two types are currently on the market: ZEPHYR® (EBV; Pulmonx Inc. 
Redwood City, CA, USA) and SPIRATION® (IBV Olympus Respiratory America, 
Redmond, WA, USA). Both are implanted using a flexible bronchoscope with the 
patient under sedation or anesthesia.

Endobronchial valves are also used for the treatment of air leaks when all other 
methods have failed or the patient is unable to have surgery.

Ablation using water vapour (Uptake Medical Corporation, Seattle, Washington, 
USA) uses a catheter and balloon that blocks the section under treatment. Through 
the catheter vapour is expelled at high temperatures between 3 and 10 s. This system 
generates an important inflammation of the pulmonary parenchyma consequently 
retracting parenchyma for scarring.

Coils (RePneu®, BTG Inc, Mountain View, CA, USA) are devices in a spiral 
shape made from a nickel-titanium alloy called nitinol. These are introduced through 
a catheter and, upon arrival at the pulmonary parenchyma retain their spiral shape, 
thus retracting the pulmonary parenchyma. Three sizes are available; 100, 125 and 
150 mm. Treatment is bipulmonary, with a separation of 4–6 weeks between each 
procedure. Ten to 12 coils are used for upper while 12–14 are used for lower lobes. 
The procedure is carried out using a flexible bronchoscope and the patient is put 
under anaesthesia (Fig. 26.6).

Fig. 26.5  Complete atelectasis of the upper left lobe produced by the positioning of various endo-
bronchial valves. The valves are of the Zephyr type. Note how they open and close during exhala-
tion and inhalation
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26.3.9	 �Endoscopic Treatment of Asthma: Bronchial Thermoplasty

Bronchial thermoplasty consists in the applied use of heat generated through radio-
frequencies in the airways via a catheter introduced with a flexible bronchoscope. 
This technique requires the patient under anaesthetics in order to reduce the amount 
of bronchial smooth muscle contraction. This is used on patients with severe asthma 
that have a failed response to standard medical treatment. The aim of this technique 
is to reduce the frequency and severity of symptoms, reduce exacerbation and 
improve the patient’s quality of life.

Treatment is carried out in three separate sessions with 3–4 week intervals. The 
first treatment is applied to the lower right lobe, the second to the lower left and 
finally both upper lobes are treated. For this, a Sistema Alair® generator (Asthmatx, 
Inc., Sunnyvale, CA, USA) is connected to the catheter where heat is transmitted 
using radio waves. The flexible probe is introduced using a bronchoscope, transmit-
ting thermic energy to the wall of the airway through four expansible electrodes in 
contact with the bronchial mucosa. During a 10 s period the endobronchial temperate 
can reach up to 65 °C. Afterwards the electrodes are folded and pulled 5 mm away to 
treat the bronchial areas in proximity. This is carried out systematically to all of the 
pulmonary segments (bronchi of 3–10 mm) from the distal to proximal areas.

Fig. 26.6  Patient with 
coils in both upper lobes 
for the endoscopic 
treatment of emphysema
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26.4	 �Bronchoscopy and Anesthesia

26.4.1	 �Monitoring Anaesthesia in Interventional Bronchology

Bronchoscopy used for advanced diagnostics and endobronchial or transbronchial 
treatments are considered a surgical procedure that is performed under surgical 
conditions.

To achieve the best results team work is essential between the surgeon, pneu-
mologist, anaesthetist and any other medical staff. Before beginning any procedure, 
the respiratory state of the patient is defined, alongside the anaesthetic technique to 
be employed, the means of ventilation and the adequate extubation required.

Generally, simple procedures of a short duration only require local anaesthesia 
and sedation. For prolonged or more complex procedures, general anaesthetics and/
or deep sedation is indicated. Respiratory depression, rejection of treatment by the 
patient’s body, or complex procedures with unapparent complications are harder to 
handle when the patient is breathing spontaneously.

Intravenous anaesthesia is preferred over inhalation, especially in cases where 
airways are incompletely sealed and could lead to anaesthetic gas leaks.

The induction and maintaining of anaesthetics are generally induced using non-
barbiturate means (normally propofol) and short-acting or ultra short-acting opioids 
such as remifentanil, alfentanil and fentanyl. Diverse adjuvants are additionally 
used to complement the stability and safety of the patient.

26.4.2	 �Preoperative Evaluation

A complete preoperative evaluation is fundamental. In this assessment, the patient 
is informed about the procedure that he/she will be put under, the possible associ-
ated risks as well as the nature of the sedation (deep sedation or general anaesthet-
ics). For pathological idiosyncrasy some patients may present risk of ASA III and in 
some cases ASA IV. Preoperative studies should include haemograms, biochemical 
analysis, haemostasis, thorax radiography, electrocardiogram and occasionally spi-
rometry. It is also necessary to include other complementary tests in function with 
the patient’s medical history.

26.4.3	 �Monitoring Anaesthesia in Bronchology

Once in the operating theatre, the basic standard monitoring equipment is set up, 
essentially requiring SaO2, continuous ECG, non-invasive arterial pressure monitor-
ing and the patient in deep sleep.
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Throughout bronchoscopy a series of physiological side effects should be moni-
tored and considered when ventilating the patient including:

•	 An increase in airway resistance produced by a decrease in tracheal lumen. Such 
resistance is greater if the bronchoscope is introduced through an endotracheal 
tube.

•	 An increase in positive pressure at the end of exhalation.
•	 Decrease in ventilation for continuous suction of air, also produced by the pres-

ence of blood and serum.

These can affect the compliance and tidal volume in various degrees of hypox-
emia and hypercapnia.

26.5	 �Approaches to Anaesthesia with a Rigid Bronchoscope

The induction of the patient under topical anaesthesia is recommended before the 
introduction of the rigid bronschoscope. The most used anaesthetic is lidocaine at 
2% concentration. In our case, this is normally administered through a cricothyroid 
of 2–3 cm3 with lidocaine at 4% concentration.

Preoxygenation for at least 5 min is a mandatory procedure, administering pre-
medication of 1–1.5 μg/kg of fentanyl IV and 0.5 mg of atropine to minimize secre-
tions. After anaesthetic induction and the administration of aforementioned opioids, 
and before the introduction of the bronchoscope, the patient is relaxed.

Cisatracurium and rocuronium are neuromuscular relaxants frequently employed 
in these cases. Rocuronium, nowadays, is mostly used because it allows for quick 
and complete recovery from its effects due to the presence of a specific antidote 
(Sugammadex). This provides an advantage when observing and analysing any 
complications that may have arisen during the procedure. Among these advantages 
is complete reversal of the anaesthetic effects after the procedure, a useful feature in 
patients that present limited respiration, a common situation with respiratory 
pathologies.

26.6	 �Ventilation Using Rigid Bronchoscopy

High frequency ventilation or jet ventilation is the most recommended in the field of 
diagnostic and therapeutic bronchoscopy. This type of ventilation allows for insuf-
flation of the airway with a release of high pressure gas (0.3–3 bar) via a short and 
narrow catheter (12–16 G) linked to the side of the bronchoscope. For this, respira-
tory cycles between 60 and 600 rpm are employed, depending on the use of either 
jet or high frequency ventilation, followed by passive aspiration. Alongside this, 
other parameters need to be controlled including inspiratory time, driving pressure 
(0.3–3 bar) and the concentration of oxygen inspired.

This type of ventilation is useful in rigid bronchoscopy, especially in broncho-
pleural fistula reparation procedures. This is seen in how lowering gas leakage 
through the fistula is obtainable by a reduction in interthoracic pressure via 
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controlled mechanical ventilation [13]. On the other hand, this facilitates the distri-
bution of gases and regulation of V/Q in oxygenation to areas of lower 
compliancy.

The main complication of jet ventilation is the appearance of barotrauma, pneu-
mothorax, pneumomediastinum, subcutaneous emphysema and alterations to gas 
exchange (hypoxemia, hypercapnia), especially in patients with restrictive pulmo-
nary pathologies [14].

Jet ventilation is not commonly used in our case, considering the long-lasting 
positive results obtained with conventional ventilation techniques.

Positive pressure ventilation is also a possibility, with periods of apnea in spe-
cific moments throughout the procedure and controlled either through mechanical 
or manual ventilation via the bronchoscope. Throughout this procedure, mechanical 
ventilation is controlled with an anaesthesia machine usually rich in O2 and 100% 
punctual. This is not affected by intermittent episodes of manual ventilation nor by 
sporadic interruptions instilled by the pneumologist when stabilisation of the patient 
is needed.

Caution is advised in cases where the procedure relies on laser techniques, 
requiring the use of intermittent manual ventilation with periods of prolonged 
apnea, desaturation and, in the case of reaching higher than 40% O2 concentration 
levels, an auxiliary oxygen source at 100%. Measuring oxygen levels is a funda-
mental procedure in order to avoid the risk of flares or igniting flammable sub-
stances when restarting the procedure.

Patients frequently present mild to moderate cases of hypercapnia towards the 
end of the procedure and during the removal of the bronchoscope. This is product of 
an open circuit ventilation system and is relatively hard to monitor. In such cases, it 
is recommended that the patient be connected to a mechanical ventilation system 
until CO2 levels return to normal. In our case, the method of choice consists in the 
use of laryngeal masks, a more comfortable alternative to endobronchial tubes when 
the patient recovers consciousness (Fig. 26.7).

Fig. 26.7  Second generation laryngeal mask with open access to the glottis
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Throughout the procedure, gastric protectors such as omeprazole or dexametha-
sone are employed to reduce pulmonary oedema, while methylprednisolone is used 
in the case of irritation. Benzodiazepines are generally avoided considering the like-
lihood that patients react poorly to respiratory depression when recovering from 
spontaneous ventilation. Many patients respond well to corticoids and nebulised 
bronchodilators.

26.7	 �Approaches to Anaesthesia with a Flexible 
Bronchoscope

The number of innovative invasive pneumological techniques are on the rise, pro-
viding their own anaesthetic implications including shared airways and the ability 
to perform the procedure outside of the operating theatre. Additionally, techniques 
attempt to confront the high number of preoperative respiratory problems, such as 
haemoptysis, intrinsic and extrinsic obstructions or chronic respiratory pathologies 
among others.

These procedures require the near complete immobilisation of the patient in 
order for effective performance. This is equally important when taking samples, 
considering the relevance of these results when making future procedural decisions 
(in the case of e.g. endobronchial volume reductions). Additionally, such decisions 
require the cooperation of both the pneumologist and anaesthesiologist. Firstly to 
decide on the means of intervening and secondly to ensure the permeability of the 
airway. Patients with a significant perioperative risk are those that present higher 
association with respiratory illnesses and risk of complications in the airways. 
Respiratory illnesses may include cancers, respiratory pathologies and smoking, 
while complications could include haemoptysis or mechanical obstructions to the 
airway.

The method of choice in orotracheal procedures generally begins under general 
anaesthetic. Modern practice, however, describes the use of multiple different 
supraglottic airway devices in assisted and controlled ventilation maintenance. In 
this case, we use new second generation laryngeal masks modified to provide suf-
ficient illumination for ventilation as well as approaching the glottis and trachea. 
This also facilitates the gastroesophageal drainage in the case of possible reflux 
(Fig. 26.8).

These devices are ideal for carrying out EBUS, considering they provide all glot-
tal light without restriction. Additionally, these facilitate probe access to the upper 
and lower paratracheal lymph nodes (ganglial regions 2 and 4), as opposed to endo-
tracheal tubes that do not provide sufficient ultrasound beam alienation, impeding 
the observation of upper and lower paratracheal regions [15] (Fig. 26.8).

Upon using general anaesthetic, an intravenous technique is employed much like 
in the case of rigid bronchoscopy. Instillation of topical anaesthesia in the periglot-
tic area is recommended, achieved through the aforementioned cricothyroid 
membrane.
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Preoxygenation of at least 5 min is initially carried out, followed by a premedica-
tion of 1–1.5 μg/kg of fentanyl IV and 0.5 mg of atropine to minimize secretions. 
After inducing the patient under anaesthetic and administering the opioids, a spe-
cific connection using a Mainz membrane is established before introducing the vid-
eobronchoscope. This prevents possible air leaks. In order to relax the patient, 
rocuronium is usually used. This allows a fast recovery and complete unblocking of 
the muscles, thanks to a specific antidote (Sugammadex). This provides the distinct 
advantage of identifying possible complications that may have occurred during the 
procedure. Nevertheless, the use of supraglottic airway devices provide the distinct 
advantage of allowing smaller doses of neuromuscular relaxants if promptly intro-
ducing 5  cm3 of lidocaine at 2% endobronchial through the videobrochoscope’s 
work canal. This reduces the coughing reflex and improves patient tolerance [16].

In recent years, multiple studies have achieved exceptional results when using 
dexmedetomidine, providing less secondary effects, however, this pharmaceutical 
product has been inadequately tested. Additionally, this product’s prolonged half-
life is still to be studied in detail in subsidiary cases of the major surgical ambula-
tory CMA as well as in EBUS and cryobiopsies [17].

The use of inhaled anaesthetics is not recommendable, thus avoiding air con-
tamination, a frequent product in frequent flexible bronchoscopic suctions. On the 
other hand, this also restricts the determination of the fraction of inhaled haloge-
nated anaesthetics [18]. Additionally, multiple publications have suggested that 
halogenates provoke local bleeding, product of local vasodilatation of the bronchial 
and pulmonary vessels.

Similar to the patients in the previous section, the administration of a gastric 
protector such as omeprazole is recommended. Similarly dexamethasone is used to 
reduce pulmonary oedema, while methylprednisolone is used in the case of irrita-
tion. As previously stated, benzodiazepines are not normally administered for simi-
lar reasons to those of rigid bronchoscopy. Patients can also benefit from corticoids 
and nebulised bronchodilators.

Fig. 26.8  Endoscopic 
vision of the supraglottic 
device
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In the case of transbronchial needle aspiration through EBUS, many authors 
have discussed the performance benefits of patient sedation, comparable with tests 
using general anaesthesia [19–23]. Most conclude that the use of sedation in EBUS 
improves diagnosis and provides a safety profile comparable with that of deep 
sedation.

Considering this, the method of sedation for EBUS should be chosen individu-
ally according to the experience of the pneumologist and anaesthesiologist, whether 
additional procedures other than EBUS are needed, and the pre-calculated estimated 
duration of the procedure. Additionally the basal state of the patient should be con-
firmed. More often than not, a severe pathology is associated with this factor and 
needs to be checked.

After the conclusion of any interventional bronchological procedure overlooked 
by an anaesthesiologist, the patient is passed into the operating recovery room. 
There the patient is closely monitored to detect any possible complications, includ-
ing laryngeal stridor, dyspnoea, haemoptysis bronchospasms or pneumothorax, to 
name a few.

After a few hours, those patients that benefit from the ambulatory circuit (CMA) 
are discharged with a sheet of recommendations and provided with a suitable anal-
gesic treatment. Otherwise, the patient is moved to the pneumology ward for 
observation.
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