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Preface

This book, The Principles and Practice of Anesthesia for Thoracic Surgery, is designed to be a 
comprehensive and up-to-date reference text for all aspects of anesthesia related to noncardiac 
intrathoracic diagnostic and therapeutic procedures. The goal of this text is to improve the periop-
erative care of thoracic surgical patients. It is written for practitioners of thoracic anesthesia at all 
levels: Residents, Fellows, Staff Anesthesiologists, Nurse Anesthetists, Nurse Practitioners, Anes-
thesia Assistants, and Allied Health Professionals who are involved in managing these patients.

The spectrum of patients who require anesthesia for thoracic procedures continues to evolve. 
At the beginning of the last century, thoracic surgery was mainly performed for infectious 
diseases and their complications such as empyema, bronchiectasis, and broncho-pleural fis-
tula. This continues to be the mainstay of thoracic anesthesia in many developing countries as 
described by Dr. Rebecca Jacob of Bengaluru, India, in Chap. 33. Occasionally, patients with 
these types of pathology present for surgery in hospitals in the developed world also, so the 
principles of lung separation and isolation for these cases remain fundamental building blocks 
of thoracic anesthesia.

By the middle of the last century, the spectrum of thoracic surgery had shifted so that the 
majority of patients are now patients with malignancies, particularly lung cancer. As the popu-
lation changes so have the surgical procedures; from pneumonectomy and lobectomy to lung-
sparing procedures such as segmentectomy. And the surgical techniques have evolved from open 
thoracotomies to minimally invasive video-assisted thoracic surgery (VATS). This has allowed 
thoracic surgeons and chest physicians to expand the envelope of patients considered operable 
and to offer potentially curative pulmonary resections to patients with increasingly severe comor-
bidities. This in turn has placed a greater emphasis on the need for anesthesiologists to manage 
one-lung ventilation in complicated patients. VATS, and now Robotic, procedures have expanded 
to include esophageal, vertebral, cardiac, and other types of intrathoracic surgery. Practitioners 
who work in centers that do not perform lung surgery may now be required to provide anesthesia 
for VATS procedures.

The beginning of this century heralds the evolution of procedures for end-stage lung dis-
ease. Lung transplantation, lung volume reduction, whole-lung lavage, and pulmonary thrombo-
endarterectomy are all examples of this new spectrum of operations for patients who require safe 
perioperative anesthetic care. Attendant with this expansion of surgery are new techniques and 
tools that the anesthesiologist must be familiar with such as transesophageal echocardiography, 
interventional lung assist devices, ex vivo lung perfusion, alternatives for postoperative analgesia, 
and lung isolation in patients with difficult airways. All of these are described in this text.

All of the clinical chapters in this text have been organized with a Clinical Case Discussion at 
the end. The purpose of these cases is to review the material presented in the preceding chapter 
and then to allow the reader to compare his/her solution to the clinical problem with that of the 
chapter authors. This should allow the reader to reflect on what has been discussed in the text and 
to get an impression of how the presented material can be applied in a clinical context.

This text begins, at the beginning, with the History of Thoracic Anesthesia in Chap. 1. This 
excellent and insightful introduction is written by Ian Conacher of Newcastle, England who has 
recently retired but has been a leading authority on thoracic anesthesia in Britain for the past 
several decades.

Next is a section on Preoperative Evaluation which details the basics of preoperative  
assessment focused on patients presenting for thoracic surgery, specifically pulmonary resection. 
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I am grateful to Gail Darling, Professor of Thoracic Surgery at the University of Toronto, for her 
help with this chapter. And also a chapter on Thoracic Imaging by Javier Campos and Kalpaj 
Parekh of the University of Iowa. Javier is a world expert on lung isolation and his use of 3-D 
CT scans to predict difficult placement of double-lumen tubes and bronchial blockers highlights 
how important it is for the clinician practicing thoracic anesthesia to examine and understand the 
patient’s chest imaging prior to surgery. This is one of four excellent chapters he has contributed 
to this text.

The next major section deals with issues of anatomy, physiology, pharmacology, and periop-
erative lung injury common to essentially all thoracic patients. Respiratory physiology is vitally 
important, fascinating, and puzzling to most anesthesiologists and in no context does this apply 
more than during one-lung anesthesia. Drs. Jaeger, Blank, Lohser, and Ishikawa have synthesized 
the recent advances in our understanding of this complex area and present it in a fashion that allows 
for clinical application. This is one of several chapters with contributions from Randy Blank 
who has been a part of this project from the very first concept and has also helped immensely 
by recruiting several of his colleagues from the outstanding Anesthesiology  Department at the 
 University of Virginia to contribute chapters. Similarly, this book has major excellent contribu-
tions from Jens Lohser and the very progressive Thoracic Anesthesia group at the Vancouver 
General Hospital. Recent research on the active contributions of the pulmonary system to metab-
olism and pharmacologic modifications of respiratory airway and vascular responses are detailed 
in Chaps. 7–9 by Drs. Littlewood, Wojciechowski, Hurford, Reimer, and Granton. Dr. Granton is 
head of the Pulmonary Hypertension program at the University of Toronto and a world authority 
in the area. Chapter 10 deals with perioperative lung injury which is becoming the major cause of 
mortality after major pulmonary resections.

The next section, Chaps. 11–13, of the text is devoted to anesthetic management of surgical 
procedures on the airways. Foreign bodies, the use of lasers in the airway and tracheal resections 
are anxiety provoking for all involved. Endo-bronchial ultrasound is a recent diagnostic technique 
that may replace mediastinoscopy for some patients. These chapters offer an organized approach 
to managing these difficult problems. I am indebted to Ron Purugganan (Chap. 12) for his 
 contribution on current intravenous anesthetic techniques for managing these airway cases. This 
is one of two chapters (also Chap. 19 on Monitoring by Gabriel Mena) from the very busy 
 Thoracic Anesthesia group at the MD Anderson Cancer Center in Houston.

The next section, Chaps. 14 and 15, covers Mediastinal procedures including mediastinoscopy, 
resection of mediastinal masses, thymic disorders (specifically myasthenia gravis), and para-
endocrine disorders related to lung malignancies. Mediastinal masses and myasthenia are always 
stressful for the anesthesiologist and I am grateful to Min Ku (Singapore) and Liza Chelico 
(Toronto) for their organized approaches to these difficult topics.

The next section, Chaps. 16–23, deals with Anesthetic Management of common intrathoracic 
procedures. Lung Isolation (Chap. 16) and the specific problem of Lung Isolation in Patients with 
Difficult Airways (Chap. 17) are thoroughly presented with excellent illustrations. Chapter 18 
presents a detailed approach to preventing neurologic injuries during thoracic surgery. Chapters 
19 and 20 deal with advances in monitoring. Chapter 20 specifically deals with the increased 
applications of transesophageal echocardiography during thoracic surgery. I am very grateful 
to my colleagues in the Anesthesia Department of the University of Toronto and the Toronto 
 General Hospital: Max Meineri (Chap. 20), Karen McRae (Chap. 13), Martin Ma (Chap. 24), and 
Marcin W scowicz (Chap. 32) without whose contributions and support this text would not have 
been possible. Chapter 21 by Denham Ward provides a detailed review of intraoperative ventilation 
management in the context of Thoracic Surgery. Chapter 22 by Drs. Ochroch et al. presents a 
unique and useful systems approach to management of major pulmonary resections. Chapter 
23 by Edmond Cohen, the Director of Thoracic Anesthesia at Mt. Sinai Hospital NY, discusses 
anesthetic management for the ever-increasing spectrum of VATS procedures.

The next section, Chaps. 24–26, deals with anesthesia for thoracic procedures in patients with 
significant comorbidities or in the elderly. Increasingly, the thoracic surgical population has 
patients with advanced age or morbid obesity. Drs. Castillo, Port and Heerdt (Chap. 25), and 
Brodsky (Chap. 26) are acknowledged experts in these areas.
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Chapters 27–32 deal with uncommon and complex thoracic surgical procedures such as 
 extrapleural pneumonectomy, combined pulmonary/vertebral resections, esophageal resec-
tions, robotic surgery, and combined cardiac and pulmonary surgery. In Chap. 28, Ju-Mei Ng 
summarizes the large clinical experience of the Brigham and Women’s Hospital, Boston, with 
extrapleural pneumonectomy. Chapter 29 by Drs. Kaufman, Amar, and Rusch is one of two excel-
lent chapters (also Chap. 44 by Drs. Amar and Pedoto) by the very active Thoracic Anesthesia and 
Surgery Departments from the Memorial Sloan-Kettering Cancer Center in New York.

Chapters 33–35 cover thoracic surgical and therapeutic procedures which are less common but 
still form a basic part of thoracic anesthesia such as broncho-pleural fistula, bullectomy, hydatid 
cysts, massive hemoptysis, and broncho-pulmonary lavage. I am particularly thankful to Jean 
Bussières, University of Laval, Quebec, for sharing his large experience in whole-lung lavage.

The next section Chaps. 36–38 deals with anesthetic management of thoracic surgery for 
 end-stage lung diseases: Lung Volume Reduction (Erin Sullivan, Pittsburgh), Lung Transplantation 
(Andy Roscoe, Manchester, UK), and Pulmonary Thrombo-endarterectomy (Gerry Manecke, 
San Diego). These chapters encompass the leading edge of anesthetic management for these 
severely ill patients.

Chapter 39 is directed to the specific issues and pathologies related to thoracic surgery in 
 pediatrics. This comprehensive chapter by Drs. Schwartz and Karsli from the Hospital for 
Sick Children, here in Toronto, covers lung isolation in pediatrics, tracheo-esophageal fistula, 
 diaphragmatic hernia, and the entire range of problems in children and infants that may require 
thoracic surgery either in a large teaching hospital or in a smaller regional center. Chapter 40 
by Stephen Panaro provides a useful systematic approach to anesthesia for the patient with 
Thoracic Trauma.

The final section, Chaps. 41–47, deals with topics in the area of thoracic postoperative care 
that the anesthesiologist may be required to manage. These include immediate complications 
such as cardiac herniation (Chap. 41) and Respiratory Failure (Chap. 42). Chapter 43 by Vera von 
Dossow-Hanfstingl and a group of Anesthesiologists from Munich and Berlin gives an exciting 
look at the increasing use of modern technology, beyond standard ventilatory support, such as 
interventional lung assist to manage respiratory failure in these patients. Chapter 44 gives a 
detailed look at cardiac complications after thoracic surgery. Chapter 45 on postthoracotomy 
 surgical management includes what every anesthesiologist needs to know in this area, particu-
larly about chest drainage systems. I thank Dirk Wagnetz and Marc de Perrot of our own Thoracic 
Surgical Division for this chapter. Chapter 46 by Drs. Pennefather and McKevith, Liverpool, UK, 
is a thorough presentation of multimodal analgesia after thoracic surgery and the wide-range of 
available options. The final chapter by Peter MacDougall, Dalhousie University, Halifax, deals 
with the increasingly recognized problem of chronic post-thoracotomy pain.

I hope that the reader of this text whether involved in a University or Community practice will 
be able to increase their comprehension of the issues related to thoracic anesthesia and this in turn 
will benefit their patients.

I would like to thank the associate editors and all the chapter authors. I would also like to 
thank the Editors at Springer Publishing, Shelly Reinhart and Michael Sova, and previously Joni 
Fraser and Brian Belval for their hard work and patience. I would also like to thank some of my 
teachers/friends in Medicine and Anesthesia including, but not limited to, George Gibson, John 
Sandison, Sally Weeks, Bruce Smith, David Bevan, and Earl Wynands for their encouragement 
and wisdom.

Toronto, May 2011  Peter Slinger
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1
History of Thoracic Anesthesiology
Ian Conacher

Key Points

Because of concern relating to the natural history of pneu-
mothorax, the development of a thoracic surgery discipline 
comparatively was late.
Tuberculosis was the stimulus to overcome concern and 
caution.
Control of contaminating secretions was an early anesthe-
sia objective.
Rigid bronchoscopy, lung separation, and positive pressure 
ventilation are milestones of significance.
Modern materials have enabled considerable advances in 
essentially early ideas.
The anesthesia challenge of surgery of respiratory failure 
is to counteract the negative effects of positive pressure 
 ventilation.
Surgery for lung cancer remains the bulk of workload.

Introduction

Infantry in disciplined armies like those of the Romans were 
trained to inflict a penetrating stab injury to the chest wall. 
Early depictions capture the paradox of a small and bloodless 
injury inevitably being fatal: and a dignity to a transition into 
another world as deep to the wound the lung collapses, respi-
ration becomes paradoxical, and carbon dioxide retention and 
hypoxia ease the passing. In the nineteenth century, as surgery 
was advancing apace because of antisepsis and anesthesiology, it 

was opined that the surgeon’s knife would for these old reasons 
inevitably lead to the death of the patient: surgically attempt-
ing to incise into the thorax was something of a taboo, only to 
be breached by Ferdinand Sauerbruch (1875–1951) little more 
than a century ago (Fig. 1.1).

The late beginning to the thoracic surgery discipline is over-
looked. The author occasionally assisted the distinguished 
Phillip Ayre (1902–1979) who had worked with a surgical 
collaborator of Sauerbruch. This was Laurence O’Shaugnessy 
(1900–1940). A casualty of the Second World War, he left to 
posterity one of the earliest surgical methods of treatment for 
angina, and distinctive forceps that graced thoracic surgical 
instrument trays for 60 years and has been modified for mini-
mal access use (Fig. 1.2).

The fatal process – wound, pleural penetration, lung 
 collapse, respiratory, and cardiac arrest – was interrupted 
with construction of an operating environment that coun-
teracted the elastic force that paralyses respiratory function. 
With encasement of the surgeon and patients’ torso in a nega-
tive pressure chamber, atmospheric pressure (now positive in 
physiological terms) operated at the patient’s exposed mouth 
and prevented the lung collapsing as soon as parietal pleura 
was breeched. Expired tidal ventilation and gas exchange 
can continue to counter the toxic effect, described as “pen-
deluft,” of moving physiological dead space gas back and 
forth between the lungs. Accumulation of carbon dioxide in 
the self-ventilating patients was delayed and albeit limiting 
operating time was enough to open the historical account of 
thoracic surgery.
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The Sauerbruch technique was replaced by more efficient 
methods to reverse intrapleural dynamics and based on supra-
atmospheric pressures applied to the airway – a move recogniz-
able in modern day practices of tracheal intubation and positive 
pressure ventilation. The change is typical of an early phenome-
non: the thoracic discipline attracted inspired minds, with inge-
nious ideas to build on templates of pioneers. Here are to be 
found stories of great physiologists, physicians, surgeons, and 
anesthesiologists without whom, for instance, the groundwork 
for a diversification into cardiac surgery would have been sig-
nificantly delayed. Indeed in many countries, the latter services 
still are rooted in establishments that once were sanatoriums, 
serving the needs of early patients for chest surgery.

In each development, an anesthesiologist of the day has 
had to innovate, adapt, and change with new ideas, materi-
als, and advances being presented to him or her. A formative 

beginning with candle power disappeared with  antimicrobial 
therapy but leaves a legacy of thoracoscopy, lateral 
 thoractomy, lung separators, and pain relief techniques that 
are but little modified.

Paradigm shifts are usually marked by the two World Wars 
of the twentieth century. Though these are defining elements 
of any historical analysis, and certainly colored the individu-
als who are part of the story, developments in thoracic surgery 
that now govern modern practice are better seen in the light of 
changes in the medical challenges of disease which changed 
coincidentally at the same time points.

Ages of Thoracic Surgery

Surgery for Infective Lung Disease

The nineteenth century, a time of great population and societal 
movement particularly in and from Europe, was blighted by 
the “White Plague” (tuberculosis); an indiscriminate killer – 
irrespective of class, wealth, national boundaries, and unstop-
pable, a foreshadowing of AIDS: a heroine in the throes of 
consumption, a last hemoptysis, death – stuff of opera. Into 
this hopelessness strides the surgeon to deal with pulmonary 
cavities, septic foci, decayed and destroyed lung, bleeding 
points and copious, poisonous secretions that were more than 
capable of drowning the patient. Surgical repertoire after the 
Sauerbruch revelation was the artificial pneumothorax, empy-
ema drainage, plombage (insertion of inert material into the 
thoracic cavity to promote lung collapse as therapy for tuber-
culosis), phrenic nerve crush, the thoracoplasty, and some ten-
tative steps at resection – ordeals staged over days and weeks, 
but with an accrual of life-saving consequences for countless 
(Fig. 1.3).

Fig. 1.1. A diagram of Sauerbruch’s negative-
pressure chamber for thoracic anesthesia. The 
animal or patient’s torso and the surgeons were 
enclosed in an airtight chamber evacuated to 
−10 cm H

2
O pressure. The subject was the anes-

thetized breathing air-ether spontaneously from 
a mask. When the thorax was opened the lung 
did not collapse and hypoxemia was averted, 
although hypercarbia would gradually develop 
due to pendeluft. This marked the beginnings of 
elective thoracic anesthesia and surgery. (From 
Mushin W, Rendell-Baker L. The origins of 
thoracic anaesthesia. Park Ridge, IL: The Wood 
Library-Museum; 1953. With permission The 
Wood Library-Museum, Park Ridge, IL.).

Fig. 1.2. Thoracic ephemera. From top to bottom: Krause’s Forceps, 
Ayres “T” piece, O’Shaughnessy Forceps.
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With no mechanisms of control of secretions and an 
 ever-present danger of respiratory failure, standards for anes-
thesiology were sedation with opiates, topical, regional, and field 
blockade with local anesthetics to preserve self-ventilation so that 
cough and the ability to clear the airway were not lost.

Operating position became important. That of Trendelen-
burg was most effective to ensure that secretions, blood, and 
lung detritus drained gravitationally and not into the nonop-
erated lung. But, in the cachectic and septic sufferer of pul-
monary tuberculosis or bronchiectasis, adoption of such steep 
head-down postures could prove fatal. The prone and semi-
prone positions were gentler and less compromising. Sur-
geons got used to operating and approaching the lung and its 
constituents through a posterior thoracotomy. This spawned 
the postero-lateral thoracotomy, once tracheal intubation 
techniques enabled alternative, nongravitational ways of deal-
ing with the secretion problem. Lung, esophagus, and heart 
became grist to the thoracic surgical mill.

As the era closed, the anesthesiologist (and the dawn of the 
specialist was at hand) had an experience of nitrous oxide and 
several volatile agents other than ether, notably chloroform 
and cyclopropane. Insufflation techniques, tracheal intuba-
tion, and rudimentary bronchial blocking techniques, which 
required a skill in rigid bronchoscopy, were tools of the expert. 
Several were using assisted ventilation before the advent of 
muscle relaxants. Prototype endobronchial tubes, bronchial 
blockers, and early positive pressure ventilation techniques 
were in position for a new age – ushered in with curare.

There is no greater symbol of the transition than the pneumo-
nectomy of the British King, George VI (1895–1952). Operated 
on in 1951 – for lung cancer – by a surgeon (C. Price Thomas 

(1893–1973)) who was credited with his own operation (sleeve 
resection) for tuberculosis: the anesthesiologist (Dr R.  Machray) 
had devised his own tracheal tube (but on the occasion used a 
Thompson bronchus blocker), wielded measured doses of 
diamorphine and pethidine, nitrous oxide, and the new agent, 
curare. And in the wings, spurred by intraoperative problems 
with ventilation, a trainee anesthesiologist (William Pallister 
(1926–2008)), was inspired to invent a new endobronchial tube 
specifically for the surgeon and his operation to avoid such crit-
ical incidents in the future. The surgeon later developed lung 
cancer for which he was operated on! The cigarette was yet to 
be seen as the cause and that this particular blight was largely 
man-made.

Surgery for Lung Cancer

Pulmonary resection for lung cancer came to dominate operat-
ing lists as the tuberculosis hazard receded to a point of rarity 
in developed countries with advances in public health that fol-
lowed the Second World War. The favored method was general 
anesthesia with volatiles such as the new agent halothane, lung 
separation – commonly with double lumen tubes – muscle 
relaxants, and after the polio epidemics of the 1950s, positive-
pressure ventilation with increasingly sophisticated ventilators. 
The Academic of the day, having acquired scientific tools, was 
beginning to recognize and investigate the subtle patho- 
physiological changes wrought by one-lung anesthesia.

In general, advances were defined by greater understand-
ing of pulmonary physiology, limits and limitations of sur-
gery particularly degree of resectability, and the fitness of 
patients to withstand ordeals of process, and more regard 
for quality of postresection existence. The crude practice of 
inserting a blocker through a rigid bronchoscope under topi-
cal anesthesia applied with Krause’s Forceps, to test for the 
potential to survive a pulmonary resection, could be aban-
doned! Besides safeguarding the technological skills of an 
earlier era, the anesthesiologist needed to acquire a bedside 
expertise of the potential for respiratory failure to develop in 
a particular patient, based on simple pulmonary function tests 
(wet spirometry). In this era predating a foundation or phi-
losophy for prolonged recovery with ventilator support and 
postoperative care resource, forecasting was on the basis that 
fatalities were theoretically due to carbon dioxide retention or 
right heart failure if excess lung was resected in reaching for 
a cure for a cancer: in practice sepsis and renal failure usually 
proved terminal.

The ending of this work pattern followed advances of plas-
tics technology on equipment, fiberoptics on diagnostics and 
operating instruments, and computers on monitoring and per-
formance. Surgery was moving into an age that had a patient 
demand to push operability beyond limits established for can-
cer. This desire was to be met with larger resource for inten-
sive levels of postoperative care.

Although advances were truly innovative, these were fraught 
with risk. For a perspective on this, recall that pulse oximeters 
were experimental not universal, and end-tidal carbon dioxide 

Fig. 1.3. Chest X-ray of a left-sided thoracoplasty, ribs of the upper 
left hemithorax have been resected to promote left upper lobe col-
lapse for tuberculosis therapy.
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measurement nonexistent: operational decisions depended on 
blood gas monitoring with unsophisticated and slow automated 
systems, and the occasional use outside the laboratory of Swann–
Ganz type pulmonary flotation catheters.

Surgery for Respiratory Failure

Defining elements include transplantation; but also revisits to 
treatment of emphysema (which had with chronic bronchitis 
reached significant proportions in developed countries); and 
technological and materials advances for trachea-bronchial 
disease which here-to-fore were off limits to all but a few 
establishments with special expertise and cardio-pulmonary 
bypass technology.

Orthotopic lung transplantation had been attempted in 
extremis (1963), but success in terms of long-term viability 
was not to be achieved for another 2 decades (1986). A new 
immuno-suppressant therapeutic era was to enable further, 
and this time successful efforts. Much of the credit goes to 
the Toronto group, under Dr Joel Cooper, whose selection and 
management templates resolved problems previously encoun-
tered by attempting to treat paraquat poisoning, routine use of 
corticosteroids for airways disease, tracheo-bronchial dehis-
cence, and reimplantation. Matching of lung preservation 
techniques to those for cardiac donors was a final step from 
experimental to mainstream and to the current healthy state of 
a thoracic organ transplant discipline.

Chronologically, not far behind, is lung volume reduction 
surgery, driven by many of the same innovators. Historically, 
this was just a revisitation of old ideas and not a monumen-
tal surgical advance; but the lessons learnt were in particular 
for anesthesiology. In learning to deal with emphysema lung 
patho-physiology, a “down-side” of positive pressure venti-
lation was encountered with great frequency. The prevention 
and treatment of dynamic hyperinflation scenarios (“breath-
stacking”) is now after a century, as big a challenge as that of 
“pendeluft” breathing was in its day.

Lung Separators

Three systems have evolved to facilitate one-lung ventilation: 
bronchus blocker, endobronchial tube, and double-lumen tube. 
The first two were of concept and had prototypes about the 
same time. Gale and Waters in 1931 have the credit for intuba-
tion of the contra-lateral bronchus prior to pneumonectomy: 
Crafoord and Magill as firsts for bronchial blocking. The 
 double-lumen tube is a later development and as concept was 
taken from catheters, most notably the Carlens, devised for 
broncho-spirometric research, assessment, and investigation.

Devices were manufactured out of red-rubber and over the 
years many adaptations were made: right- and left-sided ver-
sions, carinal hooks, right upper lobe slots, extra inflatable 
cuffs: cuffs of red rubber, of latex rubber, and net-covered – to 
mention but a few.

The Blocker Story

It is to the particular genius of Ivan Magill (1888–1986) that 
the bronchus blocker is owed. With minor modifications it 
became a dominant technique for practitioners, use of which, 
as mentioned, had become a test for fitness for operation. 
Inserted through a rigid bronchoscope, the blocker could be 
placed accurately in the most complex of anatomical distor-
tions wrought by tuberculosis. The state-of-the-art device was 
that of Vernon Thompson (1905–1995) (Fig. 1.4). However, 
endobronchial tube availability and the versatility of double 
lumen tubes meant that by the latter part of the twentieth cen-
tury there were few but a dedicated band of practitioners with 
the skill to place and use blockers effectively and first choice 
status was lost. Plastics and fibreoptics led to reinvention for 
twenty-first century. “Univent,” Arndt, and Cohen systems 
following in quick succession as the concept was revitalized.

The Endobronchial Tube Story

These very obvious adaptations of tracheal tubes gave anes-
thesiologists a range of devices that served purpose for half 
a century. That of Machray was a long, single-cuffed tra-
cheal tube and was placed in the left main bronchus under 
direct vision using an intubating bronchoscope as introducer 
(Fig. 1.5). Being able to mount these devices on a rigid scope, 
again a Magill credited idea, defined these tubes. The char-
acteristic facilitated placement in the most distorted of air-
ways, and allowed for ventilation through a wide-bore tube, 

Fig. 1.4. Vernon Thompson bronchus blocker (circa 1943).

Fig. 1.5. Machray endobronchial tube and intubating bronchoscope.
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bettered only by using a bronchus blocker outside and beside 
an endotracheal tube. Left sided Macintosh-Leatherdale and 
Brompton-Pallister; and the right-sided Gordon-Green were 
to prove the most enduring

The Double-Lumen Tube Story

Unlike the other types of lung separators, the double lumen 
tube was adapted and adopted rather than invented for the pur-
pose of one-lung anesthesia and ventilation. The prototypes, 
notably that of Eric Carlens (1908–1990), were for physio-
logical investigation. Models with the ventilation lumens posi-
tioned coaxially and anterior-posterior were tried but that of 
Frank Robertshaw (1918–1991) with its side-by-side lumens, 
anatomical shape, range of size, and low resistance charac-
teristic dominated, to be later reproduced as plastic and dis-
posable materials (e.g., Sheridan, Bronchocath) that replaced 
the increasingly unsuitable and anachronistic red rubber. The 
right-sided version was actually invented from a Gordon-
Green endobronchial tube, the slot of which has remained the 
most effective device to ventilate the right upper lobe – an 
efficacy dependent on properties of red-rubber (Fig. 1.6).

Plastic and practice penetration by fiberoptic bronchoscopes 
of decreasing size and increasing sophistication and practicality 
led to much contemporary discussion about the “blind” place-
ment of lung separators that replaced the tradition of rigid bron-
choscopy as an aid to lung separation and bronchial cannulation. 

Though modern protocols are more fail-safe than reliance on 
clinical and observational skills, the modern didactic of medico-
legality has trumped debate and stifled argument.

Origins of Thoracic Endoscopy

The ancient entertainment of sword swallowing had long dem-
onstrated the feasibility of inserting rigid instruments into the 
esophagus. In 1895 a scope was first passed through a trache-
otomy opening to be quickly followed by endoral attempts but 
at the limits of proximal lighting systems. Chevalier  Jackson 
(1865–1958) was not the originator but he certainly was a 
pioneer and the first master of distal lighting systems, with a 
record on removal of foreign bodies that stands unsurpassed 
to this day (Fig. 1.7). To him are owed the rules that made 
the dangerous art of sword swallowing into a scientific tool 

Fig. 1.6. Tubes with right upper lobe ventilation slots: From left to 
right: Gordon-Green endobronchial, Robertshaw double lumen, Car-
lens (White model) double lumen, “Bronchocath” double lumen, and 
“Portex” prototype double lumen.

Fig. 1.7. A series of safety pins removed from the airway by rigid 
bronchoscopy (from Jackson C. Foreign bodies in air and food pas-
sages. Charted experience in cases from no. 631 to no. 1155 at the 
Bronchoscopic Clinic; 1923.).
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for therapy and diagnosis both in the esophagus and in the 
tracheo-bronchial tree: and, the subtleties of neck positioning 
that ensure either the esophagus or trachea is cannulated: a 
whole philosophy of skill that has been negated by the flexible 
nature of modern tools.

Now the only indications for rigid bronchoscopy are for-
eign body removal and occasional stent insertion, but there 
was a time when rigid bronchoscopy was indispensible for 
operative assessment, bronchography, diagnostics, insertion 
of lung separators, postoperative lung toilet, and treatment 
of broncho-pleural fistula. Under careful local anesthetic 
application, topical, regional, and cricothyroid puncture, the 
technique could be conducted with such skill that no less an 
illustrious patient than Geoffrey Organe (1908–1989) the Pro-
fessor of Anaesthesia, Westminster Hospital, London, was 
able to declare the experience as “more pleasant than going 
to the dentist.”

Trying to produce an artificial pneumothorax frequently 
failed because of adhesions. In 1913, a Swedish surgeon, 
Hans Christian Jacobeus, reported on the use of a modified 
cystoscope to look into the chest and used a second port for 
instruments, such as probes and cautery, to deal with recal-
citrant adhesions. It is not hard to see how this concept has 
evolved.

Tracheobronchial Stenosis

As technological advance is on the brink of tracheal recon-
struction using biological methods, it is important not to for-
get that this state has been reached by a long and hard struggle 
to overcome the challenge for surgery and healing inherent 
in innately poor mammalian vascular supply of the trachea-
 bronchial tree. The era of tracheal resection and repair was 
to be dominated by Hermes Grillo (1923–2006), the Chief 
of Thoracic Surgery at the Massachusetts General Hospital. 
There was a brief period of tracheoplasty and silicon replace-
ments, all of which were major anesthesiological undertak-
ings but developments in stents, largely modeled on similar 
devices for esophageal stricture, had become prevalent at the 
end of the twentieth century. Solid-state devices of silicon 
were replaced by a range of self-expanding ones made of non-
reactive and malleable materials such as nitinol which have 
resulted in less challenging anesthesia scenarios.

Esophageal Surgery

Originally, surgery on the esophagus was very much a devel-
opment of chest surgery. Several medical cultures retained a 
linkage late into the twentieth century, but this was largely 
a technical connection because of commonality of anesthe-
siological requirements like lung isolation. Most countries 
have now broken the connection, and the esophagus is largely 
seen as outside the hegemony of thoracic practice. Cancer, 

 achalasia, and hiatus hernia, once part of the tougher end of the 
surgical diet, are now treated less traumatically and invasively.

As with pulmonary resection, early developments were 
based on totemic patients by small teams, whose successes and 
tribulations sustained knowledge that relief by surgical means 
ultimately was going to be of benefit to many more. A single 
case survivor of 13 years after transpleural esophagectomy by 
Franz Torek (1861–1938) in New York in 1913 was a beacon 
for 3 decades. The anesthetist was Carl Eggers (1879–1957) 
who administered ether through a woven silk tracheal tube to 
a self-ventilating patient. In 1941, the world experience of the 
technique was 17 survivors of 58 patients.

Pain Relief

Modern analgesics can be traced to the coca leaf, opium poppy, 
and willow bark but administration other than by ingestion 
or inhalation needed the hypodermic needle. Spinal injection 
(1898), intercostal nerve blockade (1906), paravertebral injec-
tion (1906), and extradural (1921) are the historical sequence 
for local anesthetic procedures of context.

Survivors of thoracoplasty operations tell of hearing their 
ribs being cracked as, in the later stages of the operation, the 
thoracic cage was rearranged: few attendants were prepared to 
risk general anesthesia. A specimen technique of Magill’s for 
this operation, first performed in the UK by Hugh Morriston 
Davies (1879–1965) in 1912, included premedication with 
opiates, supraclavicular brachial plexus block, intercostal nerve 
block, dermal infiltration of skin incision site and towel clip 
points as well as subscapular infiltration and much titration of 
dilutions of adrenalin (epinephrine). J Alfred Lee (1906–1989) 
(author of the classic: A Synopsis of Anaesthesia, first pro-
duced in 1947) states advantages of local as opposed to general 
anesthesia: reduced risk of spread of disease, better elimination 
of secretions as cough reflex is not abolished, quicker conva-
lescence because patient is less upset by drugs and needs less 
nursing care, and abolition of explosion risk.

Paravertebral blockade, first credited to Sellheim, went on 
to be used for operative pain relief, postthoracotomy neural-
gia, and even angina and thoracic pain of unknown etiology. 
Subarachnoid block enjoyed a period in thoracic surgery, but 
the “high” nature meant that it was a hazardous technique 
because of uncontrolled hypotension and suppression of 
respiration. Epidural anesthesia was limited by the toxicity 
of agents, hazard of hemodynamic collapse, the short-lived 
nature of single-shot procedures, and logistics and feasibility 
of process in the context of hospital environment. Continuous 
analgesia perioperatively was only realistic with small-bore 
tubing and got impetus from the link to improved postopera-
tive respiratory function.

Correlation of pain relief and reversal of some of the 
 negative effects of surgery led to recognition that pain relief 
objectives could be broadened from humanitarian and reactive. 
A new philosophy has arisen: it is a proactive one to capitalize 
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on observations that pain relief techniques contribute to the 
 healing process by promoting a sense of well-being, preserv-
ing gastrointestinal function, improving anastomotic blood 
flow, and facilitating management of comorbidity.

Conclusion

The impetus for surgical development and advance are all in 
context, and in none more than thoracic practice is this true: 
phases, even paradigm shifts, defined by disease, sociology 
and advances in knowledge, therapeutics and, in the case of 
anesthesiology, by drugs, materials and technology. As his-
torical evolution, much of current practice is recognizable.

A modern age is already characterized by a circumspect use 
of volatile agents, but predictable forces of surgery are the 
demand for minimal access and the use of once-only dispos-
able materials that have already seen the demise of much of 
local infrastructure to process sterile equipment and surgical 
hygiene. Hospital-acquired infection morbidity is a given, as 
are epidemics of asbestosis-related pleural-pulmonary disease 
as this ubiquitous “pathogen” escapes from twentieth century 
confines. A new epidemic, obesity, will gain momentum. 

Lung cancer treatment options show little sign of being bet-
tered by other than surgical methods. Tuberculosis has a new 
drug-resistant guise. Could history repeat itself?
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2
Preanesthetic Assessment for Thoracic Surgery
Peter Slinger and Gail Darling

Key Points

All patients having pulmonary resections should have a 
 preoperative assessment of their respiratory function in three 
areas: lung mechanical function, pulmonary  parenchymal 
function, and cardiopulmonary reserve (the “three-legged 
stool” of respiratory assessment).
Following pulmonary resection surgery, it is usually  possible 
to wean and extubate patients with adequate  predicted post-
operative respiratory function in the operating room pro-
vided they are “AWaC” (alert, warm and comfortable).
Preoperative investigation and therapy of patients with 
coronary artery disease for noncardiac thoracic surgery is 
becoming a complex issue. An individualized strategy in 
consultation with the surgeon, cardiologist, and patient is 
required. Myocardial perfusion, CT coronary angiography, 
and other advances in imaging are used increasingly in 
these patients.

Geriatric patients are at a high risk for cardiac complica-
tions, particularly arrhythmias, following large pulmonary 
resections. Preoperative exercise capacity is the best pre-
dictor of post-thoracotomy outcome in the elderly.
In the assessment of patients with malignancies, the “four 
M’s” associated with cancer must be considered: mass 
effects, metabolic effects, metastases, and medications.
Perioperative interventions which have been shown to 
decrease the incidence of respiratory complications in high-
risk patients undergoing thoracic surgery include: cessation 
of smoking, physiotherapy, and thoracic epidural analgesia.

Introduction

Thoracic anesthesia encompasses a wide variety of diagnos-
tic and therapeutic procedures involving the lungs, airways, 
and other intrathoracic structures. As the patient  population 
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presenting for noncardiac thoracic surgery has changed, so 
have the anesthetic techniques required to manage these 
patients. Thoracic surgery at the beginning of the last cen-
tury was primarily for infectious indications (lung abscess, 
bronchiectasis, empyema, etc.). Although these cases still 
present for surgery in the post-antibiotic era, now the com-
monest indications are related to malignancies (pulmonary, 
esophageal and mediastinal). In addition, the last two decades 
has seen the beginnings of surgical therapy for end-stage lung 
diseases with procedures such as lung transplantation and 
lung-volume reduction.

Recent advances in anesthetic management, surgical tech-
niques, and perioperative care have expanded the envelope of 
patients now considered to be “operable” [1]. This chapter will 
focus primarily on preanesthetic assessment for pulmonary 
resection surgery in cancer patients. However the basic prin-
ciples described apply to diagnostic procedures, other types 
of nonmalignant pulmonary resections and to other chest sur-
gery. The major difference is that in patients with malignancy 
the risk/benefit ratio of canceling or delaying surgery pending 
other investigation/therapy is always complicated by the risk 
of further spread of cancer during any extended interval prior 
to resection. Cancer surgery is never completely “elective” 
surgery.

A patient with a “resectable” lung cancer has a disease that 
is still local or local-regional in scope and can be encompassed 
in a plausible surgical procedure. An “operable” patient is 
someone who can tolerate the proposed resection with accept-
able risk. Anesthesiologists are not gate-keepers. Normally, it 
is not the anesthesiologist’s function to assess these patients to 
decide who is or is not an operative candidate. In the majority 
of situations, the anesthesiologist will be seeing the patient at 
the end of a referral chain from Chest or Family Physician to 
Surgeon. At each stage, there should have been a discussion of 
the risks and benefits of operation. It is the anesthesiologist’s 
responsibility to use the preoperative assessment to identify 
those patients at elevated risk and then to use that risk assess-
ment to stratify perioperative management and focus resources 
on the high-risk patients to improve their outcome (Fig. 2.1). 
This is the primary function of the preanesthetic assessment. 
However, there are occasions when the anesthesiologist is 
asked to contribute his/her opinion whether a specific high-
risk patient will tolerate a specific surgical procedure. This 
may occur preoperatively but also occurs intraoperatively 
when the surgical findings suggest that a planned procedure, 
such as a lobectomy, may require a larger resection such as a 
pneumonectomy. For these reasons it is imperative that the 
anesthesiologist have a complete preoperative knowledge of 
the patient’s medical status and also an appreciation of the 
pathophysiology of lung resection surgery. There has been 
a comparatively small volume of research on the short-term 
(<6 weeks) outcome of these patients. However, this research 
area is currently very active and there are several studies 
which can be used to guide anesthetic management in the 
perioperative period where it has an influence on outcome.

An increasing number of thoracic surgeons are now being 
trained to perform “lung-sparing” resections such as sleeve-
lobectomies or segmentectomies and to perform resections 
with minimally invasive techniques such as video-assisted tho-
racoscopic surgery (VATS). The postoperative preservation of 
respiratory function has been shown to be proportional to the 
amount of functioning lung parenchyma preserved. To assess 
patients with limited pulmonary function, the anesthesiologist 
must appreciate these newer surgical options in addition to the 
conventional open lobectomy or pneumonectomy.

Pre-thoracotomy assessment naturally involves all of the 
factors of a complete anesthetic assessment: past history, 
allergies, medications, upper airway, etc. This chapter will 
concentrate on the additional information, beyond a standard 
anesthetic assessment, that the anesthesiologist needs to man-
age a thoracic surgical patient. Practice patterns in anesthesia 
have evolved such that a patient is commonly assessed ini-
tially in an outpatient clinic and often not by the member of 
the anesthesia staff who will actually administer the anesthe-
sia. The actual contact with the responsible anesthesiologist 
may be only 10–15 min prior to induction. It is necessary to 
organize and standardize the approach to preoperative evalu-
ation for these patients into two temporally disjoint phases: 
the initial (clinic) assessment and the final (day-of-admission) 
assessment. There are elements vital to each assessment which 
will be described.

Fig. 2.1. Chest X-ray of a patient with a carcinoma of the right upper 
lobe scheduled for possible lobectomy or pneumonectomy. The pur-
pose of the preoperative anesthetic assessment of this patient is to 
stratify the patient’s risk and to identify factors which can be man-
aged to improve the perioperative outcome.
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Assessment of Respiratory Function

The major cause of perioperative morbidity and mortality in 
the thoracic surgical population is respiratory complications. 
Major respiratory complications such as: atelectasis, pneu-
monia, and respiratory failure occur in 15–20% of patients 
and account for the majority of the expected 3–4% mortal-
ity [2]. Cardiac complications such as: arrhythmia, ischemia, 
etc. occur in 10–15% of the thoracic population. Postoperative 
factors associated with a prolonged length of stay (>14 days) 
after lobectomy are listed in Table 2.1 [3]. The primary focus 
for the anesthesiologist is to assess the risk of postoperative 
pulmonary complications.

The best assessment of respiratory function comes from 
a detailed history of the patient’s quality of life. All pulmo-
nary resection patients should have baseline simple spirom-
etry preoperatively to measure forced expiratory volume in 
1 s (FEV1) and forced vital capacity (FVC) (Fig. 2.2) [4]. 
Simple portable spirometers are available that can be used 
easily in the clinic or at the bedside to make these measure-
ments (Fig. 2.3). Objective measures of pulmonary function 
are required to guide anesthetic management and to have this 
information in a format that can be easily transmitted between 
members of the healthcare team. Much effort has been spent 
to try and find a single test of respiratory function that has 
sufficient sensitivity and specificity to predict outcome for all 
pulmonary resection patients. It is now clear that no single test 
will ever accomplish this. It is useful to assess each patient’s 
respiratory function in three related but largely independent 
areas such as: respiratory mechanics, pulmonary parenchy-
mal function, and cardio-respiratory interaction. These can 
be remembered as the basic functional units of extracellular 
respiration, which are to get atmospheric oxygen: (1) into the 
alveoli, (2) into the blood, and (3) to the tissues (the process is 
reversed for carbon dioxide removal).

Lung Mechanical Function, Spirometry

Many tests of respiratory mechanics and volumes show corre-
lation with post-thoracotomy outcome: FEV1, FVC, maximal 
voluntary ventilation (MVV), and residual volume/total lung 
capacity ratio (RV/TLC). For preoperative assessment these 
values should always be expressed as a percent of predicted 
volumes corrected for age, sex, and height (e.g., FEV1%). 
Of these, the most valid single test for post-thoracotomy 

Fig. 2.2. Simple spirometry should be performed in all pulmonary 
resection patients to assess the forced expiratory volume in 1 s 
(FEV1) which can then be corrected for the patient’s age, sex, and 
height to give a percentage of the normal predicted value (FEV1%).

Fig. 2.3. An example of a portable handheld spirometer which can be 
easily used in the preoperative assessment clinic or at the bedside to 
measure forced expiratory flow volumes.

Table 2.1. Post-lobectomy complications and hospital length of 
stay (LOS).

All  
patients

Length of stay  
<14 days

Length of stay  
>14 days

Significant for  
LOS p value

n 4,979 4,628 (93%) 351 (7%)
Pneumonia 4% 3%  28% <0.0001
Atelectasis 4% 2%  21% <0.0001
ARDS 1% 0.5%  11% <0.0001
Myocardial  

infarction
0.4% 0.2%  3% <0.0001

Ileus 1% 0.6%  18% <0.0001
Renal failure 1.4% 0.9%  9% <0.0001
Pulmonary  

embolus
0.3 0.3%  2%  0.02

Atrial  
arrhythmias

12% 11%  27%  0.07

Air leak  
>5 days

10% 8%  36% <0.0001

Based on data from the Society of Thoracic Surgeons Database, 2002–2006, 
Wright et al. [3]
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respiratory complications is the predicted postoperative FEV1 
(ppoFEV1%) [5] which is calculated as:

One method of estimating the percent of functional lung tis-
sue is based on a calculation of the number of functioning 
subsegments of the lung removed (Fig. 2.4). Nakahara et al. 
[6] found that patients with a ppoFEV1 >40% had no or 
minor post-resection respiratory complications. Major respi-
ratory complications were only seen in the subgroup with 
ppoFEV1 <40% (although not all patients in this subgroup 
developed respiratory complications) and 10/10 patients with 
ppoFEV1 <30% required postoperative mechanical ventila-
tory support. These key threshold ppoFEV1 values: 40 and 
30% are extremely useful to remember when managing these 
patients. The schema of Fig. 2.4 may be overly complicated 
and it can be useful to just simply consider the right upper and 
middle lobes combined as being approximately equivalent to 
each of the other three lobes with the right lung 10% larger 
than the left. These data of Nakahara are from work done in 
the 1980s and subsequent advances, particularly the use of 
epidural analgesia has decreased the incidence of complica-
tions in the ultrahigh-risk (ppo <30%) group [7]. However, a 
ppoFEV1 value of <40% remains useful as a reference point 
for the anesthesiologist to identify the patient at increased 
risk. The ppoFEV1 is the most significant independent pre-
dictor of complications among a variety of historical, physi-
cal, and laboratory tests for these patients. The usefulness of 
the ppoFEV1% has been recently revalidated in a study by 

Win et al. [8]. However, these authors suggest that with an 
aging surgical population a threshold value of ppoFEV1 45% 
is more appropriate.

Patients with ppoFEV1 values <40% can be operated on 
with acceptable morbidity and mortality in certain circum-
stances. Linden et al. [9], reported on a series of 100 patients 
with ppoFEV1 <35% who had lung resections for cancer with 
only one mortality and with a 36% complication rate. When-
ever possible, these patients had VATS procedures and thoracic 
epidural analgesia (TEA). The authors propose an absolute 
lower limit of acceptability for resection as a ppoFEV1 <20%. 
It should be appreciated that this report is from a center with 
a very high volume of thoracic surgery and surgical outcomes 
for lung cancer are correlated to the volume of surgery. High-
volume hospitals had complication and mortality rates (20 and 
3% respectively) that were approximately one-half of low-
volume hospitals (44 and 6%) [10].

The actual measured postoperative FEV1 will not be the 
same as the ppoFEV1 for several reasons. First, it is impos-
sible to predict the actual intraoperative surgical trauma to 
the chest wall and residual lung segments. Most patients will 
have FEV1 values immediately postoperatively that are less 
than the ppoFEV1 and these will improve over a period of 
6 months [11]. Second, emphysematous patients will tend to 
have a lung-volume reduction effect on the residual lobe(s) and 
may exceed their ppoFEV1 if a hyperinflated lobe is resected. 
The actual postoperative FEV1 has been shown to be a better 
predictor of outcome than the ppoFEV1 however, the actual 
postoperative FEV1 is not available preoperatively.

Absolute predicted postoperative values for FEV1 were 
used in the past to assess patients. Absolute limits for ppoFEV1 
such as 0.8 L were suggested as the lower limits of accept-
ability for resection. However, absolute values for pulmonary 
function tests do not take into consideration the wide varia-
tion in the size of patients who present for thoracic surgery. 
An absolute FEV1 result of 1 L for an 80-year-old male 5 ft. 
(152 cm) height is normal (100% of predicted) but an FEV1 of 
1 L for a 6 ft. (183 cm) 50-year-old male is severely abnormal 
(24% predicted). It is important always to consider patients’ 
spirometry results as a percentage of their predicted normal.

Patients at increased risk of respiratory complications 
(ppoFEV1 <40%) should have complete pulmonary func-
tion testing in a pulmonary function laboratory which will 
include an assessment of lung volumes and airway resistance 
(Fig. 2.5). These are more sensitive than a simple examina-
tion of the FEV1 to FVC ratio to distinguish between obstruc-
tive versus restrictive lung pathologies and will confirm the 
clinical diagnosis of the underlying lung disease. Also, this 
permits for optimization of intraoperative management during 
both two-lung and one-lung ventilation by individualization 
of settings for mechanical ventilation depending on the lung 
pathology [12]. There are two basic methods of measurement 
of lung volumes: insoluble gas dilution and plethysmography 
(Fig. 2.6). Plethysmography is the common method used in 
pulmonary function laboratories to measure lung volumes 

ppoFEV1% preoperative FEV1%

(1 % functional lung tissue removed /100)

Fig. 2.4. The number of subsegments of each lobe are used to calcu-
late the predicted postoperative (ppo) pulmonary function. There are 
6, 4, and 12 subsegments in the right upper, middle, and lower lobes. 
There are 10 subsegments in both the left upper and lower lobes, 
for a total of 42 subsegments. Following removal of a functioning 
right lower lobe, a patient would be expected to lose 12/42 (29%) of 
their respiratory reserve. If the patient has a preoperative FEV1 (or 
DLCO) 70% of predicted, the patient would be expected to have a 
ppoFEV1 = 70% × (1 − 29/100) = 50%.
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and has largely replaced insoluble gas dilution techniques. 
The difference (plethysmography-dilution) in measured lung 
volumes between the two techniques can be used to estimate 
the volume of bullae in the lung. Previously, maximal breath-
ing capacity was also used to assess patients for pulmonary 

resection. This simple test was used in the era of pulmonary 
resection for tuberculosis and has been replaced by modern 
spirometry.

Pulmonary Parenchymal Function

As important to the process of respiration as the mechanical 
delivery of air to the distal airways is the subsequent ability of 
the lung to exchange oxygen and carbon dioxide between the 
pulmonary vascular bed and the alveoli. Traditionally, arterial 
blood gas data such as PaO

2
 <60 mmHg or PaCO

2
 >45 mmHg 

have been used as cut-off values for pulmonary resection.  Cancer 
resections have now been successfully performed, or even com-
bined with volume reduction, in patients who do not meet these 
criteria, although they remain useful as warning indicators of 
increased risk. The most useful test of the gas exchange capac-
ity of the lung is the diffusing capacity for carbon monoxide 
(DLCO). The DLCO is a reflection of the total functioning sur-
face area of alveolar-capillary interface. This simple noninvasive 
test which is included with spirometry and plethysmography by 
most pulmonary function laboratories is a useful predictor of 
perioperative morbidity and mortality [13]. The corrected DLCO 
can be used to calculate a post-resection (ppo) value using the 
same calculation as for the FEV1 (Fig. 2.7). A ppoDLCO <40% 
predicted correlates with both increased respiratory and car-
diac complications and is, to a large degree, independent of the 
FEV1. The National Emphysema Treatment Trial has shown 
that patients with a preoperative FEV

1
 or DLCO <20% had an 

unacceptably high perioperative mortality rate [14]. These can 
be considered as the absolute minimal values compatible with 
successful outcome. Complete pulmonary function testing, as 
performed in a pulmonary function laboratory generates a report 
with often >15 test results (Fig. 2.8); of these results the two 
most valid tests for the anesthesiologist to use to assess periop-
erative risk are the percent predicted FEV1 and DLCO.

Fig. 2.5. Complete pulmonary function testing 
will provide data on lung volumes and capaci-
ties to differentiate obstructive from restrictive 
diseases. FRC functional residual capacity; IC 
inspiratory capacity; RV residual volume; SVC 
slow vital capacity; ERV expiratory reserve 
volume; TV tidal volume; IRV inspiratory 
reserve volume; TLC total lung capacity. Mea-
suring closing volume and closing capacity 
requires insoluble gas washout techniques and 
is not included in routine pulmonary function 
testing. However, an appreciation of the vari-
able relationship between closing capacity and 
FRC and the effects of anesthesia on FRC is 
essential for the anesthesiologist to understand 
the changes in gas exchange that occur during 
anesthesia. (Reprinted from Patterson [101], 
with permission).

Fig. 2.6. Measurement of lung volumes is commonly performed with 
whole body plethysmography with the patient seated in an airtight 
box. Lung volumes can be calculated from changes in the airway and 
box pressure since the volume of the box is known. (Reprinted from 
Patterson [101], with permission).
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Cardiopulmonary Interaction

The final and perhaps most important assessment of respira-
tory function is an assessment of the cardiopulmonary interac-
tion. Formal laboratory exercise testing is currently the “gold 
standard” for assessment of cardiopulmonary function [15] 
and the maximal oxygen consumption (VO

2
 max) is the most 

useful predictor of post-thoracotomy outcome. The test is 
performed on a bicycle ergometer or treadmill. Resting mea-
surements are made for 3–5 min. Three minutes of unloaded 

cycling is performed as a warm-up period. The workload is 
incremented at a rate designed to allow reaching maximum 
work capacity in 8–12 min. The test continues to a point of 
symptom limitation (e.g., severe dyspnea) or discontinua-
tion by medical staff (e.g., significant ECG abnormalities) or 
achievement of maximum predicted heart rate. Estimated VO

2
 

max is based on the patient’s age, sex, and height. For sed-
entary males it is estimated as VO

2
 max (mL/min) = (height 

(cm) − age (years)) × 20, i.e., for a 50-year-old male, height 
170 cm, weight 70 kg, the predicted VO

2
 max = ((170 − 50) 

× 20)/70 = 34 mL/kg/min. For a sedentary woman, age 50, 
160 cm, 60 kg, estimated VO

2
 max = ((160 − 50) × 14)/60 = 26 

mL/kg/min (for comparison: the highest VO
2
 max recorded is 

85 mL/kg/min by the American cyclist Lance Armstrong in 
2005 [16]).

The risk of morbidity and mortality is unacceptably high 
if the preoperative VO

2
 max is <15 mL/kg/min [17]. Few 

patients with a VO
2
 max >20 mL/kg/min have respiratory 

complications. Exercise testing is particularly useful to dif-
ferentiate between patients who have poor exercise toler-
ance due to respiratory versus cardiac etiologies (Fig. 2.9). 
More recently, the anaerobic threshold measured during exer-
cise testing has been suggested as a predictor of postoperative 
complications [18]. The anaerobic threshold is the exercise 
level at which lactate begins to accumulate in the blood and 
anaerobic metabolism begins. The anaerobic threshold is 
approximately 55% of VO

2
 max in untrained individuals but 

rises to >80% in trained athletes. The anaerobic threshold 
can be documented by repeated blood lactate analysis dur-
ing exercise or by a threshold increase in CO

2
 production 

above the initial respiratory quotient (ratio of CO
2
 produc-

tion to O
2
 consumption, commonly approximately 0.8). 

A threshold value for AT of <11 mL/kg/min has been sug-
gested as a marker for increased risk but this has not been 
well validated [19].

Fig. 2.8. A copy of the Pulmonary Function 
Laboratory test report for a patient with severe 
emphysema. Of the 15 different results in this 
report the two results highlighted, the percent 
predicted FEV1 and DLCO, are the most useful 
tests for the anesthesiologist assessing a patient 
for possible pulmonary resection. This patient 
had taken a bronchodilator immediately before 
the test so the usual post-bronchodilator (Post 
BD) test was not repeated. Pred. val. predicted 
value corrected for the patient’s age, sex, and 
height. Obs. patient’s measured result; VA the 
single-breath dilutional estimate of TLC from 
the DLCO.

Fig. 2.7. Regression lines for the risk of pulmonary (upper lines) or 
fatal (lower lines) complications versus predicted postoperative dif-
fusing capacity for carbon monoxide (ppoDLCO%) following lung 
resection in patients with (solid lines) and without (dashed lines) 
chronic obstructive pulmonary disease (COPD). Note that both mor-
bidity and mortality increase sharply when the ppoDLCO falls below 
a threshold value of 40% (Reprinted from Ferguson and Vigneswaran 
[13], with permission).



172. Preanesthetic Assessment for Thoracic Surgery

Complete laboratory exercise testing is time-consuming 
and thus expensive. It is generally not cost-effective to use 
as a routine part of the preoperative assessment for all pul-
monary resection patients. Several alternatives have been 
demonstrated to be valid surrogate tests for pre-thoracotomy 
assessment. The distance that a patient can walk during a 
6-min test (6MWT) shows an excellent correlation with VO

2
 

max and requires little or no laboratory equipment (Fig. 2.10). 
For patients with moderate or severe COPD, the 6MWT dis-
tance can be used to estimate the VO

2
 max by dividing by a 

figure of 30 (i.e., 600 m distance is equivalent to a VO
2
 max of 

600/30 = 20 mL/kg/min) [20]. Some centers also assess the fall 
in oximetry (SpO

2
) during exercise. Patients with a decrease 

of SpO
2
 >4% during exercise (stair climbing 2 or 3 flights or 

equivalent) [21] are at increased risk of morbidity and mor-
tality. Post-resection exercise capacity can also be estimated 
based on the amount of functioning lung tissue removed (see 
Fig. 2.4). An estimated ppoVO

2
 max <10 mL/kg/min can 

be considered a contraindication to pulmonary resection. In 
a small series [22] mortality was 100% (3/3) patients with a 
ppoVO

2
 max <10 mL/kg/min.

The traditional, and still useful, test in ambulatory patients 
is stair climbing [23]. Stair climbing is done at the patient’s 
own pace but without stopping and is usually documented as 
a certain number of flights. There is no exact definition for a 
“flight” but 20 steps at 6 in/step is a frequent value. The abil-
ity to climb five flights correlates with a VO

2
 max >20 mL/

kg/min and climbing two flights corresponds to a maximal 
oxygen consumption (VO

2
 max) of 12 mL/kg/min. A patient 

unable to climb two flights is extremely at high-risk [24].
After pulmonary resection there is a degree of right ventric-

ular dysfunction that seems to be in proportion to the amount 

Fig. 2.9. A normal cardiopulmonary exercise test result. As the 
patient exercises, the increase in oxygen consumption (horizontal 
axis) is plotted against the heart rate (green dots, left vertical axis) 
and the minute ventilation (V

E
, orange dots, right vertical axis). Nor-

mal responses for heart rate and ventilation lie within the green and 
orange lines. The vertical dashed line is the predicted upper limit 
of normal based on age. Patients with primarily cardiac causes for 
exercise limitation will show an excessive increase in heart rate with 
exercise. Patients with primarily respiratory limitation will show a 
disproportionate increase in ventilation. Patients with pulmonary 
vascular disease will have both abnormal heart rate and ventilation 
responses. (Reprinted from Patterson [101], with permission).

Fig. 2.10. The maximal oxygen  consumption 
VO

2
 (mL/min) shows a strong correlation with 

work (6 M
work

) for patients with  moderate or 
severe COPD during a 6 min. walk test. Work =  
distance traveled × weight (kg × m). A 70 kg 
patient who walks 450 m does 31,500 kg/m 
of work which correlates with an estimated 
VO

2
 max of 1,100 mL/min (or 16 mL/kg/min). 

A simple estimate of the VO
2
 max can be made 

by dividing the 6-min walk distance by 30 (i.e., 
450 m/30 = 15 mL/kg/min). (Reprinted from 
Carter et al. [20], with permission.).
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of functioning pulmonary vascular bed removed. The exact 
etiology and duration of this dysfunction remains unknown. 
Clinical evidence of this hemodynamic problem is minimal 
when the patient is at rest but is dramatic when the patient 
exercises leading to elevation of pulmonary vascular pres-
sures, limitation of cardiac output, and absence of the normal 
decrease in pulmonary vascular resistance usually seen with 
exertion [25].

Regional Lung Function

Prediction of post-resection pulmonary function can be fur-
ther refined by assessment of the preoperative contribution of 
the lung or lobe to be resected by imaging of regional lung 
function [26]. If the lung region to be resected is nonfunction-
ing or minimally functioning, the prediction of postoperative 
function can be modified accordingly [27]. This is particularly 
useful in pneumonectomy patients and regional lung function 
imaging should be ordered for any potential pneumonectomy 
patient who has a preoperative FEV1 and/or DLCO <80% (i.e., 
ppo values <40% predicted). Regional lung function imaging 
can be performed by three techniques: radionuclide ventila-
tion/perfusion (V/Q) lung scanning, pulmonary  quantitative 

 CT-scanning, or three-dimensional dynamic  perfusion  magnetic 
resonance imaging (MRI).

Ventilation/perfusion lung scanning is the gold standard. 
Regional ventilation is assessed by scanning after inhala-
tion of a radiolabeled insoluble gas (commonly xenon-133). 
Regional lung perfusion is assessed by scanning after intra-
venous injection of radiolabeled particles that are trapped 
in the pulmonary capillaries (commonly: technetium-99 m 
macroaggregated albumin) (Fig. 2.11). Actual postoperative 
lung function has shown a high correlation with predicted val-
ues based on preoperative V/Q scanning for FEV1 (r = 0.92), 
DLCO (r = 0.90) and VO

2
 max (r = 0.85). Prediction is more 

accurate for post-pneumonectomy versus post-lobectomy 
values. If there is a discrepancy between the ventilation and 
perfusion scan results, it is preferable to use the result which 
attributes the larger proportion of ventilation or perfusion to 
the diseased lung to estimate the post-resection pulmonary 
function (i.e., worst case scenario).

Quantitative CT lung scans can be used to estimate post-
resection values [28]. Each CT slice is quantified for areas 
of normal parenchyma, emphysema, and atelectasis. The con-
tribution of each lobe or lung can be estimated based on the 
volume of normal parenchyma and then used to predict post-
operative lung function. Quantitative CT primarily focuses on 
areas of ventilation and is more accurate for post-lobectomy 
versus post-pneumonectomy values. Predicted postoperative 
values for FEV1 and DLCO were comparable to those derived 
from V/Q scans but less accurate for VO

2
 max. This is a newer 

technique than V/Q scanning and requires specific imaging 
expertise. However, due to the routine preoperative CT scan-
ning of most pulmonary resection patients it may become 
more available.

Dynamic MRI uses estimates of regional pulmonary blood 
volume to assess regional blood flow [29]. This is the newest 
of the three techniques and is not widely used. It has shown a 
high level of correlation between predicted and actual values 
for postoperative FEV1. It has not been assessed for predict-
ing DLCO or VO

2
 max.

Split-Lung Function and Other Lung  
Function Tests

A variety of methods have been described to try and simulate 
the postoperative respiratory situation by preoperative unilat-
eral exclusion of a lung or lobe with an double-lumen tube or 
bronchial blocker and/or by pulmonary artery balloon occlu-
sion of a lung or lobe artery [30]. These tests have not shown 
sufficient predictive validity for universal adoption in lung 
resection patients. Lewis et al. [31] have shown that in a group 
of patients with COPD (ppoFEV1 <40%) undergoing pneu-
monectomy, there were no significant changes in the pulmo-
nary vascular pressures intraoperatively when the pulmonary 
artery was clamped but the right ventricular ejection fraction 
(RVEF) and cardiac output decreased.  Echocardiography 

Fig. 2.11. Perfusion scan of a patient with a right lung tumor being 
assessed for possible pneumonectomy. The perfusion of the right lung 
was 37% and the left 63%. Preoperative FEV1 = 74% predicted and 
DLCO = 70%. Based on the anatomic number of subsegments to be 
excised the predicted postoperative (ppo) FEV1 = 74 × 22/42 = 39% 
and the ppoDLCO = 70 × 22/42 = 37%. Using the regional lung imag-
ing to predict postoperative values, the ppoFEV1 = 74 × 0.63 = 47% 
and the ppoDLCO = 70 × 0.63 = 44%, which are above the threshold 
values for increased perioperative risk.
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may offer more useful information than vascular pressure 
 monitoring in these patients [32]. Split-lung function studies 
have been replaced in most centers by a combined assessment 
involving, spirometry, DLCO, exercise tolerance, and imaging 
of regional lung function.

Combination of Tests

No single test of respiratory function has shown adequate valid-
ity as a sole preoperative assessment. Prior to surgery, an esti-
mate of respiratory function in all three areas: lung mechanics, 

parenchymal function, and cardiopulmonary  interaction should 
be made for each patient. These three aspects of pulmonary 
function form the “three-legged stool” which is the foundation 
for pre-thoracotomy respiratory assessment (Fig. 2.12). These 
data can then be used to plan intra- and postoperative manage-
ment (Fig. 2.13) and also to alter these plans when intraopera-
tive surgical factors necessitate that a resection becomes more 
extensive than foreseen. If a patient has a ppoFEV1 >40%, it 
should be possible for that patient to be extubated in the oper-
ating room at the conclusion of surgery assuming the patient 
is alert, warm, and comfortable (“AWaC”). Patients with a 
ppoFEV1 <40% will usually comprise about one fourth of an 
average thoracic surgical population. If the ppoFEV1 is >30% 
and exercise tolerance and lung parenchymal function exceed 
the increased risk thresholds then extubation in the operating 
room should be possible depending on the status of associated 
medical conditions. Those patients in this subgroup who do 
not meet the minimal criteria for cardiopulmonary and paren-
chymal function should be considered for staged weaning 
from mechanical ventilation postoperatively so that the effect 
of the increased oxygen consumption of spontaneous ventila-
tion can be assessed. Patients with a ppoFEV1 20–30% and 
favorable predicted cardio-respiratory and parenchymal func-
tion can be considered for early extubation if thoracic epidural 
analgesia (TEA) is used, or if the resection is performed with 
VATS. Otherwise, these patients should have a postoperative 
staged weaning from mechanical ventilation. In the borderline 
group (ppoFEV1 30–40%) the presence of several associated 
factors and diseases which should be documented during the 
preoperative assessment will enter into the considerations for 
postoperative management (see below).

Jordan and Evans have outlined a protocol for planned elec-
tive admission of pulmonary resection patients to the inten-
sive care unit postoperatively [33]. In their scheme, patients 
age >70 years or with fibrotic lung disease or with positive 
cardiovascular risk assessment or with an elevated ASA score 
or poor lung function (preoperative FEV <47%) would be 
admitted to ICU. Others would go to the recovery unit then a 
monitored ward bed.

Fig. 2.12. The “three-legged stool” of pre-thoracotomy respiratory 
assessment involves evaluation of lung mechanical function, pul-
monary parenchymal function, and cardiopulmonary interaction for 
each patient. The most valid test in each area is denoted by asterisk. 
The threshold values below which risk increases are in parentheses. 
ppo predicted postoperative value as a percent of the patient’s pre-
dicted normal value; FEV 1 forced expiratory volume in 1 s; MVV 
maximal voluntary ventilation; RV/TLC residual volume/total lung 
capacity ratio; FVC forced vital capacity; VO

2
 max. maximal oxygen 

consumption; SpO
2
 pulse oximetry; DLCO lung diffusing capacity 

for carbon monoxide. PaO
2
 and PaCO

2
 values in mmHg.

Fig. 2.13. Anesthetic management guided by 
preoperative assessment and the amount of 
functioning lung tissue removed during sur-
gery. V/Q scan = ventilation/perfusion lung 
scan or other regional lung imaging.
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Concomitant Medical Conditions

Cardiac Disease

Cardiac complications are the second most common cause of 
perioperative morbidity and mortality in the thoracic surgical 
population. The commonest major cardiac complications are 
myocardial ischemia/infarction and arrhythmias.

Ischemia

Since the majority of pulmonary resection patients have a 
smoking history, they already have one risk factor for coro-
nary artery disease (other factors include male sex, heredity, 
diabetes, obesity, high blood pressure and elevated choles-
terol). Elective pulmonary resection surgery is regarded as 
an “intermediate risk” procedure in terms of perioperative 
cardiac ischemia [34]. The overall documented incidence 
of post-thoracotomy ischemia is 5% and peaks on day 2–3 
postoperatively (Fig. 2.14) [35]. Beyond the standard history, 
physical and electrocardiogram, further routine testing for 
cardiac disease does not appear to be cost-effective for all pre-
thoracotomy patients.

For patients with a history suggesting coronary artery dis-
ease the preoperative pathways for cardiac investigation prior 
to pulmonary resection are becoming increasingly complex 
(Fig. 2.15). The American College of Cardiology and Ameri-
can Heart association have developed algorithms for cardiac 
investigations in these patients. Patients with intermediate 
clinical predictors of increased cardiac risk (stable angina, 
diabetes, etc.) who have adequate functional capacity do not 
need further cardiac investigation prior to pulmonary surgery. 
Patients with these intermediate predictors and poor func-
tional capacity should have noninvasive testing of myocardial 
perfusion at rest and during stress. The estimate of myocardial 
perfusion can be performed by nuclear medicine (technetium 
sestamibi or thallium injection) or transthoracic echocardiog-
raphy at rest and during stress. The stress can be either with 
exercise or by injection of a coronary vasodilator (dipyrida-
mole) or an inotrope (dobutamine). Based on the results from 

studies in vascular surgery [36], it can be extrapolated that 
patients with normal perfusion or who have areas of revers-
ibility in <20% of myocardial segments can proceed to surgery 
without further cardiac investigation. For patients who have a 
result on myocardial perfusion testing that is inconclusive, CT 
coronary angiography is a noninvasive option (Fig. 2.16) [37]. 
CT angiography has a high sensitivity for coronary stenosis 
but is less specific. Thus, a patient with a normal CT coronary 
angiogram can proceed to surgery. However, an abnormal CT 
coronary angiogram will then require further investigation 
which will probably necessitate cardiac catheterization.

For patients who have major reversibility on a myocardial 
perfusion test, the diagnostic and therapeutic pathway is less 
clear. The standard recommendation is to proceed to cardiac 
catheterization. However, in individual circumstances it could 
be an option to proceed with a minor diagnostic procedure 
(such as an endobronchial ultrasound or mediastinoscopy) 
first if there is a reasonable possibility that the patient may not 
have a resectable cancer. Or, it may be considered to proceed 
with the pulmonary resection with very tight perioperative 
hemodynamic control since it is not clear that coronary inter-
vention improves perioperative outcome in patients who are 
not clear candidates for intervention outside the perioperative 
period [38]. The wisdom of elective perioperative -blockade 
in these patients is debatable [39]. -blockade may decrease 
the perioperative cardiac risk but increase the risk of stroke. 
Patients who have an indication for -blockade apart from the 
perioperative context should be started and continued on these 
medications perioperatively, appreciating that many thoracic 
surgical patients have reactive airways disease that may be 
exacerbated by -blockade. The use of -blockers otherwise 
should be guided by specific hemodynamic indications.

For patients who require coronary catheterization, the 
results may necessitate angioplasty with or without stenting 
or coronary artery bypass surgery before or at the same time 
as pulmonary surgery (see Chap. 32). It is very important that 
the interventional cardiologist be made aware of the patient’s 
diagnosis and the perioperative context prior to angiography. 
If bare metal coronary stents are placed, the patent will require 
dual antiplatelet therapy with a thienopyridine and aspirin for 

Fig. 2.14. Number (hash) of patients (total n 
>300) who developed myocardial ischemia 
or arrhythmias postoperatively following pul-
monary resections for lung cancer. Both the 
incidence of arrhythmia (primarily atrial fibrilla-
tion) and ischemia peak on postoperative day 2. 
(Based on data from von Knorring et al. [35]).
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4–6 weeks before the thienopyridine can be stopped (and 
the aspirin continued) preoperatively. In some cases, this 
is an acceptable delay before a major pulmonary resection 
or other thoracic surgery. However, if drug-eluting stents 
are placed the risk of stent stenosis, which is often fatal, is 

 unacceptable if dual antiplatelet therapy is discontinued in 
the first 12 months [40]. This is generally not an acceptable 
delay for cancer surgery.

Timing of lung resection surgery following a myocardial 
infarction is always a difficult decision. Limiting the delay 

Fig. 2.15. An algorithm for cardiac risk assess-
ment prior to noncardiac thoracic surgery based 
on Fleisher et al. [34] (see text). OR operating 
room (i.e., proceed with surgery without fur-
ther cardiac investigation). Cath. coronary 
catheterization. Once a patient is found to have 
an abnormal result on noninvasive testing of 
myocardial perfusion, choosing the optimal 
pathway becomes complicated and requires a 
combined consultation with the surgeon, cardi-
ologist, and patient.

Fig. 2.16. CT Coronary angiograms of two different patients. (a) A lateral view of the left ventricle showing a normal left anterior descending 
(seen superior to the left ventricle in this view) and circumflex (seen to the right of and then below the left ventricle) coronary arteries. Patients 
with normal coronary arteries on CT angiography do not need further investigation for myocardial ischemia. (b) A view of the left ventricle from 
above in a patient with a lesion in the left anterior descending artery (arrow) just distal to the bifurcation of the left main coronary artery. This 
patient will require invasive coronary catheterization to determine the precise severity of the lesion and possibly for percutaneous intervention 
such as stenting. (Images courtesy of Dr. Elsie Nguyen, Department of Medical Imaging, Toronto General Hospital).
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to 4–6 weeks in a medically stable and fully investigated and 
optimized patient seems acceptable after myocardial infarc-
tion. The anesthesiologist needs to appreciate that the preoper-
ative assessment and the therapeutic options for patients with 
significant coronary artery disease presenting for lung surgery 
is becoming very complicated and no single algorithm can be 
applied given the complexities of each individual case and the 
local availability of diagnostic equipment and personnel. Each 
of these patients needs to be managed by a team consultation 
that includes the thoracic surgeon, the cardiologist, the anes-
thesiologist, and the patient and family. The management of 
a patient who is discovered to have an incidental lung lesion 
during preoperative assessment for coronary artery or cardiac 
valvular surgery is discussed in Chap. 32.

Arrhythmias

The management of post-thoracotomy arrhythmias is dis-
cussed in Chap. 44. Arrhythmias are a common complication 
of pulmonary resection surgery and the incidence is 30–50% 
of patients in the first week postoperatively when Holter mon-
itoring is used [41]. Of these arrhythmias, 60–70% are atrial 
fibrillation. Several factors correlate with an increased inci-
dence of arrhythmias, these include: extent of lung resection 
(pneumonectomy 60% vs. lobectomy 40% vs. non-resection 
thoracotomy 30%), intra-pericardial dissection, intraoperative 
blood loss, and age of the patient. Extrapleural pneumonec-
tomy patients are a particularly high-risk group [42].

Two factors in the early post-thoracotomy period interact to 
produce atrial arrhythmias.

1. Increased flow resistance through the pulmonary vascular 
bed due to permanent (lung resection) or transient (atelecta-
sis, hypoxemia) causes, with attendant strain on the right 
side of the heart.

2. Increased sympathetic stimuli and oxygen requirements, 
maximal on the second postoperative day as patients begin 
to mobilize.

In pneumonectomy patients vs. lobectomy patients, followed 
for 24 h. with RVEF catheters, there was a significant fall of 
RVEF on the first postoperative day. This was accompanied 
by an increase in right ventricular size and in pulmonary artery 
pressures. Pneumonectomy patients did not demonstrate the 
early postoperative increase in oxygen delivery, oxygen con-
sumption, or cardiac index as seen in lobectomy patients [43]. 
This suggests that in some pneumonectomy patients the right 
heart may not be able to increase its output adequately to meet 
the usual postoperative stress. Transthoracic echocardiographic 
studies have shown that pneumonectomy patients develop an 
increase in right ventricular systolic pressure as measured by 
the tricuspid regurgitation jet (TRJ) on postoperative day 2 but 
not on day 1. An increase in TRJ velocity has been associ-
ated with post-thoracotomy supraventricular tachyarrhythmias 
[32]. Patients with COPD are more resistant to pharmacologic 
rate control when they develop post-thoracotomy atrial fibril-
lation and often require multiple drugs [44].

A wide variety of antiarrhythmics have been tried to 
decrease the incidence of atrial arrhythmias after lung sur-
gery. The best known of these are digoxin preparations. It has 
been demonstrated that digoxin does not prevent arrhythmias 
after pneumonectomy or other intrathoracic procedures. Other 
agents which have been tried to prevent post-thoracotomy 
arrhythmias include: -blockers, verapamil, and amiodarone. 
All of these agents decrease arrhythmias in thoracic patients. 
However, they are all associated with side effects that preclude 
their widespread application in this surgical population. At 
present, diltiazem is the most useful drug for post- thoracotomy 
arrhythmia prophylaxis [45]. It seems that atrial arrhythmias 
are only a symptom of the dysfunctional right heart and pre-
venting the symptom does not solve the underlying problem. 
In one study [46] patients who subsequently developed atrial 
tachyarrhythmias could be identified in the early postopera-
tive period by their right ventricular response to the with-
drawal of supplemental oxygen. On the first postoperative 
day, a decrease of FiO

2
 from 0.35 to 0.21 caused a significant 

rise of right ventricular end-diastolic pressure (RVEDP) in the 
patients who subsequently developed arrhythmias. TEA with 
local anesthetics has been suggested to decrease the incidence 
of arrhythmias. This effect is theorized to be due to increasing 
the myocardial refractory period, decreasing ventricular dia-
stolic pressures, and improving endocardial/epicardial blood 
flow ratios [47]. However, the evidence for this is limited.

Age

Perioperative management of the geriatric patient for thoracic 
surgery is discussed in Chap. 25. There is no maximum age 
that is a cut-off for pulmonary resection surgery. In one series, 
the operative mortality in a group of patients 80–92 years of 
age was 3%, a very respectable figure [48]. However, the rate 
of respiratory complications (40%) was double that expected 
in a younger population, and the rate of cardiac complica-
tions (40%), particularly arrhythmias, was nearly triple that 
which would be seen in younger patients. In the elderly, tho-
racotomy should be considered a high-risk procedure for car-
diac complications and cardiopulmonary function is the most 
important part of the preoperative assessment. An algorithm 
for the cardiac assessment of the geriatric patient for thoracic 
surgery is presented in Fig. 2.17. Exercise tolerance seems to 
be the primary determinant of outcome in the elderly [49]. 
The ACC/AHA guidelines [34] suggest that with adequate 
functional capacity, patients with “intermediate” predictors 
of coronary artery disease do not need further cardiac assess-
ment. However, this recommendation should not be extrapo-
lated to elderly patients. The ACC/AHA guidelines define 
“adequate functional capacity” as four metabolic equivalents 
(METS). One MET is the basal resting energy output which is 
commonly equated to an oxygen consumption of 3.5 mL/kg/
min. Four METS is the equivalent of climbing one flight of 
stairs (Table 2.2) which does not represent an adequate level 
of exercise capacity for a geriatric patient for major pulmo-
nary resection. The elderly should have, as a minimum cardiac 
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investigation, a transthoracic echocardiogram, to rule out pul-
monary hypertension. Although, the mortality resulting from 
lobectomy among the elderly is acceptable, the mortality from 
pneumonectomy, particularly right pneumonectomy, is exces-
sive [50]. Geriatric patients with intermediate risk indictors of 
coronary artery disease should also have noninvasive myocar-
dial perfusion testing.

Renal Dysfunction

Renal dysfunction following pulmonary resection surgery is 
associated with a high mortality. Gollege and Goldstraw [51] 

reported a perioperative mortality of 19% (6/31) in patients 
who developed a significant elevation of serum creatinine in 
the post-thoracotomy period, compared to 0% (0/99) in those 
who did not show any renal dysfunction. The factors which 
were associated with an elevated risk of renal impairment are 
listed in Table 2.3. Nonsteroidal anti-inflammatory agents 
(NSAIDS) were not associated with renal impairment in this 
series but are clearly a concern in any thoracotomy patient 
with an increased risk of renal dysfunction. The high mor-
tality in pneumonectomy patients from either renal failure or 
postoperative pulmonary edema emphasizes the importance 
of fluid management in these patients [52] and the need for 
close and intensive perioperative monitoring, particularly in 
those patients on diuretics or with a history of renal dysfunc-
tion. Increased preoperative creatinine is associated with an 
increased incidence of prolonged postoperative endotracheal 
intubation after lung resection [53].The importance of renal 
dysfunction, either preoperative dialysis or a serum creatinine 
value >2 mg/dL (>175 mol/L), as a predictor for prolonged 
length of stay after lobectomy was reconfirmed in an analy-
sis of the Society of Thoracic Surgery database for the period 
2002–2006 [3].

Chronic Obstructive Pulmonary Disease

The most common concurrent illness in the thoracic surgical 
population is chronic obstructive pulmonary disease (COPD) 
which incorporates three disorders: emphysema, peripheral 
airways disease, and chronic bronchitis. Any individual 
patient may have one or all of these conditions, but the domi-
nant clinical feature is impairment of expiratory airflow [54]. 
Assessment of the severity of COPD has traditionally been 
on the basis of the FEV1% of predicted values. The Ameri-
can Thoracic Society categorizes Stage I >50% predicted 
FEV1% (this category previously included both “mild” and 
“moderate” COPD), Stage II: 35–50%, and Stage III <35%. 
Life expectancy may be less than 3 years in Stage III patients 
>60 years of age. Stage I patients should not have significant 
dyspnea, hypoxemia, or hypercarbia and other causes should 
be considered if these are present. A complete discussion of 
perioperative management of patients with COPD is pre-
sented in Chap. 24. Of specific importance in the preopera-
tive assessment of the patient with COPD prior to pulmonary 
resection is to assess for chronic carbon dioxide retention and 
to initiate therapy for any potentially treatable complications 
of COPD.

Fig. 2.17. An algorithm for preoperative cardiac investigation in a 
geriatric patient prior to pulmonary resection surgery. RVSP right 
ventricular systolic pressure estimated by echocardiography; CAD 
coronary artery disease; OR operating room (i.e., proceed with sur-
gery without further cardiac investigation).

Table 2.2. Energy consumption in metabolic equivalents (METS) 
of various activities.

Activity METS

Sitting quietly  1
Walking 1 block  2
Playing the accordion  2
Climbing 1 flight stairs  4
Sexual intercourse a  6
Bowling a  8
Ice Hockey  8
Running 6 mph 10
Cross country ski racing 14

MET = basal oxygen consumption = 3.5 mL/kg/min

Based on data from Hlatky et al. [102]; Fleisher et al. [34]; Ainsworth et al. 
[103]
aBowling and sexual intercourse are given fewer METS in some classifica-
tions

Table 2.3. Factors associated with an increased  
risk of post-thoracotomy renal impairment.

Previous history of renal impairment
Diuretic therapy
Pneumonectomy
Postoperative infection
Blood loss requiring transfusion
Preoperative cisplatin chemotherapy
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Carbon Dioxide Retention

Many stage II or III COPD patients have an elevated PaCO
2
 

at rest. It is not possible to differentiate these “CO
2
-retainers” 

from non-retainers on the basis of history, physical examina-
tion, or spirometric pulmonary function testing [1]. This CO

2
-

retention seems to be more related to an inability to maintain 
the increased work of respiration (W

resp
) required to keep the 

PaCO
2
 normal in patients with mechanically inefficient pul-

monary function and not primarily due to an alteration of 
respiratory control mechanisms [55]. The PaCO

2
 rises in these 

patients when a high FiO
2
 is administered due to a relative 

decrease in alveolar ventilation [56] and an increase in alveolar 
dead space and shunt by the redistribution of perfusion away 
from lung areas of relatively normal V/Q matching to areas 
of very low V/Q ratio because regional hypoxic pulmonary 
vasoconstriction (HPV) is decreased [57] and also due to the 
Haldane effect [58]. However, supplemental oxygen must be 
administered to these patients postoperatively to prevent the 
hypoxemia associated with the unavoidable fall in functional 
residual capacity (FRC). The attendant rise in PaCO

2
 should 

be anticipated and monitored. To identify these patients pre-
operatively, all stage II or III COPD patients need an arterial 
blood gas. Also, it is important to know the patient’s baseline 
preoperative PaCO

2
 to guide weaning if mechanical ventila-

tion becomes necessary in the postoperative period.

Preoperative Therapy of COPD

There are four treatable complications of COPD that must be 
actively sought and therapy begun at the time of the initial 
pre-thoracotomy assessment. These are: atelectasis, broncho-
spasm, respiratory tract infections, and pulmonary edema (see 
Table 2.4). Atelectasis impairs local lung lymphocyte and 
macrophage function predisposing to infection [59]. Pulmo-
nary edema can be very difficult to diagnose by auscultation 
in the presence of COPD and may present very abnormal 
radiological distributions (unilateral, upper lobes, etc.) [60]. 
Bronchial hyperreactivity may be a symptom of congestive 
failure [61] or may represent an exacerbation of reversible air-
ways obstruction. All COPD patients should receive maximal 
bronchodilator therapy as guided by their symptoms. Only 
20–25% of COPD patients will respond to corticosteroids. 
In a patient who is poorly controlled on sympathomimetic 
and anticholinergic bronchodilators, a trial of corticosteroids 
may be beneficial [62]. It is not clear if corticosteroids are as 

 beneficial in COPD as they are in asthma, pharmacotherapy 
for reactive airway diseases is discussed in Chap. 8.

Physiotherapy

Patients with COPD have fewer postoperative pulmonary 
complications when a perioperative program of intensive chest 
physiotherapy is initiated preoperatively [63]. Among COPD 
patients, those with excessive sputum benefit the most from 
chest physiotherapy. Among the different modalities available 
(cough and deep breathing, incentive spirometry, PEEP, CPAP, 
etc.) there is no clearly proven superior method. The important 
variable is the quantity of time spent with the patient and devoted 
to chest physiotherapy. Family members or non- physiotherapy 
hospital staff can easily be trained to perform effective preop-
erative chest physiotherapy and this should be arranged at the 
time of the initial preoperative assessment. Even in the most 
severe COPD patient, it is possible to improve exercise toler-
ance with a physiotherapy program. Little improvement is seen 
before one month. In one small study, eight patients who had 
been refused pulmonary resection on the basis of poor pulmo-
nary function were enrolled in a 4-week program of  pulmonary 
rehabilitation. After the program, the mean 6-min walk test 
distance for the group increased 29% and the mean FEV1 
increased 5%. All eight patients then had lobectomies without 
any perioperative mortality [64].

Comprehensive 8–12 week programs of pulmonary reha-
bilitation involving physiotherapy, exercise, nutrition, and 
education have been clearly shown to improve functional 
capacity for patients with severe COPD [65]. These longer 
programs are generally not an option in resections for malig-
nancy although for nonmalignant resections in severe COPD 
patients, rehabilitation should be considered. The National 
Cancer Institute is currently funding a randomized trial to 
investigate the benefits of a short-term (4 week) program of 
preoperative pulmonary rehabilitation [66].

Smoking

Pulmonary complications are decreased in thoracic surgi-
cal patients who cease smoking for >4 weeks before surgery 
[67]. Carboxyhemoglobin concentrations decrease if smoking 
is stopped >12 h [68]. It is extremely important for patients to 
avoid smoking postoperatively. Smoking leads to a prolonged 
period of tissue hypoxemia. Wound tissue oxygen tension cor-
relates with wound healing and resistance to infection. Wound 
healing is improved in patients who stop smoking >4 weeks 
preoperatively [69]. There is no rebound increase in pulmonary 
complications if patients stop for shorter (<8 week) periods 
before surgery [70]. The balance of evidence suggests that tho-
racic surgical patients should be counseled to stop smoking and 
advised that the longer the period of cessation, the greater the 
risk-reduction for postoperative pulmonary complications [71].

Table 2.4. Concurrent problems that should be treated prior to 
anesthesia in COPD patients.

Problem Method of diagnosis

Bronchospasm Auscultation
Atelectasis Chest X-ray
Infection History, sputum analysis
Pulmonary edema Auscultation, chest X-ray
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Perioperative Considerations in Thoracic 
Malignancies

The majority of patients presenting for major pulmonary sur-
gery will have some type of malignancy. Because the different 
types of thoracic malignancies have varying implications for 
both surgery and anesthesia, it is important for the anesthesi-
ologist to have some knowledge of the presentation and biol-
ogy of these cancers. By far, the most common tumor is lung 
cancer. It is estimated that at present rates over 210,000 new 
cases of lung cancer occur in the United States annually. Of 
these only 26% will be resectable. However, this represents 
>55,000 patients/year who can be offered potentially cura-
tive surgery [72]. Lung cancer is currently the leading cause 
of cancer deaths in both sexes in North America subsequent 
to the peak incidence of smoking in the period 1940–1970 

(Fig. 2.18) [73]. The mortality rate from lung cancer has 
shown a slight decrease in the last decade for men but has 
continued to rise in women.

Lung cancer is broadly divided into: small-cell lung cancer 
(SCLC) and non-small cell lung cancer (NSCLC), with about 
75–80% of these tumors being NSCLC. Other less common 
and less aggressive tumors of the lung include the carcinoid 
tumors (typical and atypical) and adenoid cystic carcinoma. 
In comparison to lung cancer, primary pleural tumors are rare. 
They include the solitary fibrous tumors of pleura (previously 
referred to as benign mesotheliomas) and malignant pleural 
mesothelioma (MPM). Asbestos exposure is implicated as a 
causative effect in up to 80% of MPM. A dose-response rela-
tionship is not always apparent and even brief exposures can 
lead to the disease. An exposure history is often difficult to 
obtain because the latent period before clinical manifestation 
of the tumor may be as long as 40–50 years.

Tobacco smoke (both primary and second-hand) is respon-
sible for approximately 90% of all lung cancers and the Epide-
miology of lung cancer follows the Epidemiology of cigarette 
smoking with approximately a three-decade lag time [74]. 
Other environmental causes include asbestos and radon gas 
(a decay product of naturally occurring uranium) which act as 
co-carcinogens with tobacco smoke. For a pack-a-day ciga-
rette smoker, the lifetime risk of lung cancer is approximately 
1 in 14. Smoking cessation reduces the risk of lung cancer but 
never to that for never smokers. Assuming that current mor-
tality patterns continue, cancer will pass heart disease as the 
leading cause of death in North America in this decade.

Non-Small Cell Cancers

This pathologically heterogeneous group of tumors includes 
squamous cell, adenocarcinoma, and large-cell carcinoma 
with several subtypes and combined tumors (Table 2.5). This 
represents the largest grouping of lung cancers and the vast 
majority of those that present for surgery. They are grouped 
together because the surgical therapy, and by inference the 
anesthetic implications, is similar and depends on the stage 
of the cancer at diagnosis (Tables 2.6 and 2.7). Survival can 
approach 80% for stage I lesions. Unfortunately, these repre-
sent only a small minority of the potentially resectable lesions. 
Overall 5-year survival with surgery for NSCLC approaches 

Fig. 2.18. Age adjusted mortality rates for men (a) and women (b) in 
the United States 1930–2004. Respiratory malignancies have become 
the leading cause of cancer deaths in both sexes. (Based on data from 
Vital statistics of the United States: 2008. www.cancer.org).

Table 2.5. Frequency of cell types of primary lung cancers.

Histologic type Proportion

Adenocarcinoma 40%
Squamous cell 27%
Small cell 19%
Large cell  8%
Bronchoalveolar cell  4%
Mixed adeno/squamous  2%
Carcinoid  1%

Adapted from Barrera et al. [70]
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40%. This seemingly low figure must be viewed in the light of 
an estimated 5-year survival without surgery of <10%.

Although it is not always possible to be certain of the 
pathology of a given lung tumor preoperatively, many patients 
will have a known tissue diagnosis at the time of preanesthetic 
assessment on the basis of prior cytology, bronchoscopy, medi-
astinoscopy, or transthoracic needle aspiration. This is useful 
information for the anesthesiologist to obtain preoperatively. 
Specific anesthetic implications of the different types of lung 
cancer are listed in Table 2.8.

Adenocarcinoma

Adenocarcinoma is currently the most common NSCLC 
in both sexes. These tumors tend to be peripheral and often 
metastasize early in their course, particularly to brain, bone, 
liver, and adrenal. They often invade extra-pulmonary struc-
tures, including chest wall, diaphragm, and pericardium. The 
majority of Pancoast tumors (see Chap. 29) are now due to 
adenocarcinomas. A variety of paraneoplastic metabolic 
factors can be secreted by adenocarcinomas such as growth 
hormone and corticotropin. Hypertrophic pulmonary osteoar-
thropathy is particularly associated with adenocarcinoma.

Squamous Cell Carcinoma

This is the subgroup of NSCLC most strongly linked to ciga-
rette smoking. The tumors tend to grow to a large size and 
metastasize later than others. They tend to cause symptoms 
related to local effects of a large tumor mass with a dominant 
endobronchial component, such as: cavitation, hemoptysis, 
obstructive pneumonia, superior vena cava syndrome, and 
involvement of mainstem bronchus, trachea, carina, and main 
pulmonary arteries. Hypercalcemia is specifically associated 
with this cell type due to elaboration of a parathyroid-like fac-
tor and not due to bone metastases.

Bronchioloalveolar Carcinoma

This is a subtype of adenocarcinoma that is not related to ciga-
rette smoking. In its early stages it lines the alveolar membrane 
with a thin layer of tumor cells without destroying the alveo-
lar architecture. Bronchioloalveolar carcinoma (BAC) can 
present as an isolated peripheral lesion, as multifocal disease 

Table 2.6. Proposed revised non-small cell lung cancer staginga.

Stage IA T1a,b N0 M0
Stage IB T2a N0 M0
Stage IIA T1a,b N1 M0

T2a N1 M0
T2b N0 M0

Stage IIB T2b N1 M0
T3 N0 M0

Stage IIIA T1,T2 N2 M0
T3 N1,N2 M0
T4 N0,N1 M0

Stage IIIB T4 N2 M0
Any T N3 M0

Stage IV Any T Any N M1a,b

T1a: 2 cm; T1b: >2– 3 cm

T2a: >3 cm, 5 cm; T2b: >5–7 cm

T3: >7 cm
T3: invasion of chest wall, diaphragm, mediastinal pleura, phrenic nerve, 
parietal pericardium, tumor in the main bronchus <2 cm from the carina
T3: separate tumor nodule in the same lobe (satellite)
T4: invades mediastinum, heart, great vessels, trachea, recurrent laryngeal 
nerve, esophagus, vertebral body, carina,
T4: separate tumor nodule in different ipsilateral lobe
N0
N1: metastasis in ipsilateral peribronchial, hilar or intrapulmonary nodes
N2: metastasis in ipsilateral mediastinal nodes, or subcarinal nodes
N3: metastasis in contralateral mediastinal nodes or ipsilateral or contralat-
eral supraclavicular/scalene nodes
M1a: malignant pleural effusion, malignant pericardial effusion, separate 
tumor nodule in contralateral lung
M1b: distant metastases
aModified from Goldstraw et al. [104]

Table 2.7. Indications for surgery in non-small cell lung cancer.

Stage I A and B Primary resection, no postoperative 
chemo/radiotherapy

Stage II Primary resection, adjuvant postoperative 
chemotherapy

Stage IIIA, N2 (for patients 
with N2 disease identified 
at thoracotomy: postopera-
tive chemotherapy, possibly 
radiation)

Definitive chemo/radiotherapy, in select 
patients induction chemo/radiotherapy 
followed by resection in patients with 
stable or responding disease

Stage IIIB Surgery rarely indicated. Chemo/radio-
therapy

Resection of select T4, N0–1, M0 tumors
Stage IV Palliative therapy. Possible exception: 

selected patients with a resected iso-
lated cerebral metastasis

Table 2.8. Anesthetic considerations for different types of lung 
cancer.

Type Considerations

Squamous cell Central lesions (predominantly)
Mass effects: obstruction, cavitation
Hypercalcemia
Hypertrophic pulmonary osteoar-

thropathy.
Adenocarcinoma Peripheral lesions

Metastases (distant)
Growth hormone, corticotropin

Small cell Central lesions (predominantly)
Few surgically treatable
Paraneoplastic syndromes
Lambert–Eaton syndrome
Fast growth rate
Early metastases

Carcinoid Proximal, intra-bronchial
Benign (predominantly) No association with smoking

5-year survival >90%
Carcinoid syndrome (rarely)

Mesothelioma Intraoperative hemorrhage
Direct extension to diaphragm, 

 pericardium, etc.
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(often in both lungs), or as pan-lobar disease (sometimes with 
 production of enormous quantities of mucous). It is the tumor 
most often identified in low-dose CT scan screening studies 
and has >90% 5-year survival if treated early, but behaves sim-
ilar to adenocarcinoma in more advanced stages. Because of 
its low potential to spread outside of the lungs, multifocal BAC 
may be treated by lung transplantation in selected cases [75].

Large-Cell Undifferentiated Carcinoma

This is the least common of the NSCLCs. They tend to pres-
ent as large, often cavitating, peripheral tumors. Their rapid 
growth rate may lead to widespread metastases, similar to 
adenocarcinoma.

Small-Cell Lung Cancer

This tumor of neuroendocrine origin is considered meta-
static on presentation and is usually regarded as a medical, 
not a surgical disease [76]. The staging system differs from 
NSCLC and is divided simply into limited stage and exten-
sive stage. Limited disease is defined as disease confined to 
one hemithorax that may be encompassed by one radiotherapy 
field. Treatment of limited stage SCLC with combination che-
motherapy (etoposide/cisplatin or cyclophosphamide/doxoru-
bicin/vincristine) gives objective response rates in over 80% 
of patients. In addition, these patients typically receive radical 
radiotherapy to the primary lung tumor and prophylactic cra-
nial irradiation. Despite this initial response, the tumor invari-
ably recurs and is quite resistant to further treatment. The 
overall survival rate is no better than 10%. Extensive stage 
disease is treated with chemotherapy and palliative radiation 
as needed.

There are two situations in which surgery for SCLC might 
be considered. The rare instance in which a solitary pulmonary 
nodule is diagnosed as SCLC, should be treated with surgi-
cal resection followed by chemotherapy. Salvage resection of 
a residual mass following chemotherapy for limited stage dis-
ease may offer some long-term survival in selected cases. Many 
of these patients will have mixed SCLC/NSCLC in which the 
small cell component has responded to chemotherapy and the 
non-small cell component is then resected. Also, patients with 
treated SCLC have an increased rate of second primary lung 
cancers, usually non-small cell lung cancer.

SCLC is known to cause a variety of paraneoplastic syn-
dromes due to the production of peptide hormones and anti-
bodies. The commonest of these is hyponatremia, usually 
due to an inappropriate production of antidiuretic hormone 
(SIADH). Cushing’s syndrome and hypercortisolism through 
ectopic production of adrenocorticotropic hormone (ACTH) 
are also commonly seen.

A well known but rare neurologic paraneoplastic syndrome 
associated with small-cell lung tumors is the Lambert–Eaton 
myasthenic syndrome due to impaired release of acetylcho-
line from nerve terminals. This typically presents as proximal 

lower limb weakness and fatigability that may temporarily 
improve with exercise. The diagnosis is confirmed by electro-
myography (EMG) showing increasing amplitude of unusual 
action potentials with high-frequency stimulation and by 
serum antibodies. Similar to true myasthenia gravis patients 
(see Chap. 15), myasthenic syndrome patients are extremely 
sensitive to nondepolarizing muscle relaxants. However, 
unlike true myasthenics, they respond poorly to anticholin-
esterase reversal agents [77]. Clinical differences between 
 myasthenia and the myasthenic syndrome are discussed in 
Chap. 15 [78]. Diaminopyridine has been reported to be use-
ful both as a maintenance medication and to reverse residual 
postoperative neuromuscular blockade in these patients [79]. 
Other treatments of the Lambert–Eaton syndrome include: 
plasmapheresis, immunoglobulin, and guanidine. It is impor-
tant to realize that there may be subclinical involvement of 
the diaphragm and muscles of respiration. TEA has been used 
 following thoracotomy in these patients without complication. 
These patients’ neuromuscular function may improve follow-
ing resection of the lung cancer. A patient with a lung cancer 
and unusual symptoms of weakness should be referred to a 
Neurologist to rule out myasthenic syndrome. Nondepolariz-
ing muscle relaxants should be avoided during anesthesia in 
these patients.

Carcinoid Tumors

Carcinoid tumors are low grade neuroendocrine malignancies 
and may be typical or atypical. Typical carcinoid tumors are 
most commonly found in the central airways and may pres-
ent with obstructive symptoms or hemoptysis. Bronchoscopic 
biopsy or resection may cause significant bleeding. Five-year 
survival following resection for typical carcinoid exceeds 
90%. Lymph node metastases are not as common as systemic 
metastasis. The carcinoid syndrome, which is caused by the 
ectopic synthesis of vasoactive mediators, is usually seen with 
carcinoid tumors of gut origin that have metastasized to the 
liver or rarely large primary pulmonary carcinoid tumors. 
Atypical carcinoid tumors are more often peripheral and are 
more aggressive and have a reduced survival rate. They often 
metastasize both regionally and systemically. Perioperative 
management of intrathoracic atypical carcinoid tumors is dis-
cussed in Chap. 15. These tumors can precipitate an intraopera-
tive hemodynamic crisis or coronary artery spasm even during 
bronchoscopic resection [80]. The anesthesiologist should be 
prepared to deal with severe hypotension that may not respond 
to the usual vasoconstrictors and will require the use of the 
specific antagonists Octreotide or Somatostatin [81].

Pleural Tumors

Solitary fibrous tumors of pleura are usually large, space 
occupying masses that are usually attached to visceral pleura. 
They can be either benign or malignant, but most are easily 
resected with good results.
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MPMs are strongly associated with exposure to asbestos 
fibers. Their incidence in Canada has almost doubled in the 
past 15 years. With the phasing out of asbestos-containing 
products and the long latent period between exposure and diag-
nosis, the peak incidence is not predicted for another 10–20 
years. The tumor initially proliferates within the visceral and 
parietal pleura, typically forming a bloody effusion. Patients 
present with shortness of breath or dyspnea on exertion, dry 
cough or pain. Thoracentesis often relieves the symptoms but 
rarely provides a diagnosis. Pleural biopsy by video-assisted 
thoracoscopy is most efficient way to secure a diagnosis and 
talc poudrage is performed under the same anesthetic to treat 
the effusion.

MPMs respond poorly to therapy and the median survival 
is less than one year. In patients with very early disease, extra-
pleural pneumonectomy may be considered but it is difficult 
to know whether survival is improved. Recently, several 
groups have reported improved results with combinations of 
radiation, chemotherapy, and surgery. Extrapleural pneumo-
nectomy is an extensive procedure that is rife with potential 
complications, both intra- and postoperative [82]. Blood loss 
from the denuded chest wall or major vascular structures is 
always a risk. Complications related to resection of diaphragm 
and pericardium are additional added risks to that of the pneu-
monectomy. Perioperative management for extrapleural pneu-
monectomy is discussed in Chap. 28.

Preoperative Assessment of the Patient  
with Lung Cancer

At the time of initial assessment, cancer patients should 
be assessed for the “4-M’s” associated with malignancy 
(Table 2.9): mass effects, metabolic abnormalities, metastases, 
and medications. The prior use of medications which can exac-
erbate oxygen-induced pulmonary toxicity such as bleomycin, 
should be considered [83]. Bleomycin is not used to treat pri-
mary lung cancers but patients presenting for excision of lung 
metastases from germ-cell tumors will often have received prior 
bleomycin therapy. Although the association between previous 
bleomycin therapy and pulmonary toxicity from high inspired 
oxygen concentrations is well documented, none of the details 
of the association are understood (i.e., safe doses of oxygen or 
safe period after bleomycin exposure). The safest anesthetic 

management is to use the lowest FiO
2
 consistent with patient 

safety and to closely monitor oximetry in any patient who has 
received bleomycin. We have seen lung cancer patients who 
received preoperative chemotherapy with cisplatin, which is 
mildly nephrotoxic, and then developed an elevation of serum 
creatinine when they received NSAIDs postoperatively. For 
this reason, we do not routinely administer NSAIDs to patients 
who have been treated recently with cisplatin.

Postoperative Analgesia

The strategy for postoperative analgesia should be developed 
and discussed with the patient during the initial preoperative 
assessment; a full discussion of postoperative analgesia is pre-
sented in Chap. 46. Many techniques have been shown to be 
superior to the use of on-demand parenteral (intramuscular or 
intravenous) opioids alone in terms of pain control [84]. These 
include the addition of neuraxial blockade, intercostal/para-
vertebral blocks, interpleural local anesthetics, NSAIDs, etc. 
to narcotic based analgesia. Only epidural techniques have 
been shown to consistently have the capability to decrease 
post-thoracotomy respiratory complications [85, 86]. It is 
becoming more evident that TEA is superior to lumbar epi-
dural analgesia. This seems to be due to the synergy which 
local anesthetics have with opioids in producing neuraxial 
analgesia. Studies suggest that epidural local anesthetics 
increase segmental bioavailability of opioids in the cerebro-
spinal fluid [87] and also that they increase the binding of opi-
oids by spinal cord receptors [88]. Although lumbar epidural 
opioids can produce similar levels of post-thoracotomy pain 
control at rest, only the segmental effects of thoracic epidural 
local anesthetic and opioid combinations can reliably produce 
increased analgesia with movement and increased respiratory 
function following a chest incision [89, 90]. In patients with 
coronary artery disease, thoracic epidural local anesthetics 
seem to reduce myocardial oxygen demand and supply in pro-
portion [91].

It is at the time of initial preanesthetic assessment that the 
risks and benefits of the various forms of post-thoracotomy 
analgesia should be explained to the patient. Potential con-
traindications to specific methods of analgesia should be 
determined such as coagulation problems, sepsis, or neuro-
logic disorders. When it is not possible to place a thoracic 
epidural due to problems with patient consent or other con-
traindications, a reasonable second choice for analgesia is a 
paravertebral infusion of local anesthetic via a catheter placed 
intraoperatively in the open hemithorax by the surgeon [92]. 
This is combined with intravenous patient controlled opioid 
analgesia and NSAIDS whenever possible.

If the patient is to receive prophylactic anticoagulants and 
it is elected to use epidural analgesia, appropriate timing of 
anticoagulant administration and neuraxial catheter placement 
need to be arranged. ASRA guidelines suggest an interval of 
2–4 h before or 1 h after catheter placement for prophylactic 

Table 2.9. Anesthetic considerations in lung cancer patients 
(the “4 M’s”).

Mass effects: obstructive pneumonia, lung abscess, SVC syndrome, tra-
cheobronchial distortion, Pancoast’s syndrome, recurrent laryngeal nerve 
or phrenic nerve paresis, chest wall or mediastinal extension

Metabolic effects: Lambert–Eaton syndrome, hypercalcemia, hypona-
tremia, Cushing’s syndrome

Metastases: particularly to brain, bone, liver, and adrenal
Medications: chemotherapy agents, pulmonary toxicity (Bleomycin, 

 Mitomycin), cardiac toxicity (Doxorubicin), renal toxicity (Cisplatin)
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heparin administration [93]. Low molecular weight heparin 
(LMWH) precautions are less clear, an interval of 12–24 h 
before and 24 h after catheter placement is recommended.

Premedication

Premedication should be discussed and ordered at the time 
of the initial preoperative visit. The most important aspect of 
preoperative medication is to avoid inadvertent withdrawal 
of those drugs which are taken for concurrent medical con-
ditions (bronchodilators, antihypertensives, -blockers, etc.). 
For some types of thoracic surgery, such as esophageal reflux 
surgery, oral antacid and/or H

2
-blockers or proton-pump 

inhibitors are routinely ordered preoperatively. We do not 
routinely order preoperative sedation or analgesia for pulmo-
nary resection patients. Mild sedation such as an intravenous 
short acting benzodiazepine is often given immediately prior 
to placement of invasive monitoring lines and catheters. In 
patients with copious secretions, an antisialogogue (such as 
glycopyrrolate) is useful to facilitate fiberoptic bronchoscopy 
for positioning of a double-lumen tube or bronchial blocker. 
To avoid an intramuscular injection this can be given orally or 
intravenously immediately after placement of the intravenous 
catheter. It is a common practice to use short-term intravenous 
antibacterial prophylaxis such as a cephalosporin in thoracic 
surgical patients. If it is the local practice to administer these 
drugs prior to admission to the operating room they will have 
to be ordered preoperatively. Consideration for those patients 
allergic to cephalosporins or penicillin will have to be made at 
the time of the initial preoperative visit.

Initial Preoperative Assessment

The anesthetic considerations which should be addressed at 
the time of the initial preoperative assessment are summarized 
in Table 2.10. Patients need to be specifically assessed for risk 
factors associated with respiratory complications, which are 
the major cause of morbidity and mortality following thoracic 
surgery. Risk factors which can be modified preoperatively 
are listed in Table 2.11 [94].

Final Preoperative Assessment

The final preoperative anesthetic assessment for the major-
ity of thoracic surgical patients is carried out immediately 
prior to admission of the patient to the operating room. At 
this time it is important to review the data from the initial pre-
thoracotomy assessment and the results of tests ordered at that 
time. In addition, two other specific areas affecting thoracic 
anesthesia need to be assessed: the potential for difficult lung 
isolation and the risk of desaturation during one-lung ventila-
tion (Table 2.12).

Difficult Endobronchial Intubation

Anesthesiologists are familiar with the clinical assessment of 
the upper airway for ease of endotracheal intubation. In a sim-
ilar fashion, each thoracic surgical patient must be assessed 
for the ease of endobronchial intubation. At the time of the 
preoperative visit, there may be historical factors or physical 
findings which lead to suspicion of difficult endobronchial 
intubation (previous radiotherapy, infection, previous pulmo-
nary or airway surgery). In addition, there may be a written 
bronchoscopy report with a detailed description of anatomical 
features. The most useful predictor of difficult endobronchial 
intubation is the plain chest X-ray (Fig. 2.19).

The anesthesiologist should view the chest imaging him/her-
self prior to induction of anesthesia since neither the Radiolo-
gist’s nor the Surgeon’s report of the X-ray is made with the 
specific consideration of lung isolation in mind. A large portion 
of thoracic surgical patients will also have had a chest CT-scan 
done preoperatively. As anesthesiologists have learned to assess 

Table 2.10. Initial preanesthetic assessment for thoracic surgery.

For all patients: assess exercise tolerance, simple spirometry: estimate 
ppoFEV1%, discuss postoperative analgesia, smoking cessation

Patients with ppoFEV1 <40%: full pulmonary function testing to include 
DLCO, Ventilation/perfusion lung scan if possible pneumonectomy, 
exercise testing

Cancer patients: consider the “4 M’s”: mass effects, metabolic effects, 
metastases, and medications

COPD patients: physiotherapy, bronchodilators, arterial blood gas if moder-
ate or severe COPD

Increased renal risk: measure creatinine

Table 2.11. Probability for preoperative interventions to reduce the 
risk of pulmonary complications.

Risk factor Intervention Probability

Smoking Cessation >8 weeks ++++
Cessation <8 weeks +

Exacerbation of COPD  
or asthma

Steroids, bronchodilators,  
and delay elective surgery

++++

Antibiotics indicated by sputum +++
Stable COPD or asthma Physiotherapy ++++

Bronchodilators +++
Rehabilitation ++

Obesity Physiotherapy ++++
Weight loss ++

Malnutrition Oral nutrition program ++

++++ = Multiple studies confirming; +++ = both some data plus physiologic 
rationale supporting; ++ = either some data or good physiologic rationale; 
+ = limited data or physiologic rationale
Based on data from Liu and Mulroy [93]

Table 2.12. Final preanesthetic assessment for thoracic surgery.

Review initial assessment and test results
Assess difficulty of lung isolation: examine preoperative chest imaging
Assess risk of hypoxemia during one-lung ventilation
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X-rays for potential lung isolation difficulties, it is also worth-
while to learn to examine the CT-scan. Distal airway problems 
not detectable on the plain chest film can sometimes be visual-
ized on the CT-scan: a side-to-side compression of the distal tra-
chea, the so called “saber-sheath” trachea can cause obstruction 
of the tracheal lumen of a left-sided double-lumen tube during 
ventilation of the dependent (right) lung for a left thoracotomy 
[95]. Similarly, extrinsic compression or intra-lumenal obstruc-
tion of a mainstem bronchus which can interfere with endo-
bronchial tube placement may only be evident on the CT-scan. 
The major factors in successful lower airway management are 
anticipation and preparation based on the preoperative assess-
ment. Management of lung isolation in patients with difficult 
upper and lower airways is discussed in Chap. 17.

Prediction of Desaturation During  
One-Lung Ventilation

In the vast majority of cases it is possible to identify preop-
eratively those patients which are most at risk of desatura-
tion during one-lung ventilation (OLV) for thoracic surgery. 
The factors which correlate with desaturation during OLV are 
listed in Table 2.13. In patients at high-risk of desaturation, 
prophylactic measures can be used during OLV to decrease 

this risk. The most useful prophylactic measures are the use of 
continuous positive airway pressure (CPAP) 2–5 cm H

2
O of 

oxygen to the non-ventilated lung and/or positive end-expira-
tory pressure (PEEP) to the dependent lung.

The most important predictor of PaO
2
 during OLV is the 

PaO
2
 during two-lung ventilation, specifically the intraopera-

tive PaO
2
 during two-lung ventilation in the lateral position 

prior to OLV [96]. The proportion of perfusion or ventilation 
to the nonoperated lung on preoperative V/Q scans also cor-
relates with the PaO

2
 during OLV [97]. If the operative lung 

has little perfusion preoperatively due to unilateral disease, 
the patient is unlikely to desaturate during OLV. The side of 
the thoracotomy has an effect on PaO

2
 during OLV. The left 

lung being 10% smaller than the right, there is less shunt when 
the left lung is collapsed. In a series of patients, the mean PaO

2
 

during left thoracotomy was approximately 70 mmHg higher 
than during right thoracotomy [98]. Finally, the degree of 
obstructive lung disease correlates in an inverse fashion with 
PaO

2
 during OLV. Other factors being equal, patients with 

more severe airflow limitation on preoperative spirometry 
will tend to have a better PaO

2
 during OLV than patients with 

normal spirometry (see Chap. 6) [99].

Assessment for Repeat Thoracic Surgery

Patients who survive lung cancer surgery form a high-risk 
cohort to have a recurrence of the original tumor or to develop a 
second primary. The incidence of developing a second primary 
lung tumor is estimated at 2%/year. The use of routine post-
operative follow-up screening with low-dose spiral CT scans 
will probably increase the rate of early detection of recurrent 
or repeat primary tumors [100]. Patients who present for repeat 
thoracotomy should be assessed using the same framework as 
those who present for surgery the first time. Predicted values 
for postoperative respiratory function based on the preopera-
tive lung mechanics, parenchymal function, exercise tolerance, 
and the amount of functioning lung tissue resected should be 
calculated and used to identify patients at increased risk.

Clinical Case Discussion

Case: A 65-year-old male presents for anesthesia preoperative 
assessment (Fig. 2.20). He is scheduled for a bronchoscopy/
mediastinoscopy and right pneumonectomy. He is a smoker 
who presented to his family doctor 2 weeks ago after minor 

Fig. 2.19. Preoperative chest X-ray of a patient with a history of 
previous tuberculosis, right upper lobectomy, and recent hemoptysis 
presenting for right thoracotomy possible completion pneumonec-
tomy. The potential problems positioning a left-sided double-lumen 
tube in this patient are easily appreciated by viewing the X-ray but 
are not mentioned in the Radiologist’s report. The Anesthesiologist 
must examine the chest imaging him/herself preoperatively to antici-
pate problems in lung isolation.

Table 2.13. Factors which correlate with an increased risk of desat-
uration during one-lung ventilation.

High percentage of ventilation or perfusion to the operative lung on preop-
erative V/Q scan

Poor PaO
2
 during two-lung ventilation, particularly in the lateral position 

intraoperatively
Right-sided thoracotomy
Normal preoperative spirometry (FEV1 or FVC) or restrictive lung disease
Supine position during one-lung ventilation
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hemoptysis. He has no significant known comorbidities and 
past history is otherwise unremarkable. A fine needle biopsy 
has confirmed the diagnosis of non-SCLC. The anesthesia 
team will need to decide if the patient will tolerate the pro-
posed procedure and if so, then what management strategies 
can be used to improve the perioperative outcome.

Questions: apart from routine preoperative assessment for 
major surgery:

What pulmonary function evaluation is indicated?
What cardiac investigations are indicated?
What specific anesthetic considerations are related to the 

patient’s lung cancer?
What other system function should be documented?

Pulmonary function evaluation: lung mechanical function 
(spirometry: FEV1), pulmonary parenchymal function 
(DLCO), exercise capacity, and ventilation/perfusion scan 
(see Sect. “Assessment of Respiratory Function”).

Cardiac evaluation: ECG (echocardiography and stress testing 
not indicated) (see Sect. “Cardiovascular Disease”).

Considerations related to lung cancer: tumor mass effects, 
metabolic (paraneoplastic) effects, metastases, and adju-
vant medications

Other systems: renal function

Will the patient tolerate the procedure?
Results of investigations: FEV1 65%, DLCO 70%, exercise 

tolerance: the patient can climb four flights of stairs with-
out stopping. V/Q scan R/L 40/60 for both V and Q. Other 
investigations are all within normal limits.

Predicted postoperative (ppo) FEV1 and DLCO will be in 
the range of 30–35% and adjusted for the V/Q scan pos-
sibly higher. These indicate increased risk but acceptable 

survival given the patient’s age <70. A bilobectomy could 
be considered for elderly or high-risk patients (see Sect. 
“Age”).

What management strategies will improve the patient’s out-
come?

Smoking cessation.
Pre- and postoperative chest physiotherapy.
TEA has not been clearly proven to improve outcomes in 

patients with normal pulmonary function, but does improve 
function in moderate and severe COPD. This patient’s 
risk of respiratory complications may be improved by 
either thoracic epidural or paravertebral analgesia (see also 
Chap. 46).

Moderate perioperative fluid restriction and lung-protective 
ventilation are associated with a decreased risk of postop-
erative acute lung injury particularly after pneumonectomy 
(see also Chap. 10).

Calcium channel blockers may be associated with a decreased 
risk of postoperative atrial fibrillation (see also Chap. 44).

Preoperative -blockade, statins, or -2 blockers are not 
proven to decrease cardiac ischemic risks in this patient at 
low risk of perioperative ischemia.
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3
Thoracic Imaging
Javier Campos and Kalpaj R. Parekh

Key Points

Radiological images play an important role during the eval-
uation of patients undergoing thoracic surgery.
Radiological studies must be reviewed, including a poste-
rior–anterior chest radiograph and computed tomography 
scan of the chest.
Special emphasis should be given to mediastinal mass with 
compromise to the airway or great vessels by reviewing the 
computed tomography scan of the chest.
Multidetector computed tomography (CT) scan and tra-
cheobronchial reconstruction are more specific studies in 
the thoracic surgical patient, and allow measurements of 
the airway.
Magnetic resonance imaging (MRI) provides greater con-
trast resolution than CT scans and offers the potential for 
tissue characterization. An MRI is indicated in selected 
cases, i.e., mediastinal mass with invasion of the superior 
vena cava.

Introduction

Radiological images play an important role in the preoperative, 
intraoperative and postoperative evaluation, and diagnosis of 
patients undergoing thoracic surgery. During the preoperative 
visit evaluation of the thoracic surgical patient, the clinician 

must have an understanding of the disease and also become 
familiar with radiological studies to be able to identify abnor-
mal airway anatomy or compromises to the airway or to use 
caliper measurements in the tracheobronchial tree if necessary 
when selecting lung isolation devices. Another important com-
ponent to a successful preoperative evaluation is an understand-
ing of normal tracheobronchial anatomy. This chapter will be 
focused on reviewing normal tracheobronchial anatomy and 
radiological images, with special interest for anesthesiologists 
involved in the care of the thoracic surgical patient.

Normal Tracheobronchial Anatomy

The trachea is a cartilaginous and fibromuscular structure that 
extends from the inferior aspect of the cricoid cartilage to the 
level of the carina [1]. The adult trachea is, on average, 15 cm 
long. The trachea is composed of 16–22 C-shaped cartilages. 
The cartilages compose the anterior and lateral walls of the 
trachea and are connected posteriorly by the membranous 
wall of the trachea, which lacks cartilage and is supported by 
the trachealis muscle.

The average diameter in a normal trachea is 22 mm in men 
and 19 mm in women. In men, the coronal diameter ranges 
from 13 to 22 mm and the sagittal diameter ranges from 13 to 
27 mm. In women, the average coronal diameter is 10–21 mm 
and the sagittal is 10–23 mm [2]. The tracheal wall is about 
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3 mm in thickness in both men and women, with a tracheal 
lumen that is often ovoid shape.

The trachea is located in the midline position, but often can 
be deviated to the right at the level of the aortic arch, with a 
greater degree of displacement in the setting of an atheroscle-
rotic aorta, advanced age or in the presence of severe chronic 
obstructive pulmonary disease (COPD). With COPD or aging, 
the lateral diameter of the trachea may decrease with a corre-
sponding increase in the anteroposterior diameter. Conversely, 
COPD may also lead to softening of the tracheal rings with 
a decrease in the anteroposterior diameter of the trachea [3]. 
The cricoid cartilage is the narrowest part of the trachea with 
an average diameter of 17 mm in men and 13 mm in women.

The trachea bifurcates at the carina into the right and left 
mainstem bronchus. An important fact is that the tracheal 
lumen narrows slightly as it progresses towards the carina. 
The tracheal bifurcation is located at the level of the sternal 
angle anteriorly and the fifth thoracic vertebra posteriorly. The 
right mainstem bronchus continues as the bronchus interme-
dius after the take-off of the right upper lobe bronchus. In men, 
the average distance from the tracheal carina to the take-off of 
the right upper lobe bronchus is 2.0 cm, whereas it is approxi-
mately 1.5 cm in women. One in every 250 individuals from 
the general population may have an abnormal take-off of the 
right upper lobe bronchus emerging from above the tracheal 
carina on the right side [4]. The diameter of the right main-
stem bronchus is an average of 17.5 mm in men and 14.0 mm 
in women. The trifurcation of the right upper lobe bronchus 
consists of the apical, anterior, and posterior divisions. The 
average distance from the tracheal carina to the bifurcation 
of the left upper and left lower lobe is approximately 5.0 cm 
in men and 4.5 cm in women. The left mainstem bronchus is 
longer than the right mainstem bronchus, and it divides into 
the left upper and the left lower lobe bronchus. The left upper 
lobe bronchus has a superior and inferior division [5].

Chest Radiographs

The most common study in the patient undergoing thoracic, 
esophageal, or cardiac surgery is the chest X-radiograph 
(X-ray). The standard routine chest radiography consists of an 
erect radiograph made in the posterior–anterior (PA) projec-
tion and a left lateral radiograph, both obtained at full inspi-
ration. The normal chest cavity contains four radiographic 
densities that are easily identified: air, fat, water, and calcium 
and other metals including bones, granulomas, and vascular 
calcification. The lungs, which are mostly air and contain 
some water, blood vessels, bronchi, nerves, lymphatics, alveo-
lar walls, and interstitial tissues, provide the natural contrast 
that is the basis of chest radiology. When evaluating a chest 
X-ray, the changes in these densities, which provide natural 
contrast, are what are observed.

Radiologists in general refer to two regions: the silhouette 
sign and summation. Depending on the part or parts of the lungs 

that are involved, the result of this change in the absorption of 
X-rays is seen by the effect on the normal surface of a hemidia-
phragm, for example, or if the descending aorta cannot be seen 
then this is an indication that an unusual amount of aerated 
lung no longer touches the anatomic part. This occurs in part 
because the alveolar spaces are wholly or partially filled with 
fluid usually blood, pus or water or in part because the lung has 
collapsed and decreased the normal ratio of air and soft tissue. 
The end result in the latter case would be an increase in opac-
ity which is what the X-ray beam reveals. The heart border 
and the diaphragm are normally seen because of their interface 
with aerated lung. When the contiguous lung is not aerated, 
the opaque tissue of the affected lung blends visually with the 
soft tissue opacity of the heart and the heart border is no longer 
visible. This is what is termed the silhouette sign. Summation 
by definition is the result of superimposition of many layers 
of lung tissue, so that the final visual effect is that of a greater 
amount of tissue in the path of a particular part of the X-ray 
beam. This is observed when the opacity of fluid in the pleural 
space, interstitial space, or even lung parenchyma is added on 
the normal structure of the lung [6]. The most important skill 
for evaluating a chest X-ray is the knowledge of normal ana-
tomic variants, specific patterns with pathological changes and 
the common signs of abnormal states. Lateral decubitus radio-
graphs are commonly employed to determine the presence or 
mobility of pleural effusions. These views can also be obtained 
to detect small pneumothoraces, particularly in patients who 
are confined to bed and unable to sit or stand erect. A new gen-
eration of digital X-ray systems based on flat panel detections 
is now emerging and these provide good image quality and 
very rapid direct access to digital images.

Chest Radiographs and Pulmonary Disease

The basic underlying change in the chest film that allows the 
detection and diagnosis of abnormalities is usually due to 
an alteration in lung opacity. This can be caused by techni-
cal factors, physiologic variation, or pathologic mechanisms 
[7]. Diseases that affect the chest can usually be thought of 
as either those that make the film lighter (increase opacity) or 
those that make it darker (increase lucency).

For chest disease with increased opacity on radiographs, 
the conditions that are marked by focal or global increase in 
the opacity of the film are first examined. These conditions 
include: atelectasis, pulmonary edema, acute respiratory dis-
tress syndrome, etc.

Lung Mass and Chest X-Rays

Pulmonary neoplasia present as opacities on films although 
usually as a more focal area with varying contours. However, 
smaller lesions may be very difficult to visualize, particularly 
when there are overlying bones or other soft tissue. Figure 3.1a 
shows a posteroanterior chest radiograph on a 68-year-old 
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male with a lung neoplasm on the right lower lobe. The mass 
is clearly visible between the eighth and ninth rib on the right 
hemithorax. Figure 3.1b shows a lateral chest radiograph 
showing a round mass on the right hemithorax.

Mediastinal Mass and Chest X-Rays

In order to understand mediastinal masses and radiological 
images it is important to be familiar with the anatomy of the 
mediastinum. The mediastinum is situated between the two 
pleural cavities. It extends superiorly from the root of the neck 
and the thoracic inlet to the hemidiaphragm inferiorly. It is 
divided into the superior and inferior mediastinum by the trans-
verse thoracic plane, which is an imaginary plane extending 
horizontally from the sternal angle anteriorly to the border of the 
fourth thoracic vertebra posteriorly. The inferior mediastinum is 
subdivided into anterior, middle, and posterior compartments. 
The anterior mediastinum contains the thymus, trachea, esopha-
gus, vessels, and arteries as well as lymph nodes, any abnormal 
growth in this region will affect the adjacent area. A mass in 
this area may compress the tracheobronchial tree and/or major 
vessels (superior vena cava and pulmonary vessels). The middle 
mediastinum is the space occupied by the heart and pericardium 
[8, 9]. Figure 3.2a shows a schematic representation of medi-
astinal anatomy and Fig. 3.2b a lateral normal radiograph of 
the chest showing the potential location of mediastinal mass. 
A variety of neoplasms and other lesions present with anterior 
mediastinal involvement. Thymoma is the most common pri-
mary neoplasm of the anterior mediastinum [10].

Regarding radiological studies in patients with a suspected 
anterior mediastinal mass, the initial study generally is a stan-
dard biplane chest radiography, which will identify up to 97% 
of mediastinal tumors. The chest X-ray also provides important 
information regarding the size and the location of the mass [11].

In addition, in this patient group in particular, special atten-
tion must be paid to the lateral radiography of the chest to 
determine the overall extent of the mass and potential involve-
ment of adjacent structures. A barium contrast esophago-
gram may help to determine whether there is esophageal or 
tracheobronchial involvement. Figure 3.3a shows an anterior 
mediastinal mass in the left hemithorax of the posteroanterior 
chest radiograph. Figure 3.3b shows a lateral radiograph with 
esophageal contrast where there is a mediastinal mass without 
compromise to the tracheobronchial tree.

Bullae

Emphysema is characterized by a permanent increase in air 
spaces distal to the terminal bronchiole beyond the normal 
size. There is destruction of tissue, leading to a loss of alveolar 
surface available to participate in air exchange and sometimes, 
severe displacement of the adjacent normal lung. Many of the 
cases of emphysema seen in adult patients are strongly associ-
ated with cigarette smoking. The most striking image in a patient 
with advanced emphysema is a marked hyperinflation with an 
increase in the anteroposterior diameter of the chest, flattening 
of the diaphragmatic surfaces, and a generalized increase in the 
blackness of the film. Also there is a change in the vascular pat-
tern; with attenuated vessels thinned and spread apart.

Often bullous areas are noted as large thin-walled air cysts, 
especially the apices. A bulla is defined as an air-filled space 
1 cm or greater in diameter within the lung parenchyma that 
forms as a result of this destructive process. Rarely, one or more 
bullae enlarge to such a degree that they occupy more than one-
third of the hemithorax. The term giant bullae is then applied. 
These easily distensible reservoirs are preferentially filled dur-
ing inspiration, causing the collapse of adjacent, more normal 
lung parenchyma [12, 13]. Figure 3.4a shows a patient with 

Fig. 3.1. (a) A posteroanterior chest radiograph of a 68-year-old male with a lung neoplasm of the right lower lobe. The mass is clearly  visible 
between the eighth and ninth rib in the right hemithorax. (b) A lateral chest radiograph showing a round mass in the right hemithorax.
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emphysema and Fig. 3.4b shows a lateral chest radiograph of 
the same patient. Figure 3.5 shows a PA chest X-ray and lateral 
radiograph of a patient with bullae. Figure 3.6 displays the chest 
X-ray showing a giant bulla occupying more than two thirds of 
the right hemithorax and compressing the underlying lung.

Pneumothorax

Pneumothorax is the presence of air in the pleural space that is 
between the lung and the chest wall. Primary pneumothoraces 
arise in otherwise healthy people without any lung disease. 
Secondary pneumothoraces arise in subjects with underlying 

lung disease. Despite the absence of underlying pulmonary 
disease in patients with primary pneumothorax, subpleural 
blebs and bullae are likely to play a role in the pathogenesis. 
It is frequently the result of trauma, although sometimes the 
source of air leak cannot be readily detected.

The radiographic diagnosis of pneumothorax is usually 
straightforward. A visceral pleural line is seen without distal 
lung markings. On standard lateral views a visceral pleural 
line may be seen in the retrosternal position or overlying the 
vertebrae, parallel to the chest wall [14, 15].

Pneumothoraces present as appearances on lateral chest radio-
graphs; although the value of expiratory views is controversial 

Fig. 3.3. (a) An anterior mediastinal mass in the left hemithorax of the posteroanterior chest radiograph. (b) A lateral radiograph with 
 esophageal contrast where there is a mediastinal mass without compromise to the tracheobronchial tree.

Fig. 3.2. (a) A schematic representation of mediastinal anatomy and (b) a lateral normal radiograph of the chest showing the potential  location 
of a mediastinal mass. The arrows show the outline of the heart and great vessels.
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many clinicians still find them useful in the detection of small 
pneumothoraces when clinical suspicion is high and an inspira-
tory radiograph appears normal. The British Thoracic Society 
guidelines divide pneumothoraces into small and large based on 
the distance from visceral pleural surface (lung edge) to chest 
wall, with less than 2 cm being small and more than 2 cm large 
[16]. A small rim of air around the lung actually translates into 
a relatively large loss of lung volume, with a 2-cm deep pneu-
mothorax occupying about 50% of the hemithorax.

In the supine position, air in the pleural space will usually 
be most readily visible at the lung bases in the cardiophrenic 

recess and may enlarge the costophrenic angle. Figure 3.7 
shows the chest radiograph of a patient with right-sided pneu-
mothorax.

Several well-known artifactual appearances can mimic the 
presence of a pneumothorax and should always be remem-
bered during evaluation of chest radiography. The medial 
border of the scapula can imitate a lung edge but once con-
sidered can be traced in continuity with the rest of the bone, 
revealing its true nature. Skin folds overlying the chest wall 
can simulate a visceral pleural line and with the relative lack 
of lung markings in the upper zones, can lead to erroneous 

Fig. 3.4. (a) A patient with emphysema. There is a marked  hyperinflation with an increase in the anterior–posterior diameter of the chest. 
Also, there is flattening of the diaphragm bilaterally and a  generalized increase in the blackness of the film. (b) The same patient a lateral 
chest X-radiograph.

Fig. 3.5. (a) A posterior–anterior chest X-ray of a patient with a bulla in of the left hemithorax. (b) The same patient on the lateral  radiograph.
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diagnosis. Once considered, however, the true nature of the 
image is readily apparent. Skin folds are usually seen to pass 
outside the chest cavity, are straight or only minimally curved, 
and do not run parallel to the chest wall as with a true visceral 
pleural line. Skin folds also form a dense line that is sharp on 
one side and blurred on the other in contrast to the less dense 
visceral pleural line. Also, radio-opaque lines are often seen 
accompanying the inferior margins of ribs, which may simu-
late a visceral  pleural line. These are often called companion 
shadows although some restrict this term to densities accom-
panying the first and second ribs. They are caused by protrud-
ing extrapleural fat or the subcostal grove.

Tension pneumothorax occurs when the intrapleural 
 pressure exceeds the atmospheric pressure throughout inspi-
ration as well as expiration. It is thought to result from the 
operation of a one way valve system, drawing air into the 
pleural space during inspiration and not allowing it out dur-
ing expiration. The development of tension pneumothorax is 
often, but not always, heralded by a sudden deterioration in 
the cardiopulmonary status of the patient related to impaired 
venous return, reduced cardiac output and hypoxemia. The 
development of tension in a pneumothorax is not dependent 
on the size of the pneumothorax and the clinical scenario of 
tension pneumothorax may correlate poorly with chest radio-
graphic findings [17, 18]. In extreme cases of tension pneu-
mothorax, the air leak brings about significant displacement 
of the mediastinum and contralateral lung into the opposite 
hemithorax causing significant hemodynamic instability.

Pleural Effusion

Pleural effusion does not involve the lung parenchyma; it can 
be the source of a significant amount of absorbing material in 
the path of the X-ray beam, causing opacity on the films. Large 
pleural effusions are easy to spot on a chest radiograph but 
small pleural effusions can be overlooked easily, especially on 
portable films because the patients are almost always supine 
or semierect, and the fluid can collect either in a subpulmonic 
location or deep in the posterior costophrenic sulcus where 
it is hidden from view. Most often smaller effusions are seen 
as a veil-like opacity that is most pronounced at the base and 
tapers towards the lung apex. Figure 3.8 shows a male patient 
with a large pleural effusion of the left hemithorax occupying 
two thirds of the chest cavity on the left side.

Chest Tube Placement

In general, appropriate use of chest tubes results in complete 
drainage of the collected air and fluid in the pleural space and 
allows full expansion and occupation of the entire pleural space 
by the lung, thus protecting the lung and pleural space from 
subsequent complications. Chest tubes are used routinely in 
the thoracic surgical patient. In practice, there are three main 
types are used: (a) the large caliber chest tube that involves the 
use of a 20–30 F size; (b) the small caliber tube, and (c) the 
pigtail catheters. The typical and most common tubes have a 
side hole and end hole and, in addition, they have an opaque 
marker that can be clearly seen in the chest X-radiograph. 
Many of those chest tubes can be inadvertently placed either 
in the major fissure, lung parenchyma or too high in the apex, 
and this can cause severe pain or damage to the lung.

In order to evaluate the position of a chest tube, an anterior–
posterior chest radiograph or lateral films are useful [19]. In 
some circumstances, computed tomography (CT) scans of 
the chest are valuable for assessing chest tube position; for 
example, when misplacement is suspected but not confirmed 
on a plain radiograph [20]. Figure 3.9 shows a chest tube in a 
female patient placed in the right hemithorax.

Fig. 3.6. The chest X-ray showing a giant bullae occupying more than 
two-thirds of the right hemithorax and compressing the underly-
ing lung.

Fig. 3.7. The chest radiograph of a patient with right-sided pneumotho-
rax and bilateral chest tubes.
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Surgical emphysema is a well-known complication of 
 intercostal tube drainage [21]. The development of surgical 
emphysema associated with pneumothorax involves an air-
filled space, not formerly in communication with the sub-
cutaneous tissue, being brought into communication with 
subcutaneous tissue. This may occur in the presence of a 
malpositioned, kinked, blocked, or clamped tube. Likewise, a 
small tube in the presence of a very large leak may potentially 

cause surgical emphysema. Any malpositioned chest tube 
should be visible with the chest radiograph. If the emphysema 
results in airway obstruction or thoracic compression it may 
lead to severe respiratory insufficiency. The treatment is usu-
ally conservative, but in life-threatening situations, skin inci-
sion decompression, and insertions of large bore modified 
subcutaneous chest drains have all been used successfully.

Previous Lobectomy

Resection of a segment of the lung will produce changes some-
what similar to segmental atelectasis in that a portion of the 
lung is no longer present, and the remaining segments of the 
lobe, and other lobes on that side, will expand to fill the space. 
The chest radiograph will show a displacement of the interlo-
bar fissure and elevation of the diaphragm. There might be a 
displacement of the hilum. Often the most common sign of the 
surgery in the chest is the presence of fine metallic sutures on 
the pleural surface at the site of the resection, and if it is an acute 
resection (after surgery), the presence of a chest tube. Also, an 
osteotomy of a rib can be seen in the chest radiograph.

The lobectomy patient will often lead to a greater initial 
deformity of the involved hemithorax and some shift of the 
midline structures. As in cases of atelectasis, there should 
be compensatory overinflation of the noninvolved lobes. 
 Figure 3.10 shows a chest X-ray of a female patient who had 
a left lower lobe lobectomy.

An important piece of information after lobectomy is the 
juxtaphrenic peak sign indicating upper lobe collapse. This 
is a common finding on chest radiographs of patients after 
upper lobectomy. It is more frequently seen after right upper 
lobectomy than after left upper lobectomy and it is more often 
seen on erect than on supine radiographs. A study has shown 
that a juxtaphrenic peak can be expected to appear on chest 

Fig. 3.8. A male patient with a large pleural effusion in the left hemotho-
rax occupying two-thirds of the chest cavity on the left side. Also there 
is the presence of an infusion port device on the right hemithorax.

Fig. 3.9. A chest tube in the right hemithorax. The tip of the tube can 
be clearly seen at the level of the sixth intercostal space. Also, there 
is a PIC line going from a vein in the right arm to the entrance of the 
superior vena cava.

Fig. 3.10. A chest X-ray of a female patient who had a left lower 
lobe lobectomy. The arrows are pointed to where the stapling line is. 
Also, there are bilateral infiltrates postlobectomy.
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 radiographs in about 70% of patients 1 month or more after 
right upper lobectomy and in 50% after left upper lobectomy 
[22]. Figure 3.11 shows a patient who had a right upper lobec-
tomy showing a thin juxtaphrenic peak.

Pneumonectomy

Removal of an entire lung leads to more drastic radiographic 
changes that evolve with the passage of time. Initially the 
affected side shows expected postoperative changes at the 
hilum and chest wall with a complete absence of lung tissue, 
leaving a very stark, air-filled cavity with extremely sharp 
margins of the heart and diaphragm. After pneumonectomy, 
air in the operated hemithorax is gradually reabsorbed and 
replaced by fluid with a net volume loss. As a result, the 

 trachea and mediastinum gradually shift towards the  surgical 
side. In the immediate postoperative period, a mediastinal 
shift away from the surgical side indicates atelectasis of the 
contralateral lung or an abnormal accumulation of air or fluid 
on the surgical side [23]. A rapid mediastinal shift can signify 
the presence of an air leak with a “ball-valve” effect leading 
to a tension pneumothorax. There is usually some elevation 
of the hemidiaphragm and a shift of the heart and other mid-
line structures towards the operated side as the remaining lung 
expands to take some of the space. Gradually the hemithorax 
fills with fluid, showing a distinct air fluid level if the patient 
is upright or a more subtle increase in opacity if the patient is 
in the supine position. Figure 3.12 shows a chest radiograph 
in anterior, posterior, and lateral position in a patient with a 
left-sided pneumonectomy.

Fig. 3.11. (a) A patient who had a right upper lobectomy showing a thin juxtaphrenic peak demonstrated by an arrow. (b) A right upper 
lobectomy without the juxtaphrenic line. (c) Lateral chest radiograph of the same patient.

Fig. 3.12. (a, b) A chest radiograph in anterior–posterior and lateral position in a patient after a left-sided pneumonectomy. The opacity in the 
left lung field is fluid in the hemithorax.
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Single-Lumen Endotracheal Tubes

After a thoracic surgical procedure, a chest radiograph film 
is required in order to assess lung expansion, chest tube 
placement, and if the patient remains intubated the proper 
placement of the endotracheal tube must be assessed. The 
proper position of a single-lumen endotracheal tube as 
seen in the chest radiograph is that the distal tip of the tube 
is located approximately 3 cm above the tracheal carina. 
All endotracheal tubes have opaque markers that can be 
clearly identified in the radiographs. Figure 3.13a shows 
a male patient that underwent a right upper lobectomy and 
remained intubated in the postoperative period with a sin-
gle-lumen endotracheal tube. Figure 3.13b shows the same 
patient with a reconstruction of the single-lumen endotra-
cheal tube.

Double-Lumen Endotracheal Tubes

With any thoracic surgical procedure involving lung isolation 
devices, the anesthesiologist must review the tracheobronchial 
anatomy in the preoperative visit to determine whether or not 
abnormal anatomy exists. A view of the posteroanterior chest 
radiograph will allow assessment of the shadow of the trache-
obronchial anatomy along with the bronchial bifurcation. It is 
estimated that in 75% of the films, the left mainstem bronchus 
shadow is seen. In addition, the chest radiograph can be useful 
to determine the proper size of a left-sided DLT. Brodsky et al. 
[24] reported that measurement of the tracheal diameter at the 
level of the clavicle on the preoperative posteroanterior chest 
radiograph can be used to determine proper left-sided DLT 
size (refer to Chap. 16). Figure 3.14 shows the measurement 
of the tracheal width at the level of the clavicles to estimate 
the proper size of the left-sided DLT from a chest radiograph. 
In addition, the chest radiograph will allow the visualization 
of the already placed DLT. The tip of each lumen is  identified 
with a radiopaque marker. Figure 3.15a shows the chest 

 radiograph of a patient with a left-sided DLT in place. Notice 
the endobronchial lumen is approximately 2 cm below the 
tracheal carina into the left mainstem bronchus. Figure 3.15b 
shows a reconstruction of the DLT which is marked in the 
chest radiograph.

Postoperative Acute Lung Injury

Acute lung injury (ALI) may complicate thoracic surgery and 
is a major contributor to postoperative mortality. The inci-
dence of ALI after thoracic surgery is estimated to be 4.2% 
[25, 26]. In a study by Licker et al. [25], they found a biphasic 
distribution pattern of ALI after lung resection. The primary 

Fig. 3.13. (a) A male patient that underwent a right upper lobectomy and remained intubated in the postoperative period with a single-lumen 
endotracheal tube. (b) The same patient with a reconstruction of the single-lumen endotracheal tube. Notice that the tip of the single-lumen 
endotracheal tube should be placed 3 cm above the tracheal carina.

Fig. 3.14. The measurement of the tracheal width at the level of the 
clavicles to estimate the proper size of the left-sided DLT from a 
chest radiograph. The arrow points to the clavicle.



44 J. Campos and K.R. Parekh

form developed within the first 3 days after surgery and a sec-
ondary form triggered the onset of ALI after the third postop-
erative day.

The clinical presentation is a severe respiratory insuffi-
ciency with a progressive hypoxemia that does not respond 
to a conventional treatment including O

2
 therapy. The chest 

radiograph of a patient with an ALI appears as patchy, uni-
lateral or bilateral infiltrates, dependent pulmonary edema. In 
addition, atelectatic zones can be seen in the chest radiograph. 

Figure 3.16 shows a 60-year-old female following a left lower 
lobectomy that developed ALI in the immediate postoperative 
period, on the chest radiograph taken after 72 h the interstitial 
edema has progressed. There is a single-lumen endotracheal 
tube in place; also a pulmonary artery catheter introduced via 
the left internal jugular vein can be seen. The chest radiograph 
also shows bilateral diffuse fluffy opacities typical of intersti-
tial pulmonary edema postlobectomy after ALI.

Computed Tomography Scan  
and Pulmonary Disease

CT scan of the chest is used as a diagnostic study; this is usu-
ally done after abnormal findings on a standard chest radio-
graph [27]. Common indications of CT includes: staging of 
lung cancer, solitary pulmonary nodule, mass or opacity, dif-
fuse infiltrative lung disease, widened mediastinum, mediasti-
nal mass, or other abnormalities of the mediastinum pleural 
abnormities, chest wall lesions, trauma, etc. Also, CT pro-
vides valuable information for the clinician with regard to the 
airway compression at any level of the tracheobronchial tree, 
as well as vascular compression diagnosis [28–31].

CT scans are performed in deep inspiration and at total lung 
capacity. For a routine helical CT of the chest, 2.5–5 mm sec-
tions are usually recommended. Thinner (1–2.5 mm) sections 
can be used to study fine details of the lung parenchyma. On 
routine studies, the field of view is adjusted to the size of the 
thorax, but small fields of view may be selected for smaller 
 anatomic parts that require study. In addition, a contrast CT scan 
is useful in suspected vascular abnormalities such as pulmonary 
embolism. Recent improvements in scanner technology have 
led to the introduction of spiral or helical volumetric CT.

Fig. 3.15. (a) The chest radiograph of a patient with a left-sided DLT in place. Notice the endobronchial lumen is approximately 2 cm below 
the tracheal carina into the left mainstem bronchus. (b) A reconstruction of the DLT which is marked in the chest radiograph.

Fig. 3.16. A patient with an acute lung injury (ALI) 72 h postopera-
tively, the interstitial edema has progressed in the chest X-radiograph. 
There is a single-lumen endotracheal tube in place; also a pulmonary 
artery catheter introduced via the left internal jugular vein is seen. 
The chest radiograph also shows bilateral diffuse fluffy opacities 
typical of interstitial pulmonary edema postlobectomy.
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Computed Tomography Scan and Lung 
Mass, Mediastinal Mass, Pleural Effusion, 
and Pericardial Effusion

CT scan of the chest will confirm the presence of a mass in the 
chest and in many instances the specific location.  Figure 3.17a 
shows a CT scan of the chest. There is the presence of a 
lung mass on the right lung. Figure 3.17b shows the chest 
radiograph showing the lung mass in the right upper lobe in 
a female patient. In addition, the CT scan of the chest will 
define the precise size and location of the mediastinal mass, 
any involvement with adjacent structures as well as the degree 
of compression of the airway (trachea and/or bronchi). It is 
important during the assessment of the CT scan to identify the 
location of the mass, define its relationship to adjacent struc-
tures, assess the extent and degree of tracheal and/or vascular 
compression, and assess the patency of the airway at the tra-
cheal and bronchial level. The CT scan also will permit accu-
rate measurement of the airway diameter and will determine 
the precise level and extent of compression of the trachea. As 
mentioned previously, the average cross-sectional diameter of 
the trachea in a 70-kg, 170-cm tall person is approximately 
18–23 mm. A tracheal diameter narrowing of 10 mm on CT 
corresponds to a 50% reduction in the tracheal cross-sectional 
area at that level. Figure 3.18 shows a CT scan of the chest 
with a large anterior mediastinal mass in the left hemithorax. 
Figure 3.19 shows a CT scan of the chest with a large anterior 
mediastinal mass on the left side causing compression to the 
entrance of the left mainstem bronchus.

A CT scan of the chest allows precise location of the extra-
pulmonary fluid whether in the peripheral pleural space or the 
interlobar fissure. Figure 3.20 shows a CT scan of the chest 
showing a large pleural effusion on the left hemithorax. Also, 
the CT scan is very useful for the diagnosis of pericardial effu-
sions, because the precise location can be identified with this 

method. Figure 3.21 shows a pericardial effusion; notice the 
fluid in the pericardial sac.

In addition, a different alternative to assess the airways while 
using a CT scan is with the three-dimensional (3D) reconstruc-
tion of the airway using a workstation connected to a multide-
tector CT (MDCT) scanner. The MDCT provides high spatial 
resolution images of the whole lung without any anatomical 
gap. The technique consists of projecting the voxels with 
the lowest alteration value in every view through the volume 
explored, at various angles depending on the airway involved. 
If a tracheobronchial injury is suspected, 3D extraction of the 

Fig. 3.17. (a) A computed tomography (CT) scan of the chest. Diagnosis of tumor of the lung. (b) The chest radiograph showing the lung 
mass in the right upper lobe in the same patient. Diagnosis of right upper lobe adenocarcinoma.

Fig. 3.18. A computed tomography scan of the chest with a large 
anterior mediastinal mass in the left hemithorax (the dotted line is 
 surrounding the mass). This patient has a diagnosis of mediastinal 
mass, diffuse B-cell lymphoma.
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airways may be useful by focusing the 3D volume-rendering 
technique to the tracheobronchial tree [32]. This technique is 
used for analyzing stenosis or distortion of the tracheobron-
chial tree but also may allow the diagnosis of tracheobronchial 
injury by demonstrating a wall defect and or abnormal posi-
tion of lobar and segmental bronchi [33, 34].

Also, a 3D scan of the chest is another modality to identify 
lymph nodes. The development of virtual bronchoscopy has led 
interest in introducing CT based computer-graphic techniques 
into the procedure of lung cancer staging. In virtual bronchos-
copy, the 3D CT image serves as a high-resolution digital image 
replica of the chest [35]. Endoluminal renderings of the airways 

can be generated along paths following the airway central axes 
and lead to an off-line simulation of videobronchoscopy as 
virtual endoscopy, interior views are computer-generated from 
radiologic images (see also Chap. 16, Fig. 16.14).

Multidetector Computer Tomography  
Scan of the Chest

Modern MDCT scanners readily provide very large high-res-
olution 3D volumetric images of the chest. Many 3D visual-
ization techniques have been devised for more exhaustively 
viewing of the information contained in 3D MDCT chest 
images. The 3D MDCT image provides views of the segments 
of the airway tree, computes the central axes of the extracted 
airways, and also defines the endoluminal and exterior sur-
faces of the segmented airway tree and the exterior surfaces of 
the regions of interest for rendering [36].

One of the advantages of the MDCT and 3D reconstruction 
of the tracheobronchial tree is that it allows us to appreciate 
distorted tracheobronchial anatomy or changes in the airway 
with age. Figure 3.22 shows a MDCT scan of the chest on a 
male patient.

Magnetic Resonance Imaging  
and Pulmonary Disease

MRI produces images that superficially appear similar to CT 
scans. The MRI provides greater contrast resolution than CT 
scans and offers the potential for tissue characterization [37]. 
Also MRI of pulmonary parenchymal disease using a modified 
breath-hold 3D gradient echo technique allows imaging of a 
wide spectrum of solid and nonsolid pulmonary parenchymal 
diseases with reproducible high image quality, effective sup-
pression of artifacts, high resolution and visualization [38]. 

Fig. 3.19. A computed tomography scan of the chest with a large 
anterior mediastinal mass on the left side causing compression to the 
entrance of the left mainstem bronchus. Diagnosis in this patient is 
germ cell tumor.

Fig. 3.20. A CT scan of the chest showing a large pleural effusion in 
the left hemithorax. Also, the CT scan is very useful for the diagnosis 
of pericardial effusion.

Fig. 3.21. A pericardial effusion; notice the fluid in the pericardial sac.
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The 3D gradient echo technique allows better visualization of 
peripheral and central parenchyma, pulmonary arteries, heart 
and esophagus.

The MRI images are computer-generated images, usually in 
cross-sectional orientation but also with direct sagittal or coro-
nal views, with tissues displayed in varying shades of black, 
white, and gray. MRI scans rely primarily on the evaluation 
of the amount of protons (water) in different tissues. This data 
information is acquired by placing the patient in a powerful 

magnetic field and interrogating the body with radio waves of 
a specific frequency; then listening for the response. By vary-
ing the frequency of the radio wave, the body can be imaged 
in multiple planes, not just in axial sections. Direct sagittal 
and coronal images enable the radiologist to evaluate involve-
ment of lung prosenchyma [39], mediastinal structure, and the 
chest wall with greater clarity than with a CT scan. In addition, 
MRI is an adjunct to CT scan evaluation reserved for patients 
in whom CT scans did not resolve the anatomic issues or for 
whom additional information about the mediastinal and its rela-
tionship to other vital organs are required including invasion to 
heart or great vessels [30, 40, 41]. Figure 3.23 shows MRI of 
the chest in a patient with a mediastinal mass.

Summary

Radiological studies play an important role in the diagnosis 
and treatment of the thoracic surgical patient in the preopera-
tive, intra- and postoperative period. Chest radiographs allow 
us to identify distorted tracheobronchial anatomy, presence 
of lung masses, lung collapse, chest tube placement, endo-
tracheal tube placement, and lung expansion or shifting of 
mediastinum in cases of tension pneumothorax. CT scans of 
the chest permit an identification and precise location of lung 
masses, mediastinal masses, or the presence of fluid and com-
promise to adjacent structures.

Multidetector computed tomography scan and 3D recon-
struction allows identification of tracheobronchial anatomy in 
a more precise form. All radiological studies must be reviewed 
in the preoperative evaluation of thoracic surgical patients. In 
cases where the diagnosis or anatomy is unclear, theses stud-
ies must be reviewed in conjunction with a thoracic surgeon 
or a radiologist.

Fig. 3.22. A multidetector computed tomography scan of the chest 
of a male patient.

Fig. 3.23. A magnetic resonance imaging (MRI) of the chest. This patient has a diagnosis of Schwannoma.
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Essential Anatomy and Physiology of the Respiratory 
System and the Pulmonary Circulation
J. Michael Jaeger and Randal S. Blank 

Key Points

Knowledge of the clinical anatomy and function of the 
respiratory system is essential for the safe, efficient, and 
appropriate perioperative management of intubation, 
mechanical ventilation, and anesthesia for the thoracic sur-
gical patient.
The lung has ten (third generation airway) bronchopulmo-
nary segments on the right and eight segments on the left 
that are readily identifiable by fiberoptic bronchoscopy (two 
segmental bronchi on the left are considered “fused”).
The anesthetic employed, both general and regional, will 
impact the control of respiration, reactivity of the airways, 
and the patient’s ability to maintain their airway, take a 
deep breath, and cough.
Dynamic influences of ventilatory pattern, posture, body 
habitus, agitation or pain, and inflammation can cause “air 
trapping” and drastically reduce alveolar ventilation.
The compliance and resistance of the respiratory sys-
tem will change during the course of surgery, especially 

those procedures requiring one-lung ventilation, and may 
necessitate frequent adjustments of the ventilator to opti-
mize gas exchange and reduce lung injury.
Many drugs employed during cardiothoracic surgery will 
impact the lung’s intrinsic mechanisms to match ventila-
tion to perfusion matching either directly on hypoxic pul-
monary vasoconstriction (HPV) or indirectly by altering 
cardiac output or vascular resistance.

Introduction

Appropriate perioperative management of the thoracic surgical 
patient requires an appreciation of the uniqueness and com-
plexity of the anatomy and function of the respiratory system. 
It is particularly suited to perform a wealth of tasks including 
gas exchange between the lungs and blood, speech, protection 
from airborne environmental insults and pathogens, and a host 
of metabolic functions (repair, growth). While some of these 
functions have little importance for the anesthesiologist during 
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the course of a surgical procedure, optimizing gas exchange, 
controlling pulmonary arterial pressure, and maintaining blood 
flow require constant attention. Furthermore, the dynamic 
interaction between the cardiovascular system and the respira-
tory system can be altered by changes in position, medications 
and anesthetics, mechanical ventilation, surgical interventions, 
disease processes, etc. The impact of these alterations can-
not be underestimated. The entire cardiac output passes from 
the right side of the heart to the left side with each heartbeat; 
therefore what affects the pulmonary circulation ultimately 
impacts the systemic circulation. While an in-depth discussion 
of the physiology and anatomy of the entire respiratory sys-
tem is beyond the scope of this chapter, the essentials will be 
discussed with the goal of providing insights into the clinical 
relevance and application of this knowledge by the thoracic 
anesthesiologist.

Functional Anatomy

Upper Airway Anatomy

Oropharynx and Nasopharynx

The collection of air passages extending from the nares and 
lips through the labrynthine nasopharynx and oropharynx 
extending through the larynx to the cricoid cartilage can be 
defined as the functional upper airway. This airway complex 
serves a host of functions: warming and humidifying the pas-
sage of air, filtering particulate matter, and preventing aspira-
tion during deglutition.

In normal quiet breathing, air enters the nose, a complex 
chamber separated medially its entire length by a cartilaginous 
and bony septum (vomer). It is bounded laterally by the infe-
rior, middle, and superior turbinates overlying the sinus ostia 
and inferiorly by the hard and soft palates before emptying 
into the nasopharynx. The mucosa covering these structures 
is highly vascular and innervated which must be appreciated 
when performing nasopharyngeal intubation with endotracheal 
tubes, nasogastric sumps or feeding tubes, or fiberoptic bron-
choscopes. Furthermore the nasal passages represent a signifi-
cant resistance to airflow, normally double than that found in 
mouth breathing. Airflow resistance increases dramatically 
when nasal polyps are present, the mucosa is inflamed and 
edematous, or when high air flows must be achieved as in 
heavy exercise.

The pharynx is 12–15 cm long and is divided into the 
nasopharynx (from the soft palate to the tip of the uvula), 
the oropharynx (from the anterior pillars of the tonsillar 
fossa to the epiglottis) that includes the pharyngeal portion 
of the genioglossus muscle, and finally the laryngopharynx 
lying posterior to the larynx. Supination, sleep, and general 
anesthesia may promote obstruction of the oropharynx by 
the tongue, hard palate, and pharyngeal musculature as their 
tone decreases [1, 2]. Hyperextension or hyperflexion of the 
cervical spine generally increases upper airway resistance [3]. 

During inspiration, a nonsedated, spontaneously breathing 
patient dilates the oropharyngeal pharynx by contracting the 
genioglossus muscle and elevating the tongue off the pharyn-
geal wall in a coordinated reflex possibly involving thoracic 
muscle activity [2, 3].

Larynx

The larynx is a complex structure overlying the fourth to the 
sixth cervical vertebra and consists of several muscles, their 
ligaments and cartilaginous anchors, and significant innerva-
tion (Fig. 4.1). The inlet of the larynx is defined by the epiglot-
tis, aryepiglottic folds, and the arytenoids. The larynx itself 
bulges into the pharynx posteriorly creating a deep pharyngeal 
recess anterolaterally on either side, the pyriform fossa. The 
bilateral pyriform fossae or recesses are clinically relevant 
because of their tendency to trap food or foreign objects (and 
tubes or probes) in the pharynx and as potential sites for the 
application of topical anesthesia to block the internal branch 
of the superior laryngeal nerve. The larynx serves as the organ 
of phonation, plays an important role in coughing, and in pro-
tection of the airway during deglutition [4].

The primary structure of the larynx is the thyroid cartilage 
that forms the point of articulation of the paired arytenoid car-
tilages with the vocal ligaments and their controlling muscula-
ture. However, other essential structures include the hyoid bone 
and its attachments, the epiglottis, the cricoid cartilage, and the 
corniculate cartilages. The hyoid bone is a U-shaped bone that 
is attached to the mandible and tongue by the hyoglossus, the 
mylohyoid, geniohyoid, and digastric muscles, to the stylohyoid 

Fig. 4.1. Diagram of the larynx from the base of the tongue to below 
the thyroid cartilage as viewed from its posterior aspect. Note the 
relationship of the superior laryngeal, inferior laryngeal, and recur-
rent laryngeal nerves and the posterior aspect of the larynx, thyroid, 
and trachea. Tracheal and thyroid surgery places these nerves at risk.
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ligament and muscle, and to the pharynx by the middle pha-
ryngeal constrictor muscle. Beneath the hyoid bone is slung 
the remainder of the larynx by its attachment, the thyrohyoid 
membrane and muscle. While its function other than as a flex-
ible anchor is unclear, it is possible to bisect its mandibular 
attachments (“suprahyoid release”) and mobilize the larynx in 
order to facilitate its caudal displacement in tracheal resection 
procedures. The epiglottis is the midline “leaf-shaped” elastic 
cartilage found inferior to the base of the tongue. It is anchored 
anteriorly to the hyoid bone and inferiorly to the inside of the 
anterior portion of the thyroid cartilage immediately above 
the vocal cords. Bilateral folds of the epiglottis curve poste-
riorly to form a mucosal ridge attaching to the arytenoid car-
tilages sitting on top of the posterior lamina of the cricoid, 
the aryepiglottic folds. The epiglottis, aryepiglottic folds, and 
the corniculate tubercles form the readily recognizable inlet 
into the glottis below. The large thyroid cartilage defines the 
larynx with its paired lamina fused anteriorly at the laryngeal 
prominence and extending posteriorly to terminate in superior 
and inferior horns or cornu. The thyroid cartilage serves as a 
stable point of attachment for numerous small muscles and lig-
aments which manipulate the small arytenoids, corniculates, 
and vocal cords. The thyroid cartilage also attaches to the cri-
coid ring in ways which afford it some degree of mobility. One 
key ligament deserves special attention, the vocal ligament or 
true vocal cord. The paired vocal cords attach posteriorly to 
the vocal process of each arytenoid and stretch anteriorly to 
meet at the junction of the thyroepiglottic ligament of the ante-
rior thyroid cartilage. The triangular opening formed by the 
vocal ligaments is the glottis with its apex anterior (Fig. 4.2). 
The mean length of the relaxed open glottis is approximately 
23 mm in males and 17 mm in females. The glottis at its widest 

(posterior) point is 6–9 mm but can be “stretched” to 12 mm 
[5]. It should be noted that the vocal cords are covered by only 
a thin, adherent mucosa, producing the pearly white appear-
ance. The absence of any submucosa implies that the vocal 
cords are unlikely to “swell” significantly as there is minimal 
space to accumulate edema fluid. The folds of mucosa and 
fibrous tissue lying parallel to the true vocal cords just supe-
riorly in the glottis, the vestibular folds or “false vocal cords,” 
can become edematous. The intrinsic laryngeal musculature 
function is to open the glottis in inspiration, close the glottis, 
and constrict the superior structures in deglutition, and finely 
control abduction, adduction, and tension of the true vocal 
cords in phonation.

Pharyngeal Innervation

Innervation of the pharynx is distributed among several sen-
sory and motor branches of the glossopharyngeal and vagus 
(external and internal branches of the superior laryngeal 
nerves, recurrent laryngeal nerves). The nasopharynx sen-
sory innervation is derived from the maxillary division of the 
trigeminal nerve, while the oropharynx is diffusely innervated 
by sensory branches from the glossopharyngeal nerve. The 
internal branch of the superior laryngeal nerve pierces the lat-
eral aspect of the thyrohyoid membrane along with the supe-
rior laryngeal artery and vein to provide sensation for the base 
of the tongue, vallecula, epiglottis, aryepiglottic folds, pyri-
form recesses, and the superior aspect of the true vocal cords. 
The external branch of the superior laryngeal nerve provides 
motor to the cricothyroid muscle, a tensor of the true vocal 
cords. The recurrent laryngeal nerves supply sensation to the 
vocal cords and tracheobronchial tree as well as motor to the 
remaining intrinsic musculature of the larynx. The right recur-
rent laryngeal nerve originates at the level of the right sub-
clavian artery but the left originates at the level of the aortic 
arch and loops around the ligamentum arteriosum before both 
ascend cephalad along the tracheoesophageal groove. This 
fact that must be appreciated during esophageal surgery and 
during both cervical and anterior mediastinoscopy, as these 
structures can be at risk. The larynx receives its blood supply 
from the superior and inferior laryngeal arterial branches of 
the superior and inferior thyroid arteries, respectively. These 
arteries follow the course of the superior and recurrent laryn-
geal nerves.

Upper Airway Function

Homeostatic Mechanisms

The most obvious function of the upper airways is to provide 
a durable protective conduit for the initial inhalation then 
exhalation of gases to and from the lung while simultaneously 
performing multiple other functions, e.g., eating, drinking, 
speaking, etc. With respect to inhalation, the nasopharynx 
and posterior pharynx warms the inspired gas close to body 

Fig. 4.2. Diagram of the glottis as seen from above using a laryngo-
scope or fiberoptic bronchoscope. Note the triangular shaped glottic 
introitus with its narrowest aspect at the anterior  commissure.  Passage 
of bronchoscopes, endotracheal tubes, and especially  double-lumen 
tubes should be directed posteriorly where the vocal cords will spread 
the widest. Note that the vocal process of the arytenoid  cartilage 
 pivots on a small point and can be traumatized and displaced with 
rough handling.
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temperature and humidifies it to a water vapor pressure of 
47 mm Hg at 37°C. This aids in maintaining core temperature 
and protects the more delicate epithelia lining the lower air-
ways from desiccation. The airway epithelium secretes mucus 
which coats the airway surface and maintains tissue hydration 
also serves to trap particulate matter, bacteria, and viruses. 
Mucus also contains a number of enzymes with antioxidant, 
antiprotease, and antibacterial properties [6].

Another important role of the airways and its mucus coat 
is the filtering of inhaled particulate matter by an elaborate 
defense system that takes advantage of the air-flow charac-
teristics of the upper and lower airways and their associated 
epithelium. There are three mechanisms at work to produce 
mechanical filtering. The first, inertial impaction, is capable 
of trapping particulates larger than 10 m by virtue of the 
turbulent flow, mucus lining the passageways, and complex 
structure. It accomplishes this task in minutes with mucus and 
saliva eventually swallowed. The bifurcating and branching 
tracheobronchial tree slows the gas flow until it becomes more 
laminar. Particulates impact the airway wall according to par-
ticle size (sedimentation). Normally the particles, bacteria, 
etc. trapped in the mucus at this level are transported cephalad 
by the constant motion of the cilia, an apical feature of the 
respiratory epithelium, at a rate of approximately 2.5 mm/min 
in the bronchi but over 5 mm/min in the trachea [7]. Lower 
airway mucus is usually cleared in about 24 h although this 
can be drastically retarded in disease states such as cystic 
fibrosis or chronic bronchitis or conditions altering ciliary 
function or growth, e.g., smoking [8]. The filtering processes 
appear effective down to particles approximately 0.01 m in 
diameter.

The Cough Reflex

An essential protective function of the respiratory system for 
expelling secretions and foreign bodies from the respiratory 
tract is the cough. The cough is a complex maneuver that 
is either voluntary or triggered by stimulation of airway irri-
tant mechanoreceptors diffusely distributed throughout the 
larynx, trachea, and bronchi, especially the carina. Irritant 
chemoreceptors are distributed more diffusely in the distal 
central airways and at airway junctions, where noxious vapor 
particles are more likely to rain out on the epithelium. The 
vagus nerve serves as the primary afferent limb of the cough 
reflex but the efferent limb encompasses the motor input 
to the phrenic, intercostals, other spinal motor neurons to 
the accessory respiratory muscles and the vagal nerves to the 
larynx and pharynx.

There are several acts involved in generating an explo-
sive flow of air and material out of the airways. The first is 
an exaggerated inspiration through a widely abducted glot-
tis to achieve a high lung volume, which may be as high as 
50% of vital capacity. By enlarging the intrathoracic volume, 
this produces a lengthening in the expiratory muscles and 
improves their length–tension relationship allowing greater 

force  generation. The second compressive phase begins with 
rapid adduction of the glottis simultaneous with the onset of 
expiratory muscle contraction. Glottic closure is accentuated 
by the tight adduction of the supraglottic ventricular folds. 
This phase lasts only hundredths of a second but is sufficient 
to produce a coordinated compression of the alveolar gas 
and increase in the intrathoracic pressure, briefly as high as 
300 cm H

2
O [4]. Abrupt initiation of the final expiration phase 

occurs with glottic release of this pressure producing nearly 
a subatmospheric drop in central airway pressures accentuat-
ing the pressure gradient from the continually rising alveolar 
and pleural pressures as a consequence of expiratory muscle 
contraction. An additional effect is dynamic compression of 
the airways which increases airflow velocity in relation to the 
volume of air expired per second. The total effect is a shearing 
force across the surface of the mucus-covered airway epithelia 
and mucus expulsion.

Clinical Issues

Airway Obstruction

Patients with tracheal or laryngeal mass lesions and those 
with vocal cord dysfunction can have significant flow resis-
tance during inspiration and/or expiration depending on the 
intrathoracic vice extrathoracic location of lesions. High 
air flow rates through the site of the restrictive lesion can 
accentuate the increase in airway resistance. Less obvious 
is the effort-dependent dynamic compression that can occur 
in those portions of the airway that lie on either side of the 
lesion during the period of high flow [9]. Attempts to generate 
high flows create the greatest Bernoulli effect (acceleration-
induced negative pressure) on the surrounding structures and 
can result in airway narrowing. This has clinical importance 
in managing patients pre- and postprocedure for laryngeal 
or tracheobronchial resections. Slow, easy breathing is more 
suitable than rapid, forced breaths; therefore judicious use of 
a sedative medication in addition to good postoperative pain 
management may improve gas exchange. This scenario is in 
contrast to that of patients with primary muscle weakness of 
the upper airway musculature either from residual neuromus-
cular blockade, general anesthesia, myasthenia, or extrapy-
ramidal disorders [10]. These conditions require mechanical 
support until strength can be recovered or optimized.

Nebulized Medications

The features of the upper airway also impact the design and 
utility of multidose inhalers and medication nebulizers. Typi-
cally less than 30% of aerosolized drug with an average drop-
let size of 0.5 m ends up in the lungs [11]. Even aerosolizing 
chambers attached to endotracheal tubes or ventilator circuits 
provide only a marginal improvement in efficiency at deliver-
ing drug to the distal airways.



554. Essential Anatomy and Physiology of the Respiratory System and the Pulmonary Circulation

Tracheobronchial and Respiratory Anatomy

Tracheal and Bronchial Structure

The trachea originates at the cricoid cartilage (opposite verte-
bra C6) and extends approximately 12 cm (females) to 14 cm 
(males) to terminate in a bifurcation (carina) at the T4/5 ver-
tebral level (second intercostal space, the angle of Louis). It is 
about 22 ± 1.5 mm (males) to 19 ± 1.5 mm (females) in diam-
eter and consists of 16–20 U-shaped cartilaginous “rings” 
that are closed posteriorly by fibrous tissue and a longitudinal 
smooth muscle band or trachealis muscle.

The right main bronchus is wider (14–17.5 mm), shorter 
(1.4–1.8 cm), and more vertical than the left. The right main 
bronchus gives off the upper lobar bronchus then continues 
on as the bronchus intermedius giving off the right middle 
lobar bronchus and right lower lobar bronchus at the hilum of 
the lung at T5. The azygos vein arches over it from behind to 
reach the superior vena cava. The right pulmonary artery lies 
first inferiorly and then anterior to the bronchus intermedius. 
The left main bronchus ranges an average of 4.4–4.9 cm in 
length and 13–16.5 mm in diameter. It passes inferiorly and 
laterally below the aortic arch, anterior to the esophagus and 
descending thoracic aorta to reach the hilum of the lung oppo-
site T6. At this point it first lies behind and then slightly below 
the left pulmonary artery in its course. These dimensions can 
be quite variable among individuals and chest pathology can 
drastically change the anticipated relationships. We recom-
mend always consulting available computed tomograms of 
the chest prior to any thoracic procedure to provide the anes-
thesiologist with more appropriate dimensions and structural 
relationships in their patient.

The lobar bronchi (right upper, right middle, right lower 
and the left upper, left lower) diverge into their segmental 
bronchi that can be readily visualized during flexible bron-
choscopy (Table 4.1). The right upper lobar bronchus gives 
off three segmental bronchi (apical, anterior, posterior), the 

right middle lobar bronchus splits into two segmental bronchi 
(lateral, medial), and the right lower lobar bronchus diverges 
into the superior segment with the basal segmental bronchus 
immediately diverging into four additional segments (medial 
basal, anterior basal, lateral basal, posterior basal) for a total 
of ten segmental branches on the right. The left upper lobar 
bronchus splits into the superior division with “3” segments 
(a “fused” apical-posterior, anterior) and the inferior division 
or lingual with two segments (superior lingular, inferior lin-
gular). The left lower lobar bronchus branches into four lower 
segmental branches (superior, another “fused” anteromedial 
basal, lateral basal, posterior basal) for a total of “10” seg-
ments on the left (see also Chap. 16, Fig. 16.1a, b for CT 
reconstructions of the tracheo-bronchial anatomy). Note that 
segmental nomenclature can vary in the literature.

Respiratory Airways and Alveolar Histology

The airways continue to diverge into smaller and smaller diam-
eter conduits until one arrives at the bronchioles with diameters 
less than 0.8 mm. At this level the airways lose all remnants of 
cartilage and begin the transformation from purely conducting 
airways to those described as respiratory bronchioles. Respira-
tory bronchioles eventually diverge into the final four genera-
tions of alveolar ducts which then consist primarily of openings 
into the terminal alveolar sacs. In the descriptive model of 
E.R. Weibel, the trachea branches into 23 generations of pul-
monary airways. The first 15 generations serve as conducting 
airways and the subsequent 8 generations become sufficiently 
thin-walled to allow some degree of gas exchange and bear the 
moniker, acinar airways. One clinical aspect of this geometric 
progression of increasingly narrower airways (and blood ves-
sels) by divergence and multiplication is that the overall cross-
sectional area and therefore resistance to gas flow (or blood 
flow) becomes markedly less compared to the resistance of 
the individual airway (or blood vessel). This has an important 
impact on distribution of gas and blood flow, flow velocity, and, 
hence, transit time through key areas of gas exchange.

The trachea interior is lined with ciliated columnar epithe-
lium, Goblet cells responsible for mucus production, and with 
interspersed specialized chemical and tactile neuroreceptors. 
This transitions from pseudostratified columnar epithelia in 
the larger bronchi to a thinner cuboidal ciliated variety in the 
small bronchi. The airway epithelium and submucosa also con-
tain lymphocytes, mast cells, and a variety of neuroendocrine 
cell types. The next layer consists of circumferential bands of 
smooth muscle cells and a connective tissue layer containing 
submucosal glands and plates of cartilage (replacing the solid 
cartilage rings in the very large airways). The outermost layer 
is a loose adventitial shell with lymphatic vessels, sympathetic 
and parasympathetic nerves, and nourishing blood vessels.

The respiratory bronchioles empty into a pulmonary 
acinus, which has the appearance of a cluster of grapes on 
a network of stems. Each pulmonary acinus may contain 
multiple alveolar ducts communicating with 2,000 alveoli 

Table 4.1. Bronchopulmonary segments.
Right lung Left lung

Upper lobe Upper lobe
Apical 1 Superior division
Anterior 2  Apical + posterior 1 + 3
Posterior 3  Anterior 2

Inferior division – lingula
 Superior lingular 4
 Inferior lingular 5

Middle lobe
Lateral 4
Medial 5

Lower lobe Lower lobe
Superior 6 Superior 6
Medial basal 7 Anteromedial basal 7 + 8
Anterior basal 8 Lateral basal 9
Lateral basal 9 Posterior basal 10
Posterior basal 10
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arranged in a ring-like, honeycomb network. The alveolus 
is considered the primary site of gas exchange between 
the blood and gas in the lung. The alveolar septa are about 
5–8 m thick and are opposed by an alveolar surface on 
either side with the alveolar capillary bed sandwiched 
inside. The walls of the alveoli are extremely thin, between 
0.1 and 0.2 m, a feature that promotes rapid equilibration 
of gas by diffusion with the pulmonary capillary blood. In 
addition, gas can exchange between alveoli through pores 
of Kohn. There are approximately 300 million alveoli in the 
human lung which provides an extraordinary surface area 
for gas exchange (70 m2).

There are three major cell types found in the alveolus: alve-
olar type I, alveolar type II, and alveolar macrophages. How-
ever, there are others found under certain conditions in the 
lung, e.g., inflammation. Alveolar type I cells are a squamous 
epithelium class that cover most of the alveolar surface. These 
nucleated cells have few cytoplasmic organelles and a sparse 
cytoplasm splayed out in sheets over the alveolar surface 
forming a thin barrier between the air space and the pulmo-
nary capillary endothelium. Alveolar type II cells are fewer 
in number, somewhat spherical, and coated on its apical sur-
face with microvilli. In contrast to type I cells, alveolar type II 
cells possess many organelles including multilayered granular 
structures called lamellar bodies. These lamellar bodies are 
considered the source of pulmonary surfactant, a lipopro-
tein coating the interior surface of the alveolus and capable 
of significantly reducing the surface tension of the alveolus 
air–surface interface. Surface tension reduction is considered 
an important physical mechanism to reduce any tendency for 
alveolar collapse at very low lung volumes.

The immune defenses of the lung are extremely important 
because of its relative exposure to the environment via the air-
ways. There are a number of excellent reviews of the immune 
function of the lung but it is important to realize that there are 
many questions unanswered about how the lung responds to 
invasion and inflammation [12]. Yet from a clinical standpoint 
the pulmonary inflammatory response will greatly influence 
the perioperative management of the thoracic surgical patient. 
A few major defensive cell types residing in the alveolar spaces 
and interstitium are worth mentioning. Alveolar macrophages 
are derived from bone marrow monoblast precursor cells and 
migrate to the lung parenchyma [13]. Alveolar macrophages 
are free to move over the surface of the alveolus and phago-
cytize foreign material that enters the alveolus including bac-
teria and particulates. Macrophages are cleared either through 
the lymphatics or are carried up and expelled via the airways. 
Lymphocytes, largely T-lymphocytes, are widely distributed 
in the normal lung within paratracheal and hilar lymph nodes, 
in the interstitium of the bronchial tree as nodules or individual 
cells, in the alveolar walls, and on the surface of the alveolus 
[14]. They play a critical role in the lung’s primary immune 
response to inhaled antigens. Under some pathologic condi-
tions in the lung, it is becoming apparent that an exaggerated  
inflammatory response and the activity of these cells and  

others may be harmful to the lung; the acute respiratory 
 distress syndrome (ARDS) and emphysema are examples.

Innervation

The hilum of each lung serves as the entry point of the bron-
chi, pulmonary vessels, bronchial vessels, lymph vessels and 
nerves. The lungs receive their innervation from the auto-
nomic nervous system with branches from the vagus nerves 
and upper thoracic sympathetic ganglia (primarily second, 
third, and fourth). The vagal and thoracic sympathetic ganglia 
form anterior and posterior pulmonary plexuses at the hilum. 
From there two main neural networks develop; one accompa-
nies the bronchi, the peribronchial plexus, and the other asso-
ciates with the pulmonary vasculature, the periarterial plexus. 
Virtually all afferent nerve fibers entering the CNS from the 
airways travel through the vagus nerve [15].

Neural Control of Respiration

Respiratory Centers

It is generally accepted that the medulla contains the respi-
ratory centers within the brain that are responsible for coor-
dinating numerous voluntary and involuntary inputs then 
generating the appropriate respiratory pattern to fulfill the 
ventilatory requirements [16]. Two anatomically distinct but 
extensively interconnected locations control the character of 
the respiratory pattern and the motor control over support-
ing structures. The dorsal respiratory group receives visceral 
afferent input from cranial nerves IX and X and is primarily 
concerned with the timing of the respiratory cycle. It is pre-
dominantly composed of inspiratory motor neurons.

The ventral respiratory group is a collection of slightly more 
dispersed nuclei that are involved in both inspiratory and expi-
ratory phases of respiration. This respiratory center has numer-
ous functions that include control over the musculature of the 
pharynx, larynx and tongue, the magnitude of inspiratory force, 
and control over expiratory muscle activity and timing.

These centers receive modulating input from a number of 
higher centers such as the pons, hypothalamus, and the cortex. 
But the respiratory centers also receive stimulatory and inhibi-
tory inputs from peripheral chemoreceptors, pulmonary and 
extrapulmonary mechanoreceptors. Peripheral stimuli such as 
airway stretch, blood pH, and airway chemical irritation can 
influence depth and rate of respiration as well as cough and 
sneezing reflexes.

Neural Control of the Airways

Neural control of the airway smooth muscle is important in 
determining airway caliber and pharmacologic modulation 
of this input is clinically relevant. The main neurotransmitters 
 identified are acetylcholine (ACh) that acts on several  muscarinic 
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subtypes, epinephrine and norepinephrine acting on both - and 
-adrenergic receptors, and a variety of purported nonadrener-

gic, noncholinergic neurotransmitters such as vasoactive intesti-
nal peptide (VIP), nitric oxide (NO), substance P, and neurokinin 
A acting via second messenger cascades to elicit a variety of 
responses. See Barnes [17] for a detailed discussion. Although 
some of these neurotransmitters can have nonpulmonary sources, 
it is now clear that airway parasympathetic and sympathetic 
nerves can release more than one class of neurotransmitter. The 
end terminals of parasympathetic nerves can release ACh, VIP, 
NO, and others that have inhibitory and excitatory properties on 
either the primary target end-organ or the presynaptic terminus 
to modify release of the primary neurotransmitter. Similarly, 
sympathetic nerves release norepinephrine but also may secrete 
substance P, neurokinin A, VIP, calcitonin gene-related peptide, 
cholecystokinin-octapeptide, etc. The effects of many of these 
substances on the airway diameter, mucus secretion, and blood 
flow are still to be defined.

Cholinergic nerve influence on the human respiratory sys-
tem is mediated via a family of muscarinic receptors on airway 
smooth muscle. Five muscarinic subtypes have been cloned, 
but only four have been identified in the lungs. These are M

1
-, 

M
2
-, M

3
-, and M

4
-receptors, although only M

3
 appears to be 

responsible for the contractile response on human airway 
smooth muscle [18]. M

2
 receptors on the airway smooth mus-

cle cells act through an inhibitory G protein to block adenyl 
cyclase activity and lower cyclic AMP concentrations. Its role 
is yet to be determined, perhaps opposing the effects of 

2
-

agonists. However, M
2
-receptors are also found on the human 

cholinergic presynaptic nerve terminal and likely functional as 
feedback inhibition to the further release of ACh. Alterations 
in the sensitivity or function of these receptor subtypes have 
been implicated in several disease states, especially influenza, 
asthma, and emphysema.

Adrenergic innervation of the human airways is present but 
despite the fact that airway smooth muscle possesses both - and 

-adrenergic receptors, direct adrenergic bronchodilator activity 
has not been demonstrated in contrast to observations in many 
animal models [19]. It appears that the more dominant role of 
adrenergic nerve stimulation is in presynaptic modulation of 
ACh release from airway cholinergic nerves via prejunctional 

2
-

adrenergic receptors. Of note, -blockers can have a profound 
negative impact on asthma exacerbations and yet have minimal 
effect on the bronchial tone of normal individuals. The mecha-
nism behind this clinical observation is not known but may reflect 
expression of the asthmatic disease genotype. The absence of 

-adrenergic receptors on human airway smooth muscle sug-
gests that neuronal and adrenal catecholamines act directly only 
on arterial smooth muscle in the lung.

Respiratory Muscles

Bulk movement of air into and out of the lungs occurs as a 
result of changes in intrathoracic pressure created by rhythmic 

changes in the volume of the thorax. Expansion of the chest 
cavity occurs when three distinct respiratory muscle groups 
work in concert. The diaphragm, intercostal muscles, and the 
accessory muscles (sternocleidomastoids, scalenes) are con-
trolled by the respiratory centers of the brain to contract in a 
rhythmic pattern designed to carefully match ventilation to gas 
exchange requirements. The abdominal musculature (rectus 
abdominis, external oblique, internal oblique, and transversus 
abdominis) can be recruited when more force is required for 
exhalation, although abdominal muscle tone may stabilize the 
rib cage during inspiration as well.

Inspiration

The diaphragm is unique in that its muscle fibers radiate from 
a central tendinous structure to insert peripherally on the ven-
trolateral aspect of the first three lumbar vertebrae and on the 
aponeurotic arcuate ligaments, and the costal portion inserts 
on the xyphoid process and the upper margins of the lower 
six ribs. Its motor innervation is solely from the right and left 
phrenic nerves which originate from the third, fourth, and fifth 
cervical nerve roots. In the relaxed state it forms a pronounced 
“dome” that closely apposes the chest wall for some distance 
before arching across. Contraction of the diaphragm causes a 
large caudal displacement of the central tendon resulting in a 
longitudinal expansion of the chest cavity. Simultaneously, its 
insertions on the costal margins cause the lower ribs to rise and 
the chest to widen. This diaphragmatic motion is responsible 
for the majority of quiet respiration. Note that as the dome 
descends it must displace the abdominal contents caudally. 
The fall in pleural pressure and accompanying lung expansion 
produce an increase in abdominal pressure and some outward 
movement of the abdominal wall. The supine and Trendelen-
burg positions or surgical retractors can significantly impact 
this abdominal motion especially in the morbidly obese neces-
sitating controlled ventilation under anesthesia.

The intercostal muscles are thin sheet-like muscles with ori-
gins and insertions between the ribs. The internal intercostal 
muscles have their fibers oriented obliquely caudad and dor-
sally from the rib above to the rib below. The external inter-
costal muscles have their fibers oriented obliquely caudad and 
ventrally from the rib above to the rib below. All intercostals 
are innervated by the intercostal nerves running in the neuro-
vascular bundle under the inferior lip of each rib. The contrac-
tion of the external intercostals produces an inspiratory action 
by elevating the upper ribs to increase the anteroposterior 
dimensions of the chest in a “well pump-handle” motion. The 
lower ribs are also elevated by virtue of the force applied and 
their point of rotation to increase the transverse diameter of 
the thorax. The internal intercostals apply their force in such 
a direction as to rotate the ribs downward, decreasing the tho-
racic anteroposterior dimension to aid in active expiration. In 
general, the intercostal muscles do not play a major role in 
quiet respiration, but do in exercise or other conditions requir-
ing high levels of ventilation.
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The principal accessory respiratory muscles are the ster-
nocleidomastoid and scalenes. The scalene muscles originate 
from the transverse processes of the fourth through the eighth 
cervical vertebrae and slope caudally to insert on the first 
two ribs. Their contraction during periods of high ventilatory 
demand elevates and fixes the cephalad rib cage during inspi-
ration. Similarly, the sternocleidomastoid elevates the sternum 
and increases the longitudinal dimensions of the thorax.

Expiration

Expiration is a passive process in quiet breathing and is largely 
the response to relaxation of the inspiratory muscles and the 
balance of forces generated by the elastic recoil of the lungs 
and chest wall. When high levels of ventilation are required 
as in exercise or if airway resistance increases as in exacerba-
tions of asthma, the expiratory phase becomes an active pro-
cess with forceful contraction of the rectus abdominus, the 
transverse abdominus, and the internal and external oblique 
muscles. The contraction of the abdominal musculature 
retracts the abdominal wall and pulls the lower ribs downward 
which increases intra-abdominal pressure and accelerates the 
cephalad displacement of the diaphragm during exhalation. 
The internal intercostal muscles depress the rib cage and pro-
vide a minor contribution to forced expiration. Innervation of 
the abdominal musculature is from thoracic nerves 7 through 
12 and the first lumbar nerve. These nerves are commonly 
affected by epidural anesthesia and thus can impact cough and 
other forced expiratory maneuvers.

Like most skeletal muscles, the diaphragm and intercos-
tals muscles are a heterogeneous mix of fiber types, contain-
ing between 40 and 60% slow-oxidative (Type I) fibers. The 
human diaphragm probably has between 49 and 55% Type I 
fibers, the reminder a mix of the “faster-high activity” Type IIA 
and IIB fibers [20]. The types of skeletal muscle fibers seem 
to be distributed fairly evenly throughout the diaphragm. Of 
note the respiratory muscles retain the ability to adapt to stress 
and training. This includes responses to lung pathology which 
might seem maladaptive. Emphysema is a good example. The 
diaphragm undergoes changes at the sarcomere level, physi-
cally “losing” contractile units as hyperinflation of the lungs 
leads to increasing thoracic dimensions and “flattening” of the 
diaphragm [21]. It is proposed that loss of sarcomeres in series 
with the central tendon helps to restore the mechanical advan-
tage of the optimal length–tension relationship for the muscle.

The Respiratory “System”

The Pleural Pressure

The lungs and chest wall move together as a system. This 
is made possible by the enclosed, air-tight thoracic cavity 

where the outer surface of the lungs and its visceral pleura 
are in close proximity to the parietal pleura covering the chest 
wall and mediastinal structures. Changes in the intrathoracic 
volume are only possible because the inside of the lung is in 
continuity with the ambient atmosphere outside the thorax via 
the trachea and pharynx. The intimate contact between the 
layers of pleura is maintained by a negative intrapleural pres-
sure generated in part by the intermolecular forces of the pleu-
ral fluid excluding gas from this space. This lubricating fluid 
allows freedom of the pleural layers to slide over one another 
but highly resists separation of the layers much like two panes 
of glass with a thin layer of water between them. Deforming 
forces are thereby directly and reliably transmitted between 
chest wall and lung and allows for a unified motion.

Normally the intrapleural pressure is about −5 cm H
2
O 

when the respiratory system is in a “resting configuration or 
equilibrium state” but it can vary significantly. Recoil of the 
chest wall either outward or inward as with active exhalation, 
changes in elastic recoil of the expanded or contracted lung, 
diaphragm position, and body position (gravitational effects) 
will summate to define the magnitude of the intrapleural pres-
sure (Fig. 4.3). Pathologic conditions such as the introduction 
of air or blood into the intrapleural space can rapidly disrupt 
this relationship leading to a compromise in respiratory func-
tion but also interfere with cardiovascular function. Examples 
of disruption of the intrapleural space would be a pneumotho-
rax, a large empyema or pleural effusions, or a  tension 
 pneumothorax.

Fig. 4.3. The static relationship between the transpulmonary pressure 
(alveolar pressure – pleural pressure) and the pressure in the pleural 
space. Pleural pressure is normally negative relative to atmospheric 
pressure. The gradient is small at the base of the lung (P

pl
 least nega-

tive) but larger at the apex (P
pl
 most negative) because of the recoil 

pressure of the elastic lung tissue. This disparity results in larger 
alveoli at the apex then the dependent alveoli at the base. When 
atelectasis develops the alveoli are collapsed, a condition frequently 
seen in patients postthoracotomy even when sitting upright. As a 
result a given change in transpulmonary pressure produces the larg-
est change in volume (and pleural pressure) where the alveoli sit on 
the steepest portion of this curve.
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Lung Volumes

Clinical pulmonary physiology is based in part upon a common 
nomenclature of the measured lung volumes during a variety 
of respiratory maneuvers. Mastering this language facilitates 
effective communication across all disciplines within medi-
cine and surgery. First, most lung volumes and capacities are 
measured by a device referred to as a spirometer. Spirometry 
and other associated measurement techniques have combined 
to define four major subdivisions of lung volume: (1) residual 
volume (RV), (2) tidal volume (V

T
), (3) expiratory reserve 

volume (ERV), and (4) inspiratory reserve volume (IRV). 
These four lung volumes then can be combined to define the 
clinically useful four lung capacities: (1) total lung capacity 
(TLC), (2) vital capacity, (3) inspiratory capacity (IC), and (4) 
functional residual capacity (FRC). These terms and relation-
ships are defined in Table 4.2. Details of their measurement 
are described in Chap. 2.

Differences in individual lung volumes are related to a large 
extent by body habitus, in particular, height. However, since 
TLC is influenced by lung and chest wall elastic recoil prop-
erties, inspiratory muscle strength, and body position, many 
conditions can alter its measurement. As an example, a “stan-
dard young adult male of average height” would likely have 
a TLC of about 6.5 L, of which 1.56 L is RV. Therefore his 
vital capacity would be about 5 L. However, the magnitude of 
the RV is a balance between expiratory muscle strength and 
the outward recoil of the chest wall at complete active exha-
lation. Although these predominantly static measurements 
are made without any confounding flow-resistance factors, 
“dynamic compression” of the airways from either extreme 
expiratory effort or loss of structural integrity with aging does 
occur and will increase lung RV. The lung volume at the end 
of a  spontaneous exhalation during quiet breathing, the FRC, 

marks a passive balance between the opposing elastic forces 
of the lung and the chest wall, i.e., the resting volume of the 
respiratory system. At this lung volume, airway pressure is 
zero (or equal to ambient atmospheric pressure); there is no 
pressure gradient between the inside of the alveoli and the 
mouth and therefore no air flow.

Dynamic Aspects of the Respiratory  
System

The Pressure–Volume Relationship

Both the chest wall and lungs are elastic structures and each 
has unique physical properties that define this elasticity. As 
elastic structures, the lungs and chest wall will return to their 
original configuration when deforming forces are removed. 
The equilibrium positions or volumes are not the same for the 
lung and chest wall. In fact it is possible to define the rela-
tionship between volume of the lung or chest wall (thoracic 
cavity) and a deforming pressure independently under experi-
mental conditions. The static pressure–volume curve for an 
isolated lung is compared to that of a chest wall in Fig. 4.4. 
Note that the equilibrium position of the lung is at or near RV. 
To sustain any lung volume above this point requires the appli-
cation of a distending force. The lung will recoil with an equal 
and opposing force. At all volumes above RV, the lung tends to 
recoil inwards as indicated by the positive pressure or distend-
ing force required (x-axis). On the other hand the equilibrium 
position of the chest wall is at a relatively large volume, esti-
mated at approximately 60% of the TLC. To attain any “chest 
wall volume” above this point requires active inspiratory 
muscle force and likewise to decrease the volume below this 
point requires a significant input of expiratory muscle force. 
The thick solid line shows a summation of the two individual 
curves to define the static volume–pressure relationship for the 
total respiratory system. The recoil pressure of the respiratory 
system (P

rs
) is defined as the algebraic sum of the individual 

recoil pressures of the lung (P
L
) and the chest wall (P

cw
).

  

The volume at which the P
rs
 is zero is the relaxation volume 

(V
rx
) of the respiratory system. In the normal healthy individ-

ual during quiet breathing, the volume of the lung at end of 
expiration (FRC) approximates the V

rx
. However, under dif-

ferent circumstances, FRC may deviate from V
rx
 significantly. 

Numerous static factors such as posture, respiratory muscle 
tone, body habitus, and other external forces may reduce end-
expiratory lung volume while dynamic mechanisms such as 
dynamic airway compression or asthma may increase it.

Postural influences on the pressure–volume relationship of 
the respiratory system are primarily related to gravitational 
forces on the abdominal contents. In the erect posture the 
downward pull of gravity displaces the abdominal contents 

rs L cw .P P P

Table 4.2. Lung volumes and capacities.

Lung volumes Definition

Tidal volume (V
T
) Air volume inspired and expired during a 

relaxed breathing cycle
Residual volume (RV) Volume remaining in the lung after a maximal 

expiratory effort
Expiratory reserve  

volume (ERV)
The volume of air that can be forcibly exhaled 

between the resting end-expiratory volume 
and RV

Inspiratory reserve  
volume (IRV)

The volume of air that can be inspired with 
maximal effort above the normal resting end-
expiratory position of a V

T

Lung capacities
Vital capacity (VC) The amount of air that can be exhaled from the 

point of maximal inspiration to the point of 
maximal expiration [IRV + ERV]

Total lung capacity  
(TLC)

Total volume of air in the lungs after a maximal 
inspiration [IRV + ERV + RV]

Functional residual  
capacity (FRC)

Amount of air in the lung at the end of a quiet 
exhalation [ERV + RV]
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and tends to exert an inspiratory action on the diaphragm. 
In contrast, the upright posture affects the rib cage in a manner 
more like expiration, with gravity pulling the rib cage inward 
and downward. In the supine position, gravity exerts a small 
expiratory action on the rib cage but a more pronounced expi-
ratory action on the abdominal contents and diaphragm. The 
pressure–volume curve for the chest wall is shifted to the right 
(i.e., produces less opposition to the inward recoil of the lung) 
and results in a shift in the V

rx
 and hence, FRC to smaller vol-

umes (in normal individuals about 10% or more). The Tren-
delenburg position can emphasize this decrease in FRC by an 
additional 10% of TLC. This fact should be kept in mind when 
a patient is emerging from anesthesia following surgery in the 
supine or Trendelenburg position.

Lung Compliance, Lung Volume,  
and Dynamic Modifiers

Healthy adults with relatively stiff chest walls or low chest wall 
compliance (C

cw
) tend to breathe near their relaxation volumes 

or FRC because the respiratory system is most efficient when 
under these conditions. In other words, the necessary transpul-
monary pressure gradient ( P) that must be generated to pro-
duce an adequate resting V

T
 ( V) is optimized on the steeper 

slope of this pressure–volume relationship to require the least 
amount of work of breathing (WOB). The slope of this rela-
tionship defines the respiratory system compliance (C

rs
). The 

compliance of the respiratory system is calculated in a simi-
lar fashion to P

rs
. Since the pressure (at a given volume) is 

inversely proportional to compliance, the total compliance of 
the respiratory system (C

rs
) is the algebraic sum of the recip-

rocals of the compliance of the lung (C
L
) and the chest wall 

(C
cw

). Therefore the equation is as follows:

  

C
rs
 is normally in the range 50–80 mL/cm H

2
O. Examples 

of pathologic conditions that alter compliance are pulmo-
nary fibrosis (a decrease in lung compliance) and scoliosis 
(a decrease in chest wall compliance) through its effect on the 
spine and rib cage. To sustain the respiratory system at high 
lung volumes is disadvantageous from a mechanical stand-
point and requires a considerable increase in WOB to balance 
the increased elastic chest wall and lung components. A sec-
ondary factor establishing the FRC is the interplay of dynamic 
factors [22]. During quiet breathing, there is sufficient time 
for passive emptying of the lungs. However, at high rates 
of ventilation during exercise or when emptying is delayed 
because of obstruction to flow, end-expiratory volumes may 
be determined more by dynamic factors rather than a static 
equilibrium. In obstructive lung diseases, despite the general 
increase in C

L
 by destruction of the alveolar architecture and 

decline in elastic recoil, the increase in V
rx
 (FRC) is as much 

a reflection of effort-dependent dynamic airway compression 
and expiratory flow limitation. Therefore, dynamic factors 
can play an important role in setting the equilibrium point for 
the volume of the respiratory system and FRC.

The notion that dynamic factors can impact FRC is an 
important one that influences not only normal physiology 
but thoracic pathology and artificial conditions such as gen-
eral anesthesia and mechanical ventilation. Dynamic FRC 
is determined by the balance between two major factors: the 
time available for expiration (t

E
) and the rate of lung empty-

ing or flow. The expiratory time (t
E
) is highly influenced by 

the expiratory time constant ( ), which in its simplest form is 
the product of airway resistance to flow (R

aw
) and compliance 

(C
rs
). As an example, neonates have an increased R

aw
 because 

of the small diameter of their airways and have a highly com-
pliant chest wall (increased C

rs
) due to their underdeveloped 

rib cage and musculature. Thus , which equals (R
aw

 × C
rs
), is 

relatively prolonged. If the ratio t
E
/  is less than 3, dynamic rs L cw1 / 1 / 1 / .C C C

Fig. 4.4. Static pressure–volume curves of the 
respiratory system. The isolated chest wall pres-
sure (P

cw
) – thoracic cavity volume curve (large 

dash-dot line) crosses the zero pressure or equi-
librium point at approximately 60% of TLC. 
The isolated lung pressure (P

L
) – volume curve 

(small dash-dot line) approaches its equilibrium 
point at about 20% TLC or RV. Note that P

cw
 can 

be positive (force provided by contraction of the 
inspiratory muscles to achieve TLC) or negative 
(even greater force exerted by expiratory muscles 
to collapse the chest wall to reach RV). The alge-
braic summation of the chest wall and lung 
compliance ( V/ P) curves defines the static 
pressure–volume relationship of the total respira-
tory system (solid line). Note that in the totally 
relaxed state the balance between outward recoil 
of the chest wall and the inward recoil of the lung 
is at a lung volume (V

rx
) that usually approxi-

mates functional residual capacity (FRC).
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FRC exceeds V
rx
 and airway pressure at end-expiration does 

not reach zero. Therefore there is incomplete expiration down 
to V

rx
 and retention of air occurs. This phenomenon continues 

to about 1 year of age whereupon sufficient maturity of the 
respiratory system produces a reduction in  and increase in t

E
 

to favor the normal adult pattern [23].
The same “air trapping” process can occur in adult indi-

viduals with prolonged expiratory times as a result of airway 
obstruction from COPD, asthma, or external airway compres-
sion from masses, for example. Incomplete expiration may 
occur during either spontaneous or mechanical ventilation. 
When describing a mechanically ventilated patient, the condi-
tion is referred to as “dynamic hyperinflation” and reflects a 
measurable increase in airway pressure above the normal zero 
pressure at end-expiration. In the literature this has often been 
referred to as “intrinsic PEEP” and reflects the pulmonary 
end-expiratory pressure produced by the elastic recoil of the 
respiratory system at the higher lung volume.

Distribution of Ventilation

Ventilation is not homogeneous in the lung due to a number of 
factors, some of which still remain controversial. The most fre-
quent explanation for this nonuniformity is the effect of grav-
ity and the balance of all of the previously mentioned forces 
acting on the lung and chest wall. In the upright posture, the 
greatest vertical height is attained by the lung. Because the 
lung consists of a honeycomb of interconnected thin-walled 
sacs and airways and holds a considerable volume of blood 
within the blood vessels interspersed within its structure, it 
has mass that is acted upon by gravitational forces. Gravity 
will tend to favor blood flow to the dependent portions of 
the lung, and therefore its weight will add to the weight of the 
lung tissue. This has multiple effects. First since the elastic 
lung septae are all interconnected, they distribute this force 
throughout the lung. The tendency for the lung to retract away 
from the chest wall at its apex creates a more negative (sub-
atmospheric) pleural pressure than the pleural pressure at the 
lower dependent portions of the lung where its weight reduces 
the magnitude of the negative pleural pressure [24]. The gradi-
ent of pleural pressure from the lung apex to its base has been 
estimated at 0.4 cm H

2
O per each centimeter of vertical height. 

Second, the increased stretch on the alveoli at the apex of the 
upright lung creates regions of larger, more inflated alveoli 
that become progressively smaller as one moves closer to the 
dependent lung base (Fig. 4.3). A consequence of this apical 
alveolar enlargement is to decrease compliance and create an 
inhomogeneous distribution of air within the lung during a 
breath at FRC; greater distribution of the breath to the base 
as opposed to the apex [24, 25]. Obviously, one might expect 
less of a transpulmonary pressure gradient from nondepen-
dent to dependent portions of the lung when supine or prone 
as compared to the upright position. In addition, the bronchi 
are supported by the radial traction of the surrounding lung 
parenchyma. Airway caliber will increase as the lung expands 

and contract when the lung shrinks significantly impacting 
airway resistance. At very low lung volumes, the small air-
ways may close completely, a condition frequently seen at the 
very base of the lung where it is less well expanded. Also, 
the rate of inspiration directly impacts the homogeneity of gas 
distribution. At high inspiratory rates, air is distributed more 
evenly throughout the lung than at very slow rates [26].

In summary, numerous studies using a variety of tracer gases 
(e.g., N

2
, He, 133Xe) to measure alveolar gas washout have dem-

onstrated that inspired gas distribution is inhomogeneous [25]. 
In the ideal, upright individual, during a spontaneous breath, 
inspired gas will tend to preferentially enter those open alveoli 
near the base of the lung which are the most compliant. As the 
breath continues, the gas will enter the more apical, less com-
pliant alveoli and any previously atelectatic basilar alveoli as 
they become recruited by the traction exerted by the remainder 
of the expanding lung. In other words, although the nondepen-
dent lung areas are more distended at FRC, a given transpul-
monary pressure gradient generated during a normal breath 
produces a greater volume change and therefore ventilation, 
to the dependent areas. Review Figs. 4.3 and 4.4 for a graphi-
cal explanation of the underlying mechanism. Numerous factors  
are responsible for the distribution of ventilation and their 
 potential impact in the thoracic surgical patient must be antici-
pated as body position, anesthetic gases, intravenous fluid 
shifts, surgical trauma, one-lung ventilation with positive pres-
sure, and any broncho- or vasoactive drugs are introduced. 
These regional differences in ventilation are important in 
matching ventilation to perfusion for optimal gas exchange.

The Pulmonary Circulation

Anatomical Considerations

The lung circulation comprises two sources of blood flow; the 
pulmonary circulation from the main pulmonary artery and 
the smaller, bronchial circulation arising from the aorta. The 
pulmonary circulation dominates, by volume, and serves to 
deliver the mixed venous blood to the alveolar capillaries to 
facilitate gas exchange and to act as a large, low resistance 
reservoir for the entire cardiac output from the right ventricle. 
The bronchial circulation serves to provide nutritional sup-
port to the airways and their associated pulmonary blood ves-
sels [27]. The bronchial circulation also provides a constant 
source of heat and moisture for warming and humidifying 
the inspired air. Of note, not all of the bronchial circulation 
drains into the systemic venous system. A small portion of the 
bronchial venous drainage mixes with the pulmonary venous 
drainage and contributes a small physiological shunt.

Pulmonary Hemodynamics

Despite receiving all of the cardiac output from the right ven-
tricle, the pulmonary vasculature maintains a relatively low 
pulmonary blood pressure. The normal adult mean pulmonary 
artery pressure (P

PA
) is between 9 and 16 mm Hg with systolic 
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P
PA

 between 18 and 25 mm Hg. Several features enable the 
pulmonary circulation to maintain this high flow at such low 
pressures. First, the pulmonary vasculature is extremely thin-
walled with far less arterial vascular smooth muscle than its 
systemic counterparts. The result is a highly compliant res-
ervoir capable of accommodating an average 3.2 L/min/m2 
blood flow at rest or 6–8 times that flow during exercise. Sec-
ond, the total pulmonary vascular resistance (PVR) is quite 
low, on the order of less than 250 dynes/s/cm5. This minimizes 
the pressure work faced by the less robust right ventricle while 
still enabling the right ventricle to match the output of the left 
ventricle. PVR can change as a result of numerous factors, 
hypoxia, acidosis, mitral valve stenosis or regurgitation, left 
ventricular failure, primary pulmonary hypertension, or pul-
monary emboli, to name just a few. PVR can be calculated 
using data from a pulmonary artery catheter as:

  

where PAOP is the pulmonary artery catheter occlusion pres-
sure which is assumed to reflect the left atrial pressure, CO 
is cardiac output (L/min), and the factor, 79.9 converts from 
mm Hg/L/min to units of absolute resistance, dynes/s/cm 5.

Distribution of Perfusion

Gravity and Pulmonary Blood Flow

Blood flow within the lung is distributed in a nonhomoge-
neous fashion. Many studies have demonstrated this behavior 
although explanations vary [28–30]. The earliest studies used 
radioactive tracers injected into the bloodstream and measured 
the radioactive emissions by sandwiching the subject between 
two external arrays of scintillation counters. The most com-
mon tracer employed was xenon-133 which has an extremely 
low solubility in the blood so most of it rapidly moves into the 
alveoli during the first pass, i.e., little recirculation. The time to 
achieve a steady state in the lung after injection was estimated 
at 3–4 s. Data acquisition of a 30-cm scan of the chest could be 
completed in about 30 s enabling single breath-hold studies at 
different static lung volumes. The data were limited to a two-
dimensional representation of the lung and failed to account for 
the very apex and base of the lung for technical reasons. None-
theless the studies clearly showed a gradient of perfusion from 
the apex and increasing toward the base in the upright lung; 
presumably reflecting the effects of gravity [25]. However, 
more refined techniques using radioactive microspheres and 
advanced computerized three-dimensional imaging techniques 
have revealed that blood flow distribution is highly variable 
even in those portions of the lung at a uniform vertical height 
[31, 32]. Indeed it appears that there are “high-flow” and “low-
flow” regions of the lung whose perfusion is only minimally 
altered by changes in body position. Several studies performed 
under zero-gravity [33, 34] and microgravity [35] support the 
notion that the whole-lung gravitational and postural changes 

seen in blood flow distribution are primarily determined by 
shifts in the lung parenchymal density which are augmented 
by smaller gravitational contributions to individual alveolar 
flow within the dependent regions of the lung.

Architecture and Pulmonary Blood Flow

If gravitational influences fail to completely explain the het-
erogeneity of lung perfusion then other factors must be pres-
ent. One popular concept is the role played by the branching 
pattern of the blood vessels. At each pulmonary vascular 
branch point, that proportion of the pulmonary blood flow 
that continues down each subsequent arterial branch is depen-
dent upon its downstream resistance to flow. The progressive 
branching pattern of the blood vessels is assumed to be similar 
in geometry within each generation. However, the number of 
generations will be influenced by the size of lung region. This 
“fractal geometry” theory has been employed in a number of 
biological systems to analyze flow [36]. Indeed its use as a 
foundation to explain heterogeneity in the distribution of gas 
and blood through generations of branching airways and vas-
culature has proven particularly useful [37, 38].

When 133Xe blood flow studies are performed at different 
lung volumes in the same individual, a marked variation in 
the distribution occurs [39]. The greatest changes occur at the 
apex and base of the lung. Going from TLC to RV results in 
large drop in the percentage of blood flow to the base while 
a modest increase in the flow to the apex occurs at RV com-
pared to TLC. One explanation for this pattern of regional 
blood flow is that, similar to the effects on airway resistance, 
traction exerted on the small arteries within the lung paren-
chyma decreases their resistance. The greater the traction, 
e.g., at high lung volumes, the lower the arterial resistance. 
However, to explain the improvement in apical blood flow at 
RV requires that we suppose that large lung volumes compress 
the alveolar capillaries and increase their resistance to flow. 
Therefore, there must be a balance between alveolar pressure 
effects on the alveolar capillaries and the interstitial traction 
effects on the extra-alveolar pulmonary arterioles. Figure 4.5 
illustrates this concept of lung volume and vascular resistance 
of intra-alveolar and extra-alveolar blood vessels.

Regional “Zones of Blood Flow”

A common conceptualization of the effects of posture and 
hemodynamics on the distribution of blood flow within the 
whole lung, the “Zones of West” model, has been useful clini-
cally. First described in 1964 by West and Dollery, the model 
describes the dependence of pulmonary perfusion upon the 
interaction between three basic pressures: alveolar pressure, 
pulmonary arterial, and venous pressures [25]. The notion of 
three (or four) “lung zones” dictated the blood flow through the  
acinus (see Table 4.3 and also Chap. 5, Fig. 5.10). In Zone 1, 
the alveolar pressure (P

A
) is considered to be greater than 

both the arteriole (P
a
) and venule (P

v
) pressures thus creating 

PAPVR [( PAOP) / CO] 79.9.P
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a decreased transmural pressure favoring compression of the 
alveolar capillary and impeding blood flow (Fig. 4.5). Zone 
1 (most nondependent region of lung) is considered to be 
fairly small in the spontaneously breathing individual but can 
enlarge during positive pressure ventilation. Zone 2 ( a tran-
sition region between the most nondependent and dependent 
regions) is where the arteriole pressure (P

pa
) is greater than 

alveolar pressure (P
A
) but venule pressure (P

v
) remains less 

than the other two pressures throughout most of the respiratory 
cycle. The net effect is a resistance to blood flow governed 
by the difference between P

pa
 and P

A
. The transition is likely 

a gradual one and will vary throughout the respiratory cycle, 
especially when mechanical ventilation is employed. The size 
of Zone 2 will be subject to a wide variety of clinical condi-
tions. The bulk of the normal lung is likely described by Zone 3  

(dependent region of lung) where both arteriole and venule 
pressures are greater than alveolar pressure during all phases 
of the respiratory cycle such that blood flow is unimpeded 
and, presumably, gas exchange continues unabated. Finally, a 
Zone 4 has been proposed. It is that region where atelectasis or 
severe pulmonary interstitial edema has developed and results 
in blood flow determined by the difference between P

pa
 and 

the pulmonary interstitial fluid pressure (P
isf

).
The pulmonary vasculature can best be viewed as a large 

branching tree with two components defining the distribution 
of blood flow within it. One component is the fixed structure 
that is the primary determinant of regional perfusion. However, 
superimposed on this fixed component is a highly variable 
component that is influenced by numerous local factors. While 
fractal geometry can explain properties of the fixed component, 
the variable component is less predictable and subject to both 
passive and active regional factors. Some examples of regional 
factors are recruitment and distension due to changing cardiac 
output and blood pressure, lung distension or vasomotion in 
response to HPV, shearing stresses, or pharmacologic interven-
tions. The importance of all of these influences on ventilation 
and perfusion in the lung cannot be overstated. To optimize gas 
exchange requires the best possible “match” between alveolar 
ventilation and the delivery by the blood of CO

2
 to the alveolus 

for removal and the absorption of O
2
 for delivery to the body 

to sustain metabolism.

Ventilation to Perfusion Matching  
(The V

A
/Q Ratio)

In a perfect world, the ventilation perfectly matches the per-
fusion in the lung. Therefore with a typical resting value of 
alveolar ventilation of 4 and 5.1 L/min for pulmonary blood 
flow, we could calculate a global ventilation to perfusion ratio 
(V

A
/Q) of 0.8. However, as we have already discussed, the lung 

does not enjoy a homogeneous distribution of either ventila-
tion or perfusion. A gradation exists between alveoli that are 
underventilated to those that are grossly underperfused. As 
expected the V

A
/Q ratios will vary from zero where an alveolus 

is perfused but not ventilated to a V
A
/Q ratio of infinity where 

there is no alveolar blood flow but the alveolus remains ven-
tilated. Useful physiologic descriptors of these two extremes 
are “physiological shunt” for a V

A
/Q ratio nearing zero and 

“physiological dead space” when the V
A
/Q ratio approaches 

infinity. The prefix “physiological” connotes that physiologic 
events can be superimposed to create these conditions in con-
trast to fixed anatomical arterial-venous shunts or the non-
respiratory airways, i.e., anatomical dead space.

In the healthy conscious individual, the expected shunt 
or venous admixture is only about 1–2% of the cardiac out-
put. This degree of venous admixture is likely to produce an 
alveolar to arterial PO

2
 gradient of about 7 mm Hg or less in 

someone breathing ambient air. However, the degree of venous 

Fig. 4.5. Pulmonary vascular resistance (PVR) changes with lung vol-
ume. Small pulmonary blood vessels are affected by lung volume as 
a result of their location with relation to alveolar sac. Alveolar cap-
illaries are most compressed between alveoli at high lung volumes, 
while extra-alveolar vessels are stretched by the radial traction of the 
lung elastic recoil. The relationship is just the opposite at low lung 
 volumes. As a result total PVR is highest at both extremes of lung 
volume and has its nadir at FRC.

Table 4.3. Regional flow zones of the lung.

Zone
Pressure  
relationships Blood vessels

Determinants  
of blood flow

1 P
A
 > P

pa
 > P

v
Collapsed Minimal flow

2 P
pa

 > P
A
 > P

v
Intermittent patency P

pa
 − P

A

3 P
pa

 > P
v
 > P

A
Distended P

pa
 − P

v

4 P
pa

 > P
isf

 > P
v
 > P

A
Restriction P

pa
 − P

isf

P
A
 alveolar pressure; P

pa
 pulmonary arteriole pressure; P

v
 pulmonary venule 

pressure; P
isf

 interstitial fluid pressure
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admixture has been shown to increase with age. Administration 
of 100% inspired oxygen can achieve acceptable P

a
O

2
 in the 

face of venous admixture up to about 30%. During most gen-
eral anesthetics, an F

i
O

2
 of 40% is sufficient unless moderately 

severe shunting is present. Shunting developing during general 
anesthesia likely has two sources, atelectasis and redistribu-
tion of ventilation to regions of high V

A
/Q ratio. The former 

can be corrected or significantly reduced by the application of 
PEEP. The latter may actually be worsened by PEEP. The end 
result will depend on the condition predominantly causing the 
increased venous admixture.

These conditions have significant consequences for meta-
bolic homeostasis because of its impact on gas exchange. 
Alveoli with no ventilation will have a P

A
O

2
 and P

A
CO

2
 identi-

cal to that of mixed venous blood because the trapped alveolar 
gas will equilibrate with the CO

2
 and O

2
 levels in the mixed 

venous blood. Likewise for those alveoli ventilated but not per-
fused, the P

A
CO

2
 and P

A
O

2
 will be identical to the inspired gas 

since there is no blood to either add CO
2
 or remove O

2
 from 

the alveolus. Therefore for all alveoli with ratios in-between 
these extremes, their alveolar gas partial pressures will reflect 
the degree of both ventilation and perfusion. V

A
/Q ratios have 

been measured under a variety of conditions and modeled to 
show a basic pattern in the normal upright lung under sponta-
neous respiration (see Fig. 4.6). Note that perfusion changes 
relatively more than ventilation as you progress from the lung 
base to its apex resulting in V

A
/Q ratios ranging from 0.6 to 3.3 

[40]. Even these ratios may not represent the extreme values in 
the upright lung since the apex and base of the lung do not lend 
themselves to accurate assessment for technical reasons.

One method that has been used extensively in the  laboratory 
to detect and quantify the disparity between ventilation and 
perfusion in normal and diseased human lungs is the Multi-
ple Inert Gas Elimination Technique (MIGET) [41]. Multiple 
tracer gases dissolved in a physiologic medium are infused 
intravenously for 30 min. The original mix included SF6, 
 ethane, cyclopropane, halothane, ether, and acetone which  
are nonreactive with hemoglobin and possess a wide range of 
solubilities. After 30 min, mixed venous, arterial and mixed 
expired samples are taken and analyzed by gas chromatog-
raphy for the arterial retention and alveolar excretion of each 
gas. Cardiac output and minute ventilation are measured. Each 
tracer gas has a linear dissociation curve and a single blood-gas 
solubility co-efficient. Plots of ventilation and blood flow vs. 
calculated V

A
/Q ratio are derived for each gas. The composite 

V
A
/Q distribution is fitted to 48 discrete compartments plus one 

for shunt (V
A
/Q = 0) and one for alveolar dead space (V

A
/Q = ). 

Note the characteristic plots in Fig. 4.7. Figure 4.7a shows a 
normal subject characterized by a near-perfect match between 
the blood flow curve and the ventilation curve. But note that 
both distributions are bell-shaped curves supporting the notion 
of heterogeneity of both ventilation and perfusion in the nor-
mal lung. In comparison, Fig. 4.7b demonstrates a characteristic 
graph with a large degree of mismatch produced, in this case, 
by multiple pulmonary emboli. Note the significant physiologic 
dead space indicated by considerable ventilation to underper-
fused regions. In addition, there are large regions of perfusion 
to areas that are relatively underventilated producing areas in 
the lung of physiologic shunt. Finally, note the calculated shunt 
fraction of 8.8%; likely the result of pulmonary edema. It is also 
possible that under this pathologic condition, a portion of the 
cardiac output is passing through the lung through anatomic a-v 
shunts as well. These paths may become recruited when PVR 
increases as a compensatory mechanism to limit the increase in 
PVR or to accommodate gross increases in pulmonary blood 
volume as in congestive heart failure.

Hypoxic Pulmonary Vasoconstriction

HPV is an adaptive vasomotor response to alveolar hypoxia, 
which redistributes blood to optimally ventilated lung segments 
by an active process of vasoconstriction, thereby improving 
ventilation–perfusion matching. This is the major intrinsic 
mechanism of the lung to divert blood flow from pulmonary 
acini served by occluded or partially ventilated bronchioles 
to neighboring well-ventilated pulmonary acini. Such condi-
tions can transiently develop under a number of conditions, 
micro-atelectasis, mucus plugging, edema or inflammation, 
for example. HPV provides for a rapid and reversible response 
to changing conditions in the local environment. The mecha-
nism is most efficient when the adjustments are restricted to 
small distances between adjacent pulmonary acini or at most, 
bronchiole segments. It tends to be less effective when the 
involved areas become large such as whole lung segments 

Fig. 4.6. General distribution of blood flow and ventilation and the 
ventilation-to-perfusion ratio as a function of distance from the base 
of the upright lung to its apex. Both ventilation and blood flow are 
significantly greater at the base of the lung than its apex. However, 
the relation is much steeper for blood flow than for ventilation. 
Therefore, the ventilation–perfusion ratio (V

A
/Q) is greater at the 

apex or nondependent regions of the lung than the base or dependent 
regions of the lung.
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or lobes. When global hypoxia is present as in the fetus in 
utero, HPV mechanisms lead to very high pulmonary arterial 
pressures which divert blood through the foramen ovale and 
ductus arteriosus, a useful adaptation to life with a placenta. 
However, when alveolar hypoxia is global as upon ascent to 
high altitude, ARDS, hypoventilation syndromes, severe cys-
tic fibrosis, or emphysema, HPV responses can be maladap-
tive and lead to pulmonary hypertension and potentially, right 
heart failure.

The molecular and subcellular mechanisms subserving 
HPV are a contemporary polemic. However, several aspects 
are well documented and are important to the clinician. We 
will focus on these in our discussion. Bradford and Dean [42] 
were credited with the first modern observation of HPV as a 
result of asphyxia in 1894 and noted the dichotomy between 
the vasodilatory response of systemic arteries and the vaso-
constriction of pulmonary arteries by the same stimulus. 
Recognition of HPV as an important adaptive mechanism 
for ventilation–perfusion matching is attributed to Von Euler 
and Liljestrand [43]. They noted the vasoconstriction of small 
intrapulmonary arteries in response to hypoxia without hyper-
capnia; a response limited to the pulmonary circulation. Later 
it was shown that the predominant stimulus was an inspired 
hypoxic gas mixture and not hypoxemia per se. Initial animal 
experiments showed that if the normal alveolar O

2
 partial pres-

sure was maintained in the face of a hypoxic blood perfusate 
to the lung, minimal HPV occurred [44, 45]. However, sub-
sequent studies have clearly demonstrated that a low mixed 

venous PO
2
 and therefore low pulmonary artery P

a
O

2
 will aug-

ment the HPV response to an hypoxic F
i
O

2
 but low pulmonary 

venous PO
2
 has no effect [46, 47]. Indeed, as the size of the 

hypoxic lung increases, PVR increases, mixed venous oxygen 
tensions begin to fall, and the ability of HPV to shunt blood to 
the remaining well-ventilated lung becomes compromised. In 
fact if mixed venous PO

2
 drops significantly, P

A
O

2
 in the ven-

tilated alveoli drops sufficiently that the pulmonary perfusion 
pressure of those segments increases as well [46, 48]. Others 
have demonstrated that HPV remains intact despite chemical 
sympathectomy, bilateral vagotomy, and denervation of the 
carotid and aortic chemoreceptors [49, 50]. Finally, bilateral 
lung transplants in man retain their hypoxic pulmonary vaso-
constrictive responses [51]. HPV is augmented by conditions 
and chemicals which globally enhance PVR such as acidemia, 
hypercapnia, histamine, serotonin, and angiotensin II to name 
a few.

The actual cellular oxygen sensor has yet to be determined. 
Current research appears to implicate the mitochondria of 
the pulmonary vascular smooth muscle cell as the main site 
[52, 53]. Numerous biochemical studies have indicated that 
selective interruption of the mitochondrial electron transport 
chain complexes can impair HPV. A unifying theme seems 
to be the hypoxia-induced change in the level of oxygen 
free radicals and hydrogen peroxide in the smooth muscle 
cell [54]. These changes affect the release of calcium from 
the sarcoplasmic reticulum and the voltage-dependent mem-
brane conductance to potassium resulting in depolarization 

Fig. 4.7. Ventilation (open circles) or pulmo-
nary blood flow (closed circles) as a function 
of computed ventilation–perfusion ratio (V

A
/Q) 

using the MIGET. See text for details of the 
experimental method. (a) Normal distribution 
of ventilation, blood flow, and calculated V

A
/Q 

ratios demonstrating a good match between 
alveolar blood flow and alveolar ventilation. 
(b) A characteristic plot in the presence of mul-
tiple pulmonary emboli. Note the dispersion of 
blood flow to regions of the lung with low V

A
/Q 

ratios and the ventilation distributed to areas of 
high V

A
/Q ratios. Ventilation is wasted presum-

ably because of the obstruction of the pulmo-
nary blood flow to many regions by emboli. The 
high calculated shunt of 8.8% likely reflects 
pulmonary edema and possibly the increased 
blood flow through anatomic arterial-venous 
shunts as a result of pulmonary hypertension 
(based on data from Wagner et al. [90]).
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and  contraction of the smooth muscle; hence vasoconstriction  
[52, 53, 55]. There appears to be a two-step response to 
hypoxia with an immediate increase in PVR and pulmonary 
perfusion pressure occurring within minutes followed by 
gradual increase to a maximum that occurs over hours and 
can be sustained [56–58]. The response can be enhanced by 
hypercapnia and may involve decreased production of NO by 
the pulmonary epithelium and endothelium [56].

Clinical Applications

Anesthesia and Atelectasis

J.F. Nunn was one of the first to show that during anesthe-
sia and spontaneous ventilation, gas exchange was altered by 
shunt and inhomogeneous V/Q ratios [59]. He concluded from 
his observations that a normal range of P

a
O

2
 could be main-

tained if the alveolar PO
2
 (P

A
O

2
) was at least 200 mmHg which 

would require an F
i
O

2
 of at least 35%. Many have speculated 

that induction of general anesthesia lead to decline in oxygen-
ation as a result of alveolar collapse (atelectasis), but it was an 
important observation by Brismar et al. [60] that demonstrated 
the regional collapse of lung. They were able to demonstrate 
using computed tomography that within 5 min of the induc-
tion of anesthesia, dependent edges of the lung developed 
an increase in density consistent with atelectasis. It is now 
accepted that this occurs in dependent lung regions in approxi-
mately 90% of patients who undergo general anesthesia using 
a wide variety of agents [61]. Epidural anesthesia may be the 
one modality that appears to cause very little atelectasis and no 
change in V

A
/Q matching or oxygenation [62, 63].

Three basic mechanisms are currently implicated in the 
cause of atelectasis under general anesthesia. See the excel-
lent review of the topic by Magnusson and Spahn [64]. The 
near universal finding of rapid lung collapse upon induction 
of anesthesia and the rapid reappearance after discontinuation 
of PEEP has led to the conclusion that atelectasis was due to 
compression of lung tissue rather than alveolar gas absorption 
behind occluded airways [60]. The fluoroscopic study by Fro-
ese and Bryan of the diaphragmatic motion of spontaneously 
breathing volunteers demonstrated that in the supine posi-
tion the dependent portion of the diaphragm had the greatest 
cephalad displacement. Initiation of paralysis with neuromus-
cular blocking agents and positive pressure ventilation created 
a reversal of this motion with the nondependent or superior 
aspect of the diaphragm underwent the greatest displacement 
with each ventilated breath [65]. Others have confirmed and 
extended these observations using CT scans [66, 67]. It is 
now apparent that the geometry of the chest and diaphragm is 
altered under general anesthesia with greater relaxation of the 
chest wall and a marked cephalad displacement of the most 
dorsal portion of the diaphragm in end-expiration.

Absorption atelectasis can occur when the rate of gas uptake 
into the blood exceeds the rate of ventilation of the alveolus. 

The extreme condition is total occlusion of an airway which 
isolates the alveolar gas in the distal alveolar and respiratory 
airways. The gas pressure within this compartment initially 
is nearly at atmospheric pressure. However, given that mixed 
venous blood continues to perfuse this area, and the fact that 
the sum of the gas partial pressures within mixed venous blood 
is subatmospheric, gas uptake from the occluded compartment 
by blood continues and the alveoli collapses [68]. Computer 
modeling has demonstrated that the rate of gas absorption 
from unventilated areas is dependent upon the initial F

i
O

2
 [69].  

However, in many clinical situations the airways are not com-
pletely occluded but rather ventilation to an area becomes 
severely reduced. If the inspired V

A
/Q ratio of a respiratory unit 

is reduced, a point is reached where the rate at which inspired 
gas enters the alveolus is exactly balanced by the gas uptake 
into the blood. If V

A
/Q ratio drops below this critical equilib-

rium point, the volume of the alveolus declines and collapse 
ensues. Again this process is augmented by the presence of a 
high P

A
O

2
 and a rapid rate of gas uptake [70, 71].

Finally, loss of alveolar surfactant may play a role in alveolar 
instability at low alveolar volumes and collapse. The rapidity 
of alveolar collapse following alveolar recruitment maneuvers 
and discontinuation of PEEP has suggested that atelectasis per 
se may interfere with surfactant production. Therefore, atelec-
tatic regions of the lung may be predisposed to recurrence of 
collapse because of reduced levels of surfactant, increased 
alveolar surface tension and, the aforementioned mechanisms, 
all contributing to reduced alveolar volumes.

Anesthesia and V
A
/Q Matching

Of great interest to anesthesiologists, is the impact of their 
anesthetic or pharmacologic interventions on the pulmonary 
homeostatic mechanisms. A wide variety of drugs have been 
investigated with respect to HPV and V

A
/Q matching. In gen-

eral, volatile anesthetics do not have a large impact on HPV. 
However, volatile anesthetics could have a significant clini-
cal effect in those patients with diseased lungs or poor car-
diac function. Isoflurane can decrease cardiac output and is a 
potent vasodilator. As such it has been possible to demonstrate 
a concentration-dependent reduction of regional HPV by iso-
flurane during one-lung ventilation in experimental animals 
[72]. Domino et al. calculated that this increased the degree 
of shunt flow by approximately 4%. It is likely that this effect 
on blood flow and V

A
/Q mismatch would be amplified in a 

thoracotomy patient with diffuse lung disease and with a sig-
nificant preoperative fraction of cardiac output going to the 
nondependent lung. The newer volatile anesthetics cause less 
vasodilation but still produce some, albeit small, degree of 
shunt possibly through their general effects on cardiac output 
[73–75]. Studies in animals indicate that 70% nitrous oxide 
moderately diminishes the HPV response [76]. The gen-
eral impression is that all volatile anesthetics can affect the 
HPV mechanism to some degree but rather it is their impact 
on the patient’s general physiology that may warrant greater 
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consideration in their selection. When volatile anesthetics are 
compared with propofol or propofol and narcotic infusions, 
there appear to be only slight differences, none reaching sta-
tistical significance [75, 77, 78]. Intravenous drugs of most 
classes used in anesthesia such as barbiturates, opioids, ben-
zodiazepines, and ketamine do not appear to have a measur-
able effect on the HPV response. However, these drugs can 
still influence hemodynamics in other ways which can impact 
blood flow through the lung. Therefore except for possible 
changes in emergence pharmacokinetics or pharmacodynam-
ics, there are no known significant advantages of using total 
intravenous anesthesia over volatile anesthetics with regard to 
HPV in the thoracotomy patient.

The effects of thoracic epidural anesthesia or analgesia on 
HPV have not been as extensively studied. However, those 
animal studies examining the effects of thoracic epidural local 
anesthetics have not seen a significant blunting of HPV and 
any changes in shunt fraction are more likely to represent 
changes in global hemodynamics [79].

Nonanesthetic Drugs and HPV

In addition to volatile anesthetics, there are numerous drug 
classes that influence PVR and several have been shown to 
modify HPV directly. A partial list of common drugs that can 
affect the pulmonary vasculature are compiled in Table 4.4. 
Unfortunately, detailed pharmacodynamic studies are miss-
ing for many of these drugs which are commonly being used 
in patients. So it is quite difficult to extrapolate experimental 
findings to the clinical setting. Nonetheless the thoracic anes-
thesiologist must be aware of the potential effects of using 
vasoactive drugs in a perioperative setting where undesirable 
effects on HPV may be manifest.

Interventions to modify blood pressure or improve inotro-
pic state can have direct effects on the pulmonary vascula-
ture. Sodium nitroprusside, nitroglycerin, and hydralazine are 
potent vasodilators that can worsen P

a
O

2
 rapidly by reducing 

HPV, although preexisting vascular tone can influence the 
response [80, 81]. Attempts to improve the inotropic state 
of the heart, especially the right ventricle, with milrinone 
will concurrently vasodilate the pulmonary vasculature [82]. 

The improvement in cardiac output can enhance systemic O
2
 

delivery and mixed venous PO
2
 so that the net effect on V

A
/Q 

matching could be beneficial. Perioperative administration of 
inhaled NO, inhaled PGI

2
, and sildenafil to control pulmonary 

hypertension and improve the right ventricular afterload will 
also modulate HPV [83, 84]. Fortunately, inhaled pulmonary 
vasodilators are more selective and theoretically are distributed 
to those better-ventilated lung regions to enhance pulmonary 
blood flow [85]. The intention is to amplify the response of 
HPV in the poorly ventilated regions. Newer pharmacologic 
approaches to treating coronary artery disease and chronic 
heart failure including those with chronic pulmonary hyper-
tension have salient effects on the remodeling of both the 
heart and pulmonary vasculature. However, new findings also 
suggest that angiotensin II receptor blockers and angiotensin-
converting enzyme inhibitors may attenuate HPV response in 
acute hypoxia [86, 87].

Finally, future research will need to sort out the effects of 
acute hypoxia from chronic hypoxemia. It is apparent that 
a condition of chronic hypoxemia such as can be found in 
chronic pulmonary disease can slowly alter the normal acute 
response to a drop in F

i
O

2
 [88]. A downregulation of the 

HPV mechanisms might occur in the face of chronic hypoxia 
such that interventions such as inhaled NO may prove less 
efficacious [89].

In summary, the etiology of abnormal gas exchange in the 
patient undergoing thoracic surgery is complex, highly vari-
able, and ever-changing throughout the course of surgery. 
While certain aspects of the effect of pulmonary mechanics 
and control of pulmonary blood flow distribution are known, 
the subtle interaction between the inflammatory response to 
surgical trauma, mechanical ventilation (especially one-lung 
ventilation), and the poorly understood impact of both acute 
and chronic pharmacologic interventions have yet to be sat-
isfactorily defined. Until more is known, it will be extremely 
difficult to predict with any certainty the consequences of our 
anesthetic management.
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5
Physiology of the Lateral Decubitus Position,  
Open Chest and One-Lung Ventilation
Jens Lohser and Seiji Ishikawa 

Key Points

Ventilation and perfusion matching is optimized for gas 
exchange.
Induction of anesthesia, one-lung ventilation (OLV) and 
opening of the chest progressively uncouple ventilation–
perfusion (V/Q) matching.
Hypoxic pulmonary vasoconstriction (HPV) improves V/Q 
matching during OLV, but can be impaired by anesthetic 
interventions.

Introduction

Early attempts at intrathoracic surgery in nonventilated patients 
were fraught with rapidly developing respiratory distress and 
a fast moving operative field. The difficulty with performing a 
thoracotomy in a spontaneously breathing patient, for both the 
patient and the surgeon, is easily explained by two phenom-
ena: Pendel-luft and Mediastinal shift (Fig. 5.1) [1]. Both phe-
nomena can be explained by the fact that the pleural interface 
has been disrupted in the open hemithorax so that no negative 
intrathoracic pressure is being created in response to a spon-
taneous inspiratory effort and chest-wall expansion. In the 
closed hemithorax, on the other hand, chest-wall expansion 
and the resulting negative intrathoracic pressure will produce 
gas flow into the lung via the mainstem bronchus. However, 
inspiratory gas flow will not only come from the trachea, but 
also from the operative lung, which is free to collapse due 

to the surgical pneumothorax. Inspiration therefore results in 
nonoperative lung expansion and operative lung retraction. 
The reverse process occurs during expiration, where bulk expi-
ratory gas flow, from the nonoperative lung, not only escapes 
via the mainstem bronchus into the trachea, but also back into 
the re-expanding operative lung. This process results in the 
“pendular” motion of the lung with inspiration and expiration. 
Mediastinal shift occurs due to a similar process. The nega-
tive inspiratory pressure in the closed hemithorax is equally 
applied to the mediastinum, which is secondarily pulled 
away from the open thorax during inspiration. The reverse is 
true during expiration, where positive intrathoracic pressure 
pushes the mediastinum across into the open thorax. When 
combined, these two mechanisms explain the difficult expo-
sure for the operating surgeon due to a fast moving operat-
ing field, and the rapidly developing respiratory distress in 
the patient secondary to inefficient to-and-fro ventilation with 
limited CO

2
 elimination and fresh gas entrainment (Fig. 5.1). 

Interestingly, awake thoracic surgery is being re-popularized 
in certain high-risk individuals, but the use of video-assisted 
thoracoscopic surgery (VATS), which avoids opening of the 
hemithorax, minimizes the above stated issues [3].

Selective ventilation of one lung was first described in 1931 
and quickly resulted in increasingly complex lung resection 
surgery [4]. While infinitely better tolerated than spontaneous 
respiration, hypoxia was a frequent occurrence during the early 
years of OLV. Extensive research over the ensuing decades has 
clarified the basic physiology governing pulmonary perfusion 
(Q) and ventilation (V), as well as the disturbances that are 
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caused by anesthetic and surgical interventions. Knowledge 
of the basic physiology is necessary to appreciate ventilation/
perfusion (V/Q) disturbances during OLV.

Perfusion

Pulmonary blood flow is essential for multiple processes. Pul-
monary arterial blood carries carbon dioxide to the alveoli for 
removal and exhalation. Pulmonary venous blood provides 
filling and oxygen to the left heart to support systemic perfu-
sion and metabolic oxygen demand, respectively. Because of 
the closed nature of the circulatory system, the entire cardiac 
output (CO) has to pass through the pulmonary circulation. 
Pulmonary perfusion pressures are significantly lower than 
systemic perfusion pressures and become further reduced by 
1-cm H

2
O for each centimeter of elevation that blood flow has 

to travel above the level of the heart. Perfusion is therefore 
not uniform across the lung, as pulmonary arterial (P

pa
) and 

venous (P
pv

) pressures are dependent on the relative elevation 
above the heart, whereas the extrinsic compressive force of 
the alveolar distending pressure (P

A
) is relatively constant. 

The interplay of pressures across the lung results in distinct 
territories of lung perfusion, which are known as the West 
Zones (Fig. 5.2a) [7, 8]. Zone 1 exists in the most superior 
aspect of the lung and is characterized by alveolar pressures 
that exceed intravascular pressures (P

A
 > P

pa
 > P

pv
). This results 

in capillary collapse and secondary complete obstruction of 
blood flow. Zone 1 therefore represents alveolar “dead space.” 
While Zone 1 is minimal under normal circumstances, it 
may  increase in the presence of increased P

A
 (positive pres-

sure ventilation) or decreased P
pa

 (decreased CO). Moving 
inferiorly in the lung, P

pa
 values increase due to the lesser 

elevation above the heart and begin to exceed P
A
. This char-

acterizes Zone 2 (P
pa

 > P
A
 > P

pv
) where P

pa
 exceeds P

A
 result-

ing in capillary blood flow. As P
A
 continues to exceed P

pv
, 

 capillary blood flow remains dependent on the differential 
between P

pa
 and P

A
. This relationship has been likened to a 

waterfall, as the amount of flow is dependent on the upstream 
“water” pressure (P

pa
), relative to the level of the mountain 

ledge or dam (P
A
), but independent of the downstream “water” 

level (P
pv

). Zone 3 (P
pa

 > P
pv

 > P
A
) is reached when P

pv
 begins 

to exceed P
A
, resulting in pulmonary perfusion independent 

of P
A
 and only determined by difference between P

pa
 and P

pv
. 

Zone 4 (P
pa

 > P
is
 > P

pv
 > P

A
) is that portion of the lung where 

interstitial pressure P
is
 is higher than venous pressure P

pv
, 

resulting in a reduction in blood flow relative to the pres-
sure differential between P

pa
 and P

is
. This is analogous to the 

patient with increased intracranial pressure (ICP) due to cere-
bral edema, where the “interstitial” pressure (ICP) exceeds 
the venous outflow pressure (CVP) and therefore reduces  

Fig. 5.2. (a, b) Pulmonary blood flow distribution as it relates to the 
alveolar pressure (P

A
), the pulmonary arterial pressure (P

a
), the pul-

monary venous pressure (P
v
) and the interstitial pressure (P

is
) at vari-

ous gravitational levels. Classic West Zones of blood flow distribution 
in the upright position (a). In vivo perfusion scanning illustrating 
 central-to-peripheral, in addition to gravitational blood flow distribu-
tion, in the upright position (b). See text for further details ((a)  modified 
from West [5] and (b) Hakim et al. [6], with permission).

Fig. 5.1. Schematic representation of “Pendel-luft” and mediastinal 
shift. See text for details (modified from Benumof [2]. © Elsevier 
1995).
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the cerebral perfusion pressure. Zone 4 can exist in the most 
inferior portions of the lung, or may alternatively be created 
by exhalation to low lung volumes or increased interstitial 
pressures such as in volume-overload [8]. One should keep in 
mind that the West zones are an oversimplified static picture of 
a dynamic, cyclical system, as lung regions may move through 
various zones depending on the stage of the cardiac and respi-
ratory cycle that they are in. For example, a given zone 2 lung 
region may become zone 1 during diastole (low P

pa
) and posi-

tive pressure inspiration (high P
A
) or may become zone 3 in 

systole (high P
pa

) and mechanical expiration (low P
A
). The 

gravitational model of the West zones helps to illustrate the 
basis of V/Q mismatch in the lungs, but only partially reflects 
human physiology. In vivo perfusion scanning, with tagged 
albumin micro-aggregates in healthy volunteers, has dem-
onstrated a combination of gravitational distribution and an 
“onion-like” layering, with reduced flow at the periphery of 
the lung and higher flow toward the hilum (Fig. 5.2b) [6]. 
It has also been shown that the perfusion of the left lung, 
in the dependent left lateral decubitus position, is lower 
than would be expected based simply on gravity redistribu-
tion. Compression and/or distortion elicited by the heart and  
mediastinum is the likely cause for this reduction [9].

The pulmonary vascular bed is a low-resistance conduit and 
possesses significant recruitable territory, which helps to off-
set any increases in pressure. Mild increases in P

pa
 cause pro-

gressive recruitment of previously nonperfused vasculature. 
Once recruitment is complete, further increases in P

pa
 dis-

tend the pulmonary vessels, which accommodates increases 
in blood flow and helps to minimize increases in right ven-
tricular afterload. These modifications allow pulmonary 
pressures to stay low, even when CO is increased to levels 
as high as 30 L/min during exercise [10]. At extreme levels 
of P

pa
, distention of blood vessels will fail to decrease intra-

vascular pressures resulting in transudation of fluid into the 
interstitium [11]. Vascular resistance within the pulmonary 
circulation is also influenced by the degree of lung inflation. 
There are two populations of pulmonary vessels that exhibit 
opposing responses to lung inflation. Alveolar capillaries are 
exposed to intra-alveolar pressures and therefore experience 
increasing resistance to flow, or may actually collapse, as lung 
volumes increase. Intraparenchymal, extra-alveolar vessels, 
on the other hand, experience outward radial traction with 
lung expansion, which progressively decreases their resis-
tance. The cumulative effect is a parabolic resistance curve, 
with minimal pulmonary vascular resistance (PVR) at func-
tional residual capacity (FRC) and progressive increases in 
resistance at extremes of lung volume (Fig. 4.5).

HPV

Oxygen-sensing mechanisms are active throughout the human 
body (placenta, ductus arteriosus, carotid body and pulmonary 
arteries) and have been reviewed in detail [12]. HPV of the pul-
monary arterial bed is one such mechanism. In the fetus HPV-
induced high PVR results in diversion of blood flow across the 

foramen ovale and ductus arteriosus. HPV remains important 
ex utero, as it allows V/Q matching by reducing perfusion to 
poorly oxygenated lung tissue. HPV is active in the physiologic 
range (P

A
O

2
 40–100 mmHg in the adult) and proportional to not 

only the severity of the hypoxia, but also the amount of hypoxic 
lung. HPV is maximal if between 30 and 70% of the lung are 
hypoxic (Fig. 5.3). Low partial pressure of oxygen results in 
inhibition of potassium currents, which leads to membrane 
depolarization and calcium entry through L-type calcium chan-
nels. Extracellular calcium entry, plus calcium release from the 
sarcoplasmic reticulum, culminates in smooth muscle contrac-
tion, primarily in low-resistance pulmonary arteries with a 
diameter less than 500 m [12]. The primary stimulus for HPV 
appears to be the alveolar partial pressure of oxygen (P

A
O

2
); 

however, the pulmonary venous partial pressure of oxygen 
(P

v
O

2
) is also involved. HPV is maximal at normal P

v
O

2
 levels, 

but is inhibited at high or low levels. Low P
v
O

2
, for example in 

low CO states, results in a decrease in P
a
O

2
 and therefore gen-

eralized, competing vasoconstriction. Conversely, high P
v
O

2
 in 

the setting of sepsis will decrease the vasoconstrictor response 
in hypoxic areas due to the generalized increase in P

a
O

2
. Vaso-

constriction occurs in a biphasic temporal fashion. The early 
response occurs within seconds and reaches an initial plateau 
at 15 min, followed by a late response resulting in maximal 
vasoconstriction at 4 h [13–16]. HPV reduces the shunt flow 
through the operative lung by roughly 40%, facilitating the safe 
conduct of OLV (Fig. 5.4), although some have questioned its 
true clinical importance [17].

Fig. 5.3. Model of the effect of hypoxic pulmonary vasoconstriction 
(HPV) on P

a
O

2
 as a function of the percent of lung that is hypoxic. 

The model assumes an F
i
O

2
 of 1.0, normal hemoglobin, cardiac 

 output and oxygen consumption. The HPV benefit is maximal 
when 30–70% of the lung are hypoxic (modified from Benumof [2].  
© Elsevier 1995).
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Extremes of HPV may cause harm. Over-activity, particularly 
during exercise at high altitudes, may result in high-altitude 
pulmonary edema [14]. The opposite is true in thoracic anes-
thesia where inhibition of HPV may result in intra-operative 
hypoxemia. Many studies have attempted to identify agents or 
interventions that potentiate or inhibit the pulmonary vasocon-
strictor response to hypoxia. Most research has been performed 
on animals, as interventions are more easily standardized.  
Perioperative HPV modifiers are summarized in Table 5.1.

Anesthetic Modifiers

Inhibition of HPV by inhalational anesthesia has long been 
recognized. Ether, halothane and nitrous oxide inhibit HPV 
in a dose-dependent fashion, and the underlying intracellu-
lar mechanisms have been described for halothane [64]. The 
effect of the newer inhalation anesthetics such as isoflurane, 
desflurane and sevoflurane is less certain. They appear to be 
neutral toward HPV, or at least not cause significant depres-
sion in clinically relevant doses. Intravenous anesthesia with 
propofol has been proposed as a means of avoiding HPV 
modulation, but the improvement in oxygenation is clinically 
insignificant, except in marginal patients. Results on the influ-
ence of thoracic epidural anesthesia (TEA) on oxygenation 
have been conflicting. Garutti et al. showed an increase in pul-
monary venous admixture and secondary worse oxygenation, 
which may have been due to a drop in CO [65]. Multiple other 
studies failed to demonstrate an effect of TEA on oxygenation 
during OLV, when hemodynamic variables were maintained 
[34–36]. Traditional thoracic teaching has emphasized to keep 
patients warm and dry, which is supported by the fact that 
hypothermia and both, hemodilution and increased left atrial 
pressure, inhibit HPV. Almitrine and nitric oxide (NO) have 
been shown to provide a potential avenue for HPV modula-
tion. Almitrine, a respiratory stimulant that causes pulmonary 

Fig. 5.4. Schematic representation of two- vs. one-lung ventilation. Typical values for fractional blood flow to the nondependent and dependent 
lungs as well as P

a
O

2
 and Q

s
/Q

t
 for the two scenarios are shown. The Q

s
/Q

t
 during two-lung ventilation is assumed to be distributed equally between 

the two lungs (5% each). The main difference between two- and one-lung ventilation is the obligatory shunt through the nonventilated lung. HPV is 
able to reduce the shunt flow through the nondependent lung by 50%. Total shunt fraction in the one-lung ventilation setting consists of the residual 
shunt flow through the nondependent lung plus the baseline 5% shunt through the dependent lung (modified from Benumof [2]. © Elsevier 1995).

Table 5.1. Peri-operative modifiers of hypoxic pulmonary 
 vasoconstriction.

Effect References

Patient factors
COPD − [18]
Cirrhosis − [19]
Sepsis − [20]a

Pregnancy − [21]a

Female sex − [22]a

Exercise − [23]a

Systemic HTN + [24]
EtOH + [25]a

Physiologic changes
Metabolic acidosis + [26]a

Respiratory acidosis 0 [26]a

Metabolic alkalosis − [26]a

Respiratory alkalosis − [26]a

Hypercapnea + [13]
Hypocapnea − [13]
Hyperthermia + [27]a

Hypothermia − [27]a

Increased LAP − [28]a

Increased P
v
O

2
− [29]a

Decreased P
v
O

2
+ [29]a

Peri-operative interventions
Trendelenburg − [30]
Lateral decubitus + [31]
Supine position 0 [31]
Surgical lung retraction + [32]
Hemodilution − [33]
Epidural anesthesia 0 [34–37]
Inhaled NO 0 [37]

Pharmacologic agents
Inhalational anesthetics
 Nitrous oxide − [38]
 Halothane − [39]
 Enflurane 0 [40]
 Isoflurane 0/− [41]
 Desflurane 0 [42]
 Sevoflurane 0 [43]

(continued)
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vasoconstriction when given intravenously, has been shown 
to potentiate HPV and improve oxygenation. Endogenous 
NO causes vasodilation and thereby inhibits HPV; however 
if given by the inhalational route to the ventilated lung during 
OLV, NO causes localized vasodilation and thereby decreases 
shunt fraction. The combination of intravenous almitrine with 
inhaled NO results in synergistic improvement in V/Q match-
ing and oxygenation. Almitrine, however, is not widely avail-
able and is associated with the potential for significant toxicity. 
Although clearly efficacious, the focus on HPV manipulation 
with potentially dangerous agents such as almitrine has been 
called a distraction from more common reasons for desatura-
tion, such as hypoventilation of the dependent lung [17].

Other Modifiers of HPV

Surgical retraction can assist HPV by increasing PVR in 
the operative lung [32]; however, the release of vasoactive 
substances secondary to the manipulation may conversely 
result in an inhibition of HPV [66]. Ligation of pulmonary 

vessels during lung resection results in the permanent exclu-
sion of vascular territory and thereby a reduction in shunt flow 
[66]. The side of surgery influences the extent of shunt flow, 
as the larger right lung receives a 10% higher proportion of 
CO than the left lung. Positioning is important as the lateral 
decubitus position allows for a gravity-induced reduction in 
shunt flow to the nondependent lung. Procedures that call for 
supine positioning, on the other hand, are hampered by higher 
shunt flow to the nondependent lung and may have higher 
rates of intra-operative desaturations [31]. Similarly, addition 
of a head-down tilt to the left lateral position has been shown 
to worsen oxygenation during OLV, likely due to dependent 
lung compression by abdominal contents [30].

Cardiac Output and Arterial Oxygenation

Arterial oxygen content (CaO
2
) is influenced by end-capillary 

oxygen content (CcO
2
), oxygen consumption (VO

2
), CO (Q

t
) 

and shunt flow (Q
s
). CaO

2
 can be calculated using Eq. (5.1), 

and the interaction of the various factors on CaO
2
 is illustrated 

in Fig. 5.5 [67].

s t
2 2 2 t

s t

/
CaO = CcO (VO / ) ×

10 × (1 / )

Q Q
Q

Q Q
 (5.1)

The influence of CO on arterial oxygenation during OLV 
has been studied repeatedly. Slinger and Scott showed a direct 
correlation between increasing CO and improving oxygen-
ation in patients during OLV [68]. Similarly, CO augmented 
by a small dose of dobutamine (5 g/kg/min) has been 
shown to improve arterial oxygenation and decrease shunt 
fraction [69, 70]. However, larger doses of dobutamine have 
been shown to adversely affect arterial oxygenation in a 
porcine model of OLV. Russell and James increased CO to supra-
normal levels (two to three times normal) with dopamine, 
dobutamine, adrenaline or isoproterenol [71, 72]. They dem-
onstrated that while high CO increases mixed venous oxygen-
ation, this benefit is overridden by an increase in shunt fraction, 
resulting in impaired arterial oxygenation. The shunt fraction 
is likely increased due to weakened HPV in the face of increases 
in pulmonary arterial pressure [28, 73]. Animal studies have 
similarly shown that high doses (20–25 g/kg/min) of dopamine 
and dobutamine inhibit HPV response in dogs with left 
lower lobe hypoxia [74] and one-lung atelectasis [53]. At 
low CO, oxygenation will therefore be impaired secondary 
to a low mixed venous oxygen saturation, despite a relatively 
low shunt fraction. At supranormal CO, on the other hand, 
oxygenation will be impaired due to an increased shunt frac-
tion, despite the high mixed venous saturation (Fig. 5.6). 
This interplay bears some resemblance to the opposing 
effects of alveolar and parenchymal vascular resistance on 
PVR (Fig. 4.5). Maintenance or restoration of “normal” CO is 
therefore important for oxygenation during OLV. The avail-
ability of noninvasive monitoring devices makes CO data 
more readily available and allows for appropriate titration of 
inotropes when required.

Effect References

Intravenous anesthetics
 Propofol 0/+ [43, 44]a

 Ketamine 0 [44]a

 Opioids 0 [45]a

Calcium channel blockers
 Verapamil − [39]
 Diltiazem 0 [46]

Adrenergic blockers
 Propranolol + [47]a

 Phenoxybenzamine − [47]a

 Phentolamine − [48]
 Clonidine + [49]a

Vasodilators
 Hydralazine − [48]
 Nitroglycerin − [50]a

 Nitroprusside − [51]
 Sildenafil 0 [52]

Vasoactive agents
 Dopamine ? [53]a

 Isoproterenol − [54]a

 Norepinephrine − [54]a

 Phenylephrine + [55]
 Vasopressin 0? [56]a

Other
 Losartan (ARB) − [57]
 Lisinopril (ACE-I) − [58]
 Methylprednisolone 0 [59]
 Indomethacin + [50]a

 ASA + [50]a

 Prostacyclin − [60]
 PGE

1
− [61]a

 Salbutamol + [62]
 Atrovent + [62]
 Lidocaine + [38]a

aAnimal data
Modified from Lohser [63], with permission

Table 5.1. (continued)
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Ventilation

Similar to pulmonary perfusion, gravitational forces also 
affect the distribution of ventilation throughout the lung. 
The negative pressure of the visceral–parietal pleural inter-
face forces the lung to maintain the shape of the hemithorax. 
Disruption of that interface (as in a pneumothorax) results in 
recoil deflation of the lung, which, analogous to a fluid filled 
balloon, will take on a more globular shape (Fig. 5.7). The 
same forces are active even with an intact pleural interface and 
affect the cumulative transpulmonary pressure. The inherent 
tendency of the lung to want to collapse away from the upper 
chest-wall adds to the negative pleural pressure at the top of 
the lung, while the tendency of the dependent lung to want to 

push  outward reduces negative pleural pressure at the bottom 
of the lung. The resulting vertical pressure gradient accounts 
for a change of 0.25 cm H

2
O per centimeter of vertical distance 

Fig. 5.5. The influence of cardiac output on 
 arterial oxygen content (CaO

2
. Plot A: hemoglo-

bin concentration 15 g/dL, oxygen consumption 
(VO

2
) 150 mL/min, shunt fraction (Q

s
/Q

t
) 0.2). 

Plot B: hemoglobin concentration 15 g/dL, VO
2
 

150 mL/min, Q
s
/Q

t
 0.4. Plot C: hemoglobin 

concentration 15 g/dL, VO
2
 75 mL/min, Q

s
/Q

t
 

0.2. Plot D: hemoglobin concentration 10 g/dL, 
VO

2
 150 mL/min, Q

s
/Q

t
 0.2 (from Levin et al. 

[67], with permission).

Fig. 5.6. Effect of cardiac output on P
a
O

2
 during OLV (on the basis of 

the data from Slinger and Scott [68] and Russell and James [71]).

Fig. 5.7. Schematic diagram of the lung within the chest wall illus-
trating the tendency of the lung to assume a globular shape because 
of the lung’s viscoelastic nature. The tendency of the top of the lung 
to collapse inward creates a relatively more negative pressure at the 
top of the lung. Thus, pleural pressure increases by 0.25 cm H

2
O  

per centimeter of lung dependency (modified from Benumof [75].  
© Elsevier 1983).
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along the lung. On the basis of a height of 30 cm of the upright 
lung this corresponds to a change in transpulmonary pressure 
(P

pl
) of 30 × 0.25 = 7.5 cm H

2
O between the top and the  bottom 

of the lung [76]. The distending force (P
A
) is the same for all 

alveoli; however, P
pl
 becomes less negative toward the bottom 

of the lung. The net effect is that the transalveolar distend-
ing pressure (P

A
 − P

pl
) is higher at the top of the lung, result-

ing in a larger alveolar volume compared to the bottom of 
the lung. In fact, this difference in size can be as much as 
fourfold. While the dependent alveoli are relatively small and 
compressed, they fall on the steep (compliant) portion of the 
volume–compliance curve and receive a disproportionately 
larger amount of the alveolar ventilation. The larger alveoli 
of the upper lung fall on the flat (noncompliant) portion of the 
volume–compliance curve and therefore change little during 
tidal respiration (Fig. 4.3) [77].

Ventilation–Perfusion Matching

Efficient gas exchange hinges on matching of perfusion and 
ventilation. Both ventilation and perfusion increase progres-
sively from nondependent to dependent areas, but the change 
in perfusion is more extreme and ranges from zero flow to 
high flows. As a result, nondependent areas tend to be rela-
tively underperfused (V/Q >> 1), whereas the dependent areas 
are relatively overperfused (V/Q << 1) (Fig. 4.6). Postcapil-
lary blood from the under-ventilated, dependent lung zones 
(V/Q << 1), therefore, tends to be relatively hypoxic and 
slightly hypercapnic. Nondependent lung zones, which are 
relatively over-ventilated (V/Q >> 1), are able to compensate 
by removing excess CO

2
, but due to the flat O

2
- hemoglo-

bin curve, they are less capable of increasing oxygen uptake. 
High V/Q areas therefore compensate for carbon dioxide, but 
not for oxygen, exchange. As a result, the alveolar–arterial 
(A–a) gradient, in the setting of significant V/Q mismatch, 
is large for oxygen and relatively small for carbon dioxide 
(Fig. 5.8) [78].

OLV provides a significant challenge to V/Q matching. 
Once lung isolation has been established, residual oxygen is 
gradually absorbed from the nonventilated lung until complete 
absorption atelectasis has occurred. At that point, pulmonary 
blood flow to the operative lung is entirely wasted perfusion. 
The resulting right-to-left shunt through the nonventilated 
lung is in addition to the normal 5% of shunt in the ventilated 
lung. As blood flow to each lung is roughly equal (right lung 
55% of CO, left lung 45% of CO), this mathematically results 
in a shunt fraction of at least 50%. Observed shunt fractions 
are fortunately much lower (Fig. 5.4). Both passive and active 
mechanisms decrease the blood flow through the operative 
lung. Surgical manipulation and, in the lateral position, grav-
ity passively reduce the blood flow to the nonventilated lung. 
In addition, HPV actively increases vascular resistance in the 
nonventilated lung, resulting in a gradual decrease in shunt 
fraction.

V/Q Matching in the Lateral Position

Awake

The distribution of alveoli on the compliance curve is main-
tained when an awake, spontaneously breathing patient 
assumes the lateral position. Dependent alveoli remain small 
and compliant, whereas nondependent alveoli stay large and 
noncompliant. Because of the position change, however, dif-
ferent areas of the lung are now dependent and nondependent. 
While caudal regions are small and compliant in the upright 
position, in the lateral position it is the dependent (down) 
lung, which receives most of the ventilation. Additionally, 
the cephalad displacement of the dependent diaphragm by 
abdominal contents results in more effective diaphragmatic 
muscle contraction. The net result is preferential ventilation 
of the dependent lung in the lateral position relative to the 
nondependent lung (Fig. 5.9) [2, 15].

Perfusion is similarly affected in the lateral decubitus 
position. The gravity dependent distribution of flow is main-
tained, with a roughly 10% shift of CO to the dependent lung. 
A dependent right lung will therefore receive 65% of CO, 
compared to the 55% it receives in the upright or supine posi-
tion. For a dependent left lung this will result in an increase 
from the normal 45% of CO towards 55% of CO (Fig. 5.10) [79]. 
When combined, the lateral position favors the dependent 
lung in ventilation and perfusion, and V/Q matching is main-
tained similar to the upright position.

Fig. 5.8. The ventilation–perfusion ratio and the regional  composition 
of alveolar gas. Compared with the top of the lung, the bottom of the 
lung has a low ventilation–perfusion ratio and is relatively hypoxic 
and hypercarbic (from West [78], with permission).
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Anesthetized

Induction of anesthesia decreases diaphragmatic and inspira-
tory muscle tone, which results in a 15–20% drop in FRC in 
both lungs. The change in lung volume alters the relative posi-
tion of each lung on the compliance curve. The dependent lung 
drops from the steep portion of the volume–pressure curve, to 
the flat, noncompliant position. The nondependent lung on the 
other hand drops from the shallow position of the curve into 
the steeper portion previously occupied by the dependent lung 

(Fig. 5.9). As a result, the nondependent lung is now more 
compliant than the dependent lung and becomes preferentially 
ventilated [2, 80, 81]. The distribution of perfusion, on the 
other hand, is not affected by the induction of anesthesia. Con-
sequently, ventilation and perfusion have become uncoupled 
with the nondependent lung receiving the bulk of ventilation 
(but little perfusion) and the dependent lung receiving the 
majority of perfusion (but little ventilation) [2, 15].

Paralyzed/Ventilated

Muscle relaxation, which entirely removes diaphragmatic and 
inspiratory muscle tone, further alters the distribution of ven-
tilation. Diaphragmatic contraction played a more dominant 
role due to the favorable, higher resting position in the lateral 
decubitus (Fig. 5.11). Once paralyzed, static displacement of 
the relaxed diaphragm by abdominal contents and the gravity 
force of the mediastinum further restrict the lower lung, resulting 
in an additional decrease in its compliance (Fig. 6.3).  Coupled 
with the institution of positive pressure ventilation, this fur-
ther favors nondependent lung ventilation. Pulmonary perfu-
sion is unaffected by muscle relaxation. However, the increase 
of P

A
 due to the institution of positive pressure ventilation will 

increase zone 1 (P
A
 > P

pa
) and zone 2 territory (P

A
 > P

pv
). The 

combination of reduced ventilation of the dependent lung and 
reduced perfusion of the nondependent lung disrupts V/Q 
matching beyond what was seen for the anesthetized, sponta-
neously breathing patient [2].

Open Chest

Opening of the chest, as well as the resulting loss of negative 
intrapleural pressure, releases the mediastinal weight onto the 
dependent lung, further worsening its compliance. The nonde-
pendent lung on the other hand is now free to move indepen-
dent of chest-wall constraints, solely based on parenchymal 
compliance. Consequently, the lung will collapse, if lung 

Fig. 5.9. Schematic diagram of a patient in the lateral decubitus position. The change in the distribution of ventilation with the transition from 
the awake state to the anesthetized state is illustrated (modified from Benumof [2]. © Elsevier 1995).

Fig. 5.10. Schematic representation of the effects of gravity on the 
distribution of pulmonary blood flow in the lateral decubitus position. 
The vertical gradient in the lateral decubitus position is less than that 
in the upright position (Fig. 5.2). Consequently there is less zone 1 
and more zones 2 and 3 blood flow in the lateral decubitus position 
compared with the upright position (alveolar pressure (P

A
), pulmo-

nary arterial pressure (P
a
), pulmonary venous pressure (P

v
)) (modi-

fied from Benumof [2]. © Elsevier 1995).
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 isolation has been applied, or will be able to herniate through 
the thoracotomy incision if still ventilated. The distribution 
of pulmonary blood flow will not be affected by opening the 
chest unless there is distortion of the mediastinal structures 
(Fig. 5.12). V/Q matching will depend on whether lung iso-
lation is being employed. During TLV, opening of the chest 
will result in a deterioration of V/Q matching, due to increase 
in zone 1 ventilation when the nondependent lung is allowed 

to herniate through the thoracotomy incision. Application 
of lung isolation, however, will divert all ventilation to the 
dependent lung, which already receives most of the perfusion, 
and therefore dramatically improves V/Q matching.

Most thoracic procedures are accomplished in the anesthe-
tized, paralyzed and mechanically ventilated patient. As we 
have seen in the preceding sections, induction of anesthesia, 
lateral decubitus positioning, paralysis and mechanical venti-
lation result in progressive disruption of the close V/Q match-
ing that is part of normal physiology. Pulmonary perfusion 
has remained rather undisturbed, with preferential perfusion 
of dependent areas. Conversely, ventilation has become pro-
gressively diverted to the nondependent lung, as the dependent 
lung experiences extrinsic compression by mediastinum and 
abdominal contents. The application of lung isolation forces 
ventilation back into the dependent lung and re-establishes 
relative V/Q matching in the dependent lung, at the expense of 
true shunt in the nondependent lung [2, 15].

Positions Other Than Lateral

Supine

Although not routine for thoracic surgery, a certain number of 
OLV cases are being performed in the supine position (e.g., 
chest-wall resections, sympathectomy, minimally invasive 
cardiac procedures). Lung compliance changes occur with 
induction of anesthesia, paralysis and mechanical ventilation, 
as previously described, however, unlike the lateral  decubitus 
position, now affect each lung equally. Abdominal, and to 
some degree mediastinal, compression affects each lung. 
 Pulmonary perfusion gradients are maintained in the supine 
position with preferential perfusion of dependent areas. As 
gravity affects both lungs equally the percentage of CO per-
fusing each lung is unaffected. V/Q matching is disturbed, 
with dependent areas receiving more perfusion, but less venti-
lation. Because of the minimal vertical distance from anterior 
to posterior compared to the lateral position, this disruption is 
relatively minimal in the supine position. However, initiation 
of OLV in the supine position is less well tolerated than in 
the lateral position. Because of the lack of gravity redistribu-
tion of blood flow, the shunt through the nonventilated lung 
is substantially larger than in the lateral decubitus position, 
resulting in worse oxygenation [31].

Prone

OLV in the prone position is rare; however, isolated reports of 
lung resection and minimally invasive esophagectomy in the 
prone position have been published [82–84]. The effects of 
prone positioning during TLV have been extensively investi-
gated [85]. In contrast to the supine position, V/Q matching and 
FRC are better maintained, with secondary marked improve-
ment in P

a
O

2
 values. Lung compliance is improved, in part 

due to the lack of compression of lung tissue by mediastinal 

Fig. 5.11. Anesthesia and surgery result in progressive cephalad 
 displacement of the diaphragm. All of, assuming the supine position, 
induction of anesthesia, paralysis, surgical positioning and retrac-
tion act to displace the diaphragm and decrease FRC (modified from 
Benumof [2]. © Elsevier 1995).

Fig. 5.12. Schematic summary of ventilation–perfusion relationships in 
the anesthetized patient in the lateral decubitus position. P

AB
 transmitted 

abdominal pressure (modified from Benumof [2]. © Elsevier 1995).
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structures [86]. The prone position lacks gravity redistribution 
of pulmonary blood flow similar to the supine position. The 
shunt fraction and oxygenation during OLV should therefore 
be comparable or better than the supine position, but worse 
than for the lateral position.

Summary

OLV is a well-established anesthetic technique, and it is 
increasingly being used to improve surgical exposure for a 
myriad of pulmonary and nonpulmonary intrathoracic pro-
cedures. Although well tolerated in the majority of patients, 
lung compliance and oxygenation are significantly impaired 
and may complicate the care of some patients. A thorough 
knowledge of pulmonary physiology explains the majority of 
the intra-operative trespasses that one encounters during OLV 
and enables appropriate interventions.
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6
Clinical Management of One-Lung Ventilation
Jens Lohser and Seiji Ishikawa

Key Points

Ventilation needs to be individualized for the underlying 
lung pathology.
Ventilation is a modifiable risk factor for acute lung injury.
Protective lung ventilation is a combination of small tidal 
volumes, low peak and plateau pressures, routine PEEP and 
permissive hypercapnea.
Hypoxia during one-lung ventilation is rare and often sec-
ondary to alveolar de-recruitment in the face of hypoven-
tilation.
Management of hypoxia requires a structured treatment 
algorithm.

Introduction

The development of thoracic surgery as a subspecialty only 
occurred after lung isolation and one-lung ventilation (OLV) 
had been reported. Prior to the description of endotracheal 
intubation and the cuffed endotracheal tube, only short intra-
thoracic procedures had been feasible. Rapid lung movement 
and quickly developing respiratory distress due to the surgical 
pneumothorax, made all but minimal procedures impossible. 
Selective ventilation of one lung was first described in 1931 
by Gale and Waters and quickly led to increasingly complex 
lung resection surgery, with the first published pneumonec-
tomy for cancer in 1933 [1]. Much has since been learnt about 
the physiology of OLV, particularly the issue of ventilation/
perfusion matching (see Chap. 5). Hypoxemia used to be the 
primary concern during OLV. However, hypoxemia has become 
less frequent due to more effective lung isolation techniques, 

particularly the routine use of fiberoptic  bronchoscopy (FOB), 
and the use of anesthetic agents with little or no detrimental 
effects on hypoxic pulmonary vasoconstriction (HPV). Acute 
lung injury (ALI) has replaced hypoxia as the chief concern 
associated with OLV [2].

Acute Lung Injury

Lung injury after lung resection was first recognized in the 
form of postpneumonectomy pulmonary edema [3], which 
is now referred to as post-thoracotomy ALI [4]. Pneumonec-
tomy carries a particularly high risk of lung injury, but lesser 
lung resections and even nonpulmonary intra-thoracic surgery 
which employs OLV can create the same pathology [5]. Post-
thoracotomy ALI is part of a spectrum of disease, which in its 
most severe form is recognized as acute respiratory distress 
syndrome (ARDS). Diagnosis is based on the oxygenation 
index of P

a
O

2
/F

i
O

2
 (P/F). Critical care consensus guidelines 

define ALI as a P/F ratio <300 and ARDS as a P/F ratio <200 
[6]. ALI after lung resection is fortunately infrequent, occur-
ring in 2.5–3.1% of all lung resections combined; however, 
the incidence can be as high as 7.9–10.1% after pneumonec-
tomies. Although infrequent, ALI after lung resection may be 
associated with significant morbidity in the form of prolonged 
intubation, hospitalization and death [5]. Mortality, which was 
reported to be as high as 37–64% amongst patients with ALI 
[7–9], may be on the decline, as a more recent report indi-
cated a mortality rate of 25–40% [10]. Similarly, Tang et al. 
reported a decrease in both incidence of (3.2 to 1.6%) and 
mortality from (72 to 45%) ARDS after pulmonary resection 
in a single institution cohort over a 10-year period. Their data 
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have to be interpreted with caution, however, as the number 
of pneumonectomies was drastically higher in the historical 
cohort (17.4 versus 6.4%), which may explain the higher mor-
bidity and mortality [11].

The etiology of lung injury is likely multifactorial (Fig. 6.1). 
Early on risk factors were felt to be right-sided surgery and 
large perioperative fluid loads. However, impaired lymphatic 
drainage, surgical technique, ventilation, transfusion, aspira-
tion, infection, oxidative stress and ischemia–reperfusion have 
all since been implicated [12]. The fact that ventilation may 
have detrimental effects in the critically ill patients in the form 
of ventilator-induced lung injury has long been recognized. 
Early animal studies demonstrated that high tidal volumes 
(45 mL/kg) are particularly injurious to the lung, irrespective 
of the applied pressure. This has led to the term “volutrauma” 
and the realization that end-inspiratory stretch plays a domi-
nant role in lung injury [13]. In ARDS patients, application of 
protective lung ventilation (PLV) with smaller tidal volumes 
and high positive end-expiratory pressure (PEEP) improved 
survival [14]. Additionally, protective ventilation was shown 
to inhibit progression of lung injury compared to high tidal 
volume ventilation [13]. Whether mechanical ventilation 
causes lung injury in normal lungs and whether protective 
ventilation should routinely be applied in anesthesia is being 
debated. Tidal volume reduction towards 6 mL/kg for patients 
with risk factors for lung injury, and no higher than 10 mL/kg 
for the remainder, have been proposed for routine two-lung 
ventilation (TLV) [15, 16]. Considering that most patients 
undergoing thoracic surgery have risk factors for lung injury 
(Table 6.1), tidal volume reduction during TLV, and even more 
so during OLV should become routine practice.

The application of OLV predisposes the patient to ALI. 
Radiologic density changes in patients with ALI after thoracic 
surgery are more pronounced in the nonoperative, ventilated 
lung [17]. An increased duration of OLV was found to be an 
independent predictor of ALI in a retrospective analysis [7]. 
In animal models, OLV causes histological changes compat-
ible with lung injury, including vascular congestion, diffuse 

alveolar wall thickening and damage, as well as a decrease 
in nitric oxide in the ventilated lung [18, 19]. Re-expansion 
of lung tissue after short-term OLV incites pro-inflammatory 
cytokine release in animals [20]. Similar cytokine elevations 
are found in patients undergoing thoracic surgery [21, 22]. 
Much of the early attention focused on the use of high tidal 
volumes during OLV. The analogy to ARDS has been drawn, 
as both involve ventilation of a so-called “baby lung” with 
reduced lung capacities [23]. Analogous to ARDS, high tidal 
volumes may therefore cause excessive end-inspiratory stretch 
during OLV.

Beyond ventilatory management, even anesthetic agents 
themselves appear to have the potential to modify the inflam-
matory response to OLV and surgery. De Conno et al. allo-
cated adult patients undergoing lung resection surgery into 
propofol or sevoflurane anesthesia, and found that the increase 
in inflammatory mediators during OLV was significantly less 
pronounced in the sevoflurane group. Composite adverse 
events were significantly higher in the propofol group, but 
the groups differed in OLV duration and the need for surgi-
cal re-exploration [24]. The possible benefit of inhalational 

Fig. 6.1. Proposed mechanisms for ALI and 
ARDS after lung resection surgery.

Table 6.1. Risk factors for ALI after OLV.

Patient
 Poor postoperative predicted lung function
 Preexisting lung injury
  Trauma
  Infection
  Chemotherapy
 EtOH abuse
 Female gender
Procedure
 Prolonged OLV (>100 min)
 Lung transplantation
 Larger resections (pneumonectomy > lobectomy)
 Esophagectomy
 Transfusion
 Large perioperative fluid load
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 anesthesia is not without merit, as volatile anesthetics have 
been shown to  confer attenuating effects in a model of alveolar 
epithelial injury [25]. In another study, which compared des-
flurane or propofol anesthesia in thoracic surgery patients, lev-
els of alveolar TNF  and sICAM-1 were significantly higher 
in the propofol group [26]. These studies indicate that anes-
thetic agents themselves may influence the pro- inflammatory 
response to OLV, but the true clinical relevance of that decrease 
remains to be established. Not surprisingly, however, the true 
answer as to lung injury avoidance after OLV is likely more 
complicated than simple tidal volume reduction.

Ventilator Settings

Tidal Volume

Tidal volumes used during TLV (10–12 mL/kg) used to be 
maintained into the period of OLV [27, 28]. Large tidal vol-
umes were recommended because they had been found to 
improve oxygenation and decrease shunt fraction, during both 
TLV [29] and OLV, irrespective of the level of PEEP applied 
[30]. Large tidal volumes were shown to provide end-inspira-
tory alveolar recruitment, resulting in improved oxygenation 
(Fig. 6.2). Excessive tidal volumes (e.g., 15 mL/kg), on the 
other hand, were shown to worsen oxygenation, secondary to 
elevations in pulmonary vascular resistance (PVR) resulting 
in increased shunt flow [31]. Based on the recent literature on 
ALI, it is becoming increasingly clear that large tidal volumes 
during OLV expose the patient to undue risk of postoperative 
respiratory complications.

Two retrospective case series by Van de Werff and Licker 
identified multiple risk factors among more than 1,000 patients 
undergoing lung resection surgery. Both studies demonstrated 
a significant association between high ventilating pressures 
and ALI, but failed to provide a link to intraoperative tidal 
volumes [7, 32]. Fernández-Pérez et al., on the other hand, 
showed a significant association between larger intraopera-
tive tidal volumes (8.3 vs. 6.7 mL/kg) and the development of 
postoperative respiratory failure in a single institution review 
of 170 pneumonectomies [33]. The study was criticized for 
the fact that ventilatory pressures were not analyzed, tidal vol-
umes referred to the largest volume charted on the anesthetic 
record, with the assumption that they had been carried over to 
OLV, and patients that developed respiratory failure received 
a median of 2.2 L of fluid intraoperatively [34]. However, the 
results were essentially duplicated in another single- institution 
review of 146 pneumonectomy patients. In that study, larger 
tidal volumes were independently associated with the devel-
opment of ALI/ARDS (8.2 vs. 7.7 mL/kg) with an odds ratio 
(OR) of 3.37 per one mL/kg increase in tidal volume per 
predicted body weight (95% confidence interval 1.65–6.86). 
Peak airway pressure was an additional independent risk fac-
tor with an OR 2.32 per cm H

2
O increase (95% confidence 

interval 1.46–3.67) [35].

One of the earliest trials of tidal volume reduction during 
OLV was an animal study published in 2003 [36]. Isolated 
rabbit lungs were subjected to OLV with either 8 mL/kg – zero 
end-expiratory pressure (ZEEP) or the “protective” 4 mL/kg – 
average PEEP 2.1 cmH

2
O (based on the dynamic pressure-

time curve). OLV was associated with increases in multiple 
surrogate markers of lung injury (pulmonary artery pressure 
[PAP], lung weight gain [LWG] and TXB

2
 cytokine levels), 

which occurred to a lesser degree in the protective ventila-
tion group. The protective ventilation group, however, only 
received half the minute ventilation of the control group, as no 
compensatory increase in respiratory rate was used in the low 
tidal volume group. Based on the study design it was therefore 
not possible to state whether the outcome benefit was due to 
any one, or all, of minute ventilation reduction, tidal volume 
reduction and/or application of external PEEP [36]. Kuzkov 
et al. showed that when comparing equal minute ventilation in 
anesthetized sheep undergoing pneumonectomies, protective 
ventilation with 6 mL/kg – PEEP 2 cmH

2
O lowered extravas-

cular lung water (a surrogate for lung injury), compared to 
12mL/kg – ZEEP [37]. While neither study was able to answer 
the question whether tidal volume reduction or the addition of 
PEEP results in improved outcomes, it appears clear that tidal 
volume reduction alone is not sufficient. This point was well 
illustrated by an animal study comparing low vs. high tidal 
volume ventilation with or without PEEP in ALI. While ani-
mals with high tidal volume ventilation and ZEEP clearly had 
significant cytokine elevations, all animals exposed to low 
tidal volumes and ZEEP died during the experiment [38].

Due to the infrequent occurrence of lung injury, prospective 
clinical studies have focused on cytokine levels as a surrogate 
marker for potentially harmful ventilation. Cytokine elevations 
are part of the disease process, as levels of IL-6, IL-8, sICAM-1 
and vWF are elevated even prior to intubation in patients with 
ALI [39] and baseline plasma levels of IL-6, IL-8 and IL-10 
are associated with an increased risk of death in patients with 
ARDS [40]. Wrigge et al. failed to demonstrate a difference 
in tracheal cytokine levels between patients ventilated with 
12–15 mL/kg – ZEEP or 6 mL/kg – PEEP 10 cmH

2
O during 

TLV and OLV for laparotomy or thoracotomy. Cytokine levels 
before, during and after OLV were no different between the 
groups [41]. However, tracheal aspirates may not be sensitive 
enough to detect early alveolar damage. Michelet randomized 
52 patients with normal lung functions undergoing esophagec-
tomy to OLV 9 mL/kg – ZEEP or 5 mL/kg – PEEP 5 cmH

2
O. 

In this study, serum cytokine levels (IL-1, IL-6, IL-8) increased 
perioperatively, but to a lesser degree in the protective ventila-
tion group [22]. The degree of lung injury and cytokine eleva-
tion may have been exaggerated by the fact that despite an 
average of 6 h of mechanical ventilation and 8 L of fluid, only 
the low tidal volume group received PEEP during OLV and no 
patient received PEEP during the remainder of the operation 
[22]. Esophageal surgery may also present a higher risk for 
lung injury as it is associated with cytokine elevations second-
ary to intestinal ischemia, potentially acting as a first hit [42].  
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The most compelling experimental evidence that tidal  volumes 
per se are linked to the etiology of ALI after lung surgery 
comes from a randomized trial, which investigated 32 patients 
scheduled for OLV and thoracotomy. Patients received OLV 

with 10 or 5 mL/kg, both without PEEP but identical minute 
ventilation. While OLV increased cytokine levels (TNF- , 
sICAM-1) in both groups, levels were lower in the low tidal 
volume ventilation group [21].

Fig. 6.2. Juxta-diaphragmatic lung CT images of a porcine one-lung ventilation (OLV) model. Scans during two-lung ventilation (TLV) before 
OLV (CT I), during OLV (CT II), and TLV after OLV (CT III). Lung aeration was defined based on image scaling units (Hounsfield); over-aerated 
(−1,000 to −900 HU), normally aerated (−900 to −500 HU), poorly aerated (−500 to −100 HU), and atelectatic (−100 to +100 HU) lung regions 
are coded by gray scale. The dependent lung border is outlined by the dashed line (reprinted from Kozian et al. [120], with permission).
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More important than cytokine elevations, clinically 
 significant outcomes of ALI, ICU admission and hospital stay 
were shown to be reduced in a cohort analysis of patients who 
routinely received PLV (2003–2008), as compared to histori-
cal controls (1998–2003) [44]. While historical controls are 
fraught with limitations due to concomitant developments 
and improvements in medical care, this analysis by Licker 
et al. showed a dramatic reduction in adverse postoperative 
respiratory outcomes after the routine implementation of a 
PLV strategy. The ventilation strategy consisted of an open 
lung concept, with tidal volumes <8 mL/kg, routine PEEP, 
pressure-control ventilation (PCV) and frequent recruitment 
maneuvers. The statistically averaged ventilation parameters 
among the 558 patients in their protective ventilation group 
consisted of a tidal volume of 5.3 mL/kg (standard deviation 
[SD] 1.1), plateau pressure of 15 cmH

2
O (SD 6), PEEP of 

6.2 cmH
2
O (SD 2.4) and respiratory rate of 15 bpm (SD 2). 

While the historical control already had a mean tidal volume 
of 7.1 mL/kg, only 24% of patients received tidal volumes less 
than 8 mL/kg, compared to the 92% compliance with low tidal 
volumes in the PLV cohort. As mentioned above, historical 
comparisons of ICU admission and length of hospitalization 
are difficult to interpret as criteria change and moves towards 
fast-tracking of patients are established. However, the defini-
tion of ALI has been consistent during the study period and 
the authors were able to show a significant reduction in ALI 
from 3.8 to 0.9% [44].

While the benefits of protective ventilation for lung injury 
prevention are becoming clearer, its impact on oxygenation 
is uncertain. Two studies that investigated PLV (lower tidal 
volume and PEEP) during OLV reported improved oxygen-
ation and shunt fraction as compared to traditional high tidal 
volume OLV [22, 37]. However, with inadequate or no PEEP, 
low tidal volume ventilation may be associated with worse 
oxygenation and shunt fraction [21]. Recruitment studies 
performed during protective OLV have shown that despite a 
PEEP of 8 cmH

2
O patient ventilated with a tidal volume of 

6 mL/kg showed significant recruitability of the ventilated 
lung, suggesting relative hypoventilation and atelectasis for-
mation. Despite the presence of atelectatic lung prior to the 
recruitment maneuver, however, oxygenation was adequate in 
all patients [43]. Postoperative arterial oxygenation was not 
affected in a historical cohort analysis of patients undergoing 
lung cancer surgery with a PLV protocol incorporating lower 
tidal volumes [44].

PEEP

Positive-end expiratory pressure minimizes alveolar collapse 
and atelectasis formation by providing resistance to mechani-
cal exhalation. Applied PEEP should therefore be routine 
for all ventilated patients during TLV [15]. Klingstedt et al. 
demonstrated that the mediastinal weight results in significant 
compression of the dependent lung in the lateral position dur-
ing TLV. They were able to show that resulting V/Q mismatch 

can be resolved with the application of selective PEEP to the 
dependent lung (Fig. 6.3) [45].

PEEP does attenuate lung injury, both in the setting of high 
and low tidal volumes [13]. Intrinsic or auto-PEEP, on the 
other hand, occurs if expiratory time is too short to allow lung 
units to empty towards their resting volume. Lung areas with 
high compliance, characteristically found in patients with 
emphysema, are particularly prone due to their poor elastic 
recoil. Auto-PEEP is inhomogeneous throughout the lung and 
can therefore not be relied upon for effective avoidance of de-
recruitment [46]. The total PEEP after application of external 
PEEP is also unpredictable, due to the heterogeneous nature 
of auto-PEEP [47].

Endotracheal intubation prevents glottic closure, result-
ing in complete absence of auto-PEEP in patients without 
obstructive lung disease on TLV. However, initiation of OLV 
with 10 mL/kg ZEEP has been shown to create auto-PEEP and 
air trapping. Measured auto-PEEP was minimal in patients 
without obstructive lung disease, but patients with severe 
COPD developed auto-PEEP levels up to 16 cmH

2
O, which 

was associated with air trapping of 284 mL [46]. Patients with 
preexisting auto-PEEP have an unpredictable response to the 
application of extrinsic PEEP. In a study of ICU patients on 
TLV, application of PEEP changed total PEEP up, down or not 
at all [48]. In a small study of patients during OLV the additive 
effect of applied PEEP to auto-PEEP was inversely related 
to the preexisting auto-PEEP level. In other words, extrinsic 
PEEP contributed less to total PEEP in patients with already 
high auto-PEEP than patients with low auto-PEEP; however, 
the extent of the response was not predictable [47]. Excessive 
total PEEP and dynamic hyperinflation are clearly undesirable 
as they may cause cardiovascular depression and may require 
fluid loading and/or inotropic support [16].

Traditionally OLV has been performed with ZEEP, with 
selective application of PEEP to the nonoperative lung as part 
of a hypoxemia treatment algorithm. The effect of PEEP on 
oxygenation during OLV is variable. It is beneficial in patients 
whose intrinsic PEEP is well below the lower inflection point 
(LIP) of the compliance curve, more commonly the patient 
with normal lung function. In that scenario application of 
external PEEP will increase the total PEEP towards the LIP of 
the pressure–volume curve, resulting in more open (recruited) 
lung and improved oxygenation. Oxygenation is worse, how-
ever, if total PEEP is increased well above the LIP, likely due 
to alveolar over-distention and increases in PVR resulting in 
an increased shunt fraction (Fig. 6.4) [49]. Neither intrinsic 
PEEP nor the compliance curve is routinely or easily acquired 
during thoracic surgery, which is why preoperative prediction 
of PEEP responders would be ideal. Valenza et al. showed that 
patients with relatively normal lung function (FEV

1
 > 72%) 

exhibited improved oxygenation on application of PEEP 
10 cmH

2
O during OLV [50].

Whether applied PEEP is able to decrease ALI after  
OLV is unclear, as it has not been studied in isolation. PEEP 
application as part of a “protective” ventilation regime has 
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been shown to decrease surrogate markers of lung injury 
[22, 36, 37]. Additionally, routine PEEP in patients with or 
without COPD as part of a PLV strategy was shown to be 
associated with a significant decrease in the incidence of ALI 
and atelectasis after OLV [44].

Use of “protective” OLV with low tidal volumes but no 
PEEP does not appear sensible, as de-recruitment is harm-
ful and auto-PEEP unreliable in terms of homogeneous 
lung recruitment. Lack of PEEP in the setting of low tidal 
volume OLV has been shown to worsen oxygenation [21].  

Fig. 6.3. Mediastinal weight causes significant dependent lung compression and secondary ventilation/perfusion (V/Q) mismatch during two-
lung conventional ventilation (CV). Application of differential ventilation (DV) and selective PEEP (SPEEP) to the dependent lung restores 
V/Q matching. For comparison see Fig. 4.7a for a normal awake V/Q scan (reprinted from Klingstedt et al. [45], with permission).

Fig. 6.4. Effect of applied PEEP on total PEEP and oxygenation during OLV. Static compliance curves of patients undergoing OLV. End-
 expiratory pressure before (EEP1) and after application of 5 cmH

2
O PEEP (EEP2) as well as lower inflection points (IP) are indicated. 

Patients with normal pulmonary function and low EEP1 (a), in whom EEP2 moved closer to IP were more likely to show oxygenation benefits 
after PEEP application, than patients with poor lung function and intrinsic PEEP (b). See text for details (reprinted from Slinger et al. [49], 
with permission).
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Low levels of PEEP are safe, likely beneficial for lung injury 
avoidance and should be used in all patients. The only true 
contraindication to PEEP application would be the presence 
of a broncho-pleural fistula. PEEP levels, however, need to 
be adjusted to the individual and their respiratory mechanics. 
Patients with normal lung function or restrictive lung disease 
should benefit from, and will tolerate, 5–10 cmH

2
O PEEP. 

Patients with severe obstructive lung disease, as evidenced 
by preoperative hyperinflation (RV/TLC >> 140%) exhibit 
significant air trapping during OLV, but as previously stated 
may not exhibit a significant increase in total PEEP with the 
application of external PEEP. Low levels of extrinsic PEEP 
2–5 cmH

2
O are likely well tolerated and should routinely be 

applied. Clearly dynamic hyperinflation must be considered 
in the differential for intraoperative hypotensive episodes in 
patients at risk. However, based on the static compliance anal-
ysis by Licker et al., who used routine PEEP in all patients 
as part of their PLV strategy, hyperinflation (and secondary 
decrease in static compliance) does not appear to be a sig-
nificant concern, as the compliance actually increased in their 
cohort exposed to PLV with routine PEEP [44]. Early, routine 
application of PEEP helps to prevent atelectasis and shunt for-
mation and thereby improves oxygenation during OLV [51].

Clearly it would be best to measure total PEEP for each 
patient in order to rationally apply external PEEP [47]. This, 
however, is difficult or impossible in most intraoperative set-
tings due to the inability of anesthetic ventilators to perform 
an end-expiratory hold maneuver. The simplest approxima-
tion of intrinsic PEEP can be derived from inline spirom-
etry where interruptions of the end-expiratory flow curve 
indicate the presence of auto-PEEP (Fig. 6.5) [52]. Alterna-
tively, compliance can be approximated by simple calcula-
tion  (compliance = tidal volume/driving pressure), which may 
serve as an indicator of potential air-trapping, realizing that 
hyperinflation is only one of the possible explanations for a 
decrease in compliance.

F
i
O

2

One hundred percent oxygen used to be a routine component 
of OLV, as hypoxia was its most feared complication. How-
ever, with the decline in the incidence of hypoxemia and the 
realization that high F

i
O

2
 may be detrimental, even this prac-

tice has been questioned. Oxygen toxicity is a well-recognized 
consequence of prolonged exposure to high F

i
O

2
, character-

ized by histopathologic changes similar to ALI. Oxygen tox-
icity occurs during OLV and involves ischemia–reperfusion 
injury and oxidative stress [12]. Collapse of the operative lung 
and surgical manipulation results in relative organ ischemia, 
and reperfusion at the time of lung expansion leads to the 
production of radical oxygen species. Increasing durations of 
OLV and the presence of tumor result in increased markers of 
oxidative stress, which after 120 min are associated with sig-
nificant increases in the rates of respiratory failure and death 
[53]. Lung re-expansion should likely occur at a lower F

i
O

2
, as 

hypoxemic reperfusion has been shown to attenuate the rep-
erfusion syndrome [54]. This is of particular relevance after 
lung transplantation. Even short-term exposure to high F

i
O

2
 

during the induction of anesthesia has been shown to cause 
significant absorption atelectasis [55]. Studies have shown 
that an F

i
O

2
 as low as 0.4 may provide adequate oxygenation 

for OLV in the lateral decubitus position [56]. Due to the 
potential for lung injury, particularly in the high-risk patient, 
after adjuvant therapy or undergoing lung transplantation, 
F

i
O

2
 should be titrated to effect. At the initiation of OLV a 

F
i
O

2
 of 0.8 may be appropriate, but 15–20 min later, when the 

nadir of oxygenation has occurred, the F
i
O

2
 should be gradu-

ally decreased to the minimum that is required to maintain a 
stable saturation level above 92–94%. During lung resection 
surgery further reductions in F

i
O

2
 are possible once the vascu-

lature to the resected lobe or lung has been disrupted. Stapling 
of the vasculature effectively reduces, or, in the setting of a 
pneumonectomy, essentially eliminates the shunt flow.

Fig. 6.5. Auto-PEEP detection by in-line spirometry. Flow volume curves with expiration above and inspiration below the line. Expiratory 
flow normally returns to zero prior to inspiration (a), interrupted air-flow at end-expiration indicates the presence of auto-PEEP (b) (reprinted 
from Dueck et al. [121] with permission).
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The oxygen content and gas mixture are not only important 
for oxygenation, but also for the speed of nonventilated lung 
collapse during OLV. This is of particular importance for sur-
gical exposure during video-assisted thoracoscopic surgery. 
Ko et al. compared three different gas mixtures during TLV 
immediately prior to OLV (air/O

2
, N

2
O/O

2
, O

2
) and investi-

gated which gas mixture would best collapse the operative 
lung while maintaining arterial oxygenation in patients under-
going lung resection surgery [57]. F

i
O

2
 was 0.4 in the air/O

2
 

and N
2
O/O

2
 group, and 1.0 in the O

2
 group during TLV. All 

groups received 100% oxygen on initiation of OLV. Not sur-
prisingly, lung deflation was worse if nitrogen (i.e., air) was 
administered prior to lung collapse, due to the poor solubility 
of nitrogen in blood (Fig. 6.6). A nitrous oxide/O

2
 mixture 

was superior to oxygen alone for lung collapse, but nitrous 
oxide is contraindicated in many thoracic patients. Admin-
istering 100% oxygen pre-OLV temporarily improved OLV 
oxygenation, but only until the nonventilated lung becomes 
atelectatic. Once the operative lung has collapsed at around 
15 min of OLV that oxygen reservoir and any benefit from it 
has disappeared (Fig. 6.7) [57].

Minute Ventilation/Permissive Hypercapnea

Permissive hypercapnea has been a key component of the 
 critical care management for ALI/ARDS. Reduction of  

the minute ventilation allows for a decrease in tidal volumes 
and ventilatory pressures, thereby minimizing mechanical 
stress and secondary volu- or barotrauma. Beyond the reduc-
tion in minute ventilation and mechanical trauma, the actual 
elevated CO

2
 level itself may be beneficial [58], as hypercap-

nea appears to attenuate the cytokine response [59].
Permissive hypercapnea has been investigated in the 

OLV setting. In the previously mentioned study by Gama 
de Abreu et al., isolated rabbit lungs were exposed to OLV 
with 8 mL/kg – ZEEP or 4 mL/kg – PEEP 2.1 cmH

2
O (based 

on the dynamic pressure–time curve), without respiratory 
rate compensation. The protective ventilation group, which 
received half the minute ventilation, exhibited a reduction in 
surrogate markers for lung injury (PAP, LWG, cytokine lev-
els) [36]. Similar ventilatory parameters were studied dur-
ing OLV in thoracotomy patients. Sticher et al. ventilated 
patients with 7 mL/kg – PEEP 2 cmH

2
O or 3.5 mL/kg – PEEP 

2 cmH
2
O, again without respiratory rate compensation, effec-

tively halving minute ventilation similar to Gama de Abreu. 
P

a
CO

2
  values rose from 42 to 64 mmHg, which was associated 

with a 42% increase in PVR, but no change in  oxygenation. 
Hypercapnea was well tolerated, however, higher risk patients 
with pulmonary hypertension or major cardiac rhythm dis-
turbances were excluded [60]. In a case series of 24 patients 
undergoing volume reduction surgery for advanced emphy-
sema, permissive hypercapnea was used electively as part of 
a barotrauma avoidance strategy. The mean P

a
CO

2
 value was 

56 mmHg with a peak of 86 mmHg, resulting in pH values 
between 7.11 and 7.41 (mean 7.29). The authors state that 
hypercapnea was well tolerated, however, inotropic support 
was required in over 50% of patients [61]. Even higher P

a
CO

2
 

levels have been described in a small series of ten patients 
with severe emphysema that were again managed with elec-
tive hypoventilation for barotrauma avoidance. P

a
CO

2
 values 

rose to peak levels of 70–135 mmHg, resulting in pH values 
as low as 7.03 (despite bicarbonate administration). Hyper-
capnea was poorly tolerated at these high levels. All patients 
required inotropic support during anesthesia. Four patients 
developed ventricular dysrhythmias and three patients 
required tracheal gas insufflation for treatment of hypoxemia 
[62]. Significant hypercapnea can cause increased intracranial 
pressure, pulmonary hypertension, decreased myocardial con-
tractility, decreased renal blood flow and release of endog-
enous catecholamines. At extremely high levels, CO

2
 can 

be lethal due to excessive sympathetic stimulation, cardiac 
rhythm disturbances and/or cardiac collapse [16, 62]. Moder-
ate hypercapnea potentiates the HPV response and is there-
fore unlikely to adversely affect oxygenation [63]; however, 
the same may not hold true for extreme CO

2
 elevations [62]. 

A protective ventilation strategy including permissive hyper-
capnea has been shown to reduce the incidence of ALI in a 
cohort analysis by Licker et al. While not explicitly discussed 
in the manuscript, permissive hypercapnea clearly was part 
of their strategy. The PLV group had significantly lower tidal 
volumes with only marginal rate compensation. Based on the 

Fig. 6.6. Lung deflation is significantly impaired when nitrogen is 
part of the gas mixture pre-OLV (reprinted from Ko et al. [57], with 
permission).

Fig. 6.7. Use of 100% O
2
 pre-OLV confers a transient oxygenation 

benefit, which is lost by 15 min of OLV (reprinted from Ko et al. [57] 
with permission).
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manuscript, the minute ventilation of the historical cohort was 
92 vs. 80 mL/kg/min in the PLV group. The PLV group there-
fore had smaller minute ventilation and increased anatomic 
dead space ventilation (increased respiratory rate), resulting 
in decreased CO

2
 elimination [44]. Permissive hypercapnea 

should be considered a routine component of a PLV strat-
egy for OLV. Assuming a reasonable cardiovascular reserve, 
and in particular right ventricular function, P

a
CO

2
 levels up 

to 70 mmHg are well tolerated in the short term and clearly 
beneficial in terms of lung injury avoidance and attenuation. 
Higher levels should be avoided in the majority of patients due 
to the risk of hemodynamic instability.

I:E Ratio and Respiratory Rate

Each ventilatory cycle consists of time spent in inspiration 
and expiration. The appropriate ratio of inspiratory to expira-
tory (I:E) time depends on underlying lung mechanics. 
Restrictive lung disease is characterized by poorly compliant 
lungs, which resist passive lung expansion, but rapidly recoil 
to FRC. Increasing the I:E ratio to 1:1 (or using inverse ratio 
ventilation) maximizes the time spent in inspiration, thereby 
reducing peak and plateau ventilatory pressures. For illustra-
tion, at a respiratory rate of 15 bpm and an I:E ratio of 1:1, 
each respiratory cycle lasts 4 s, with 2 s spent in each of 
 inspiration and expiration, respectively. Obstructive lung dis-
ease, on the other hand, is characterized by lungs, which have 
difficulty to empty towards FRC, due to poor elastic recoil and 
conducting airway collapse. Decreasing the I:E ratio towards 
1:4 allows for more expiratory time, and helps to minimize the 
risk of auto-PEEP and dynamic hyperinflation. For illustra-
tion, at a respiratory rate of 15 bpm, now with the I:E ratio to 
1:4, each respiratory cycle is still 4 s, however, expiration now 
takes up 3.2 s of the entire cycle.

Respiratory rate modification may be equally necessary 
depending on the underlying lung mechanics. Extreme airflow 
obstruction may require very long expiratory times. After 
reducing the I:E ratio to the minimum of 1:4 this can only 
be achieved by increasing the overall cycle length, i.e., reduc-
ing the respiratory rate. Clinical examples, such as the patient 
with severe cystic fibrosis requiring a respiratory rate of 4–6 
to allow for complete exhalation have been reported [64]. In 
restrictive lung disease, on the other hand, dividing a given 
minute volume by a higher respiratory frequency may be bene-
ficial in reducing peak and plateau ventilatory pressures. It has 
to be realized, however, that as anatomic dead space remains 
unchanged, dividing the minute volume by a higher respira-
tory rate results in reduced CO

2
 elimination as the unchanged 

size of the anatomic dead space makes up a larger component 
of the tidal volume [65]. For illustration, a patient ventilated at 
400 mL – 20 bpm receives the identical minute ventilation as 
a patient ventilated at 800 mL – 10 bpm. However, dead space 
ventilation, which occupies about 150 mL of each breath, has 
doubled from 1,500 mL at 10 bpm to 3,000 mL at 20 bpm. 
Alveolar ventilation has therefore been reduced from 6,500 mL 

(8,000–1,500) to 5,000 mL (8,000–3,000). Additionally, OLV 
with small tidal volume and rapid respiratory rate results in 
statistically higher auto-PEEP [65]. While auto-PEEP eleva-
tions in this study were unlikely to be clinically significant, 
they serve as a reminder that rapid, shallow ventilation has the 
potential to increase dynamic hyperinflation.

Peak/Plateau Pressure

The peak inspiratory pressure is a reflection of the dynamic 
compliance of the respiratory system and depends on tidal 
volume, inspiratory time, endotracheal size and airway tone 
(bronchospasm). Plateau pressure, on the other hand, relates 
to the static compliance of the respiratory system, i.e., chest 
wall and lung compliance. Double-lumen endobronchial tubes 
have small internal diameters resulting in increased resistance 
to air flow [66]. Application of the full TLV minute volume 
to a single lumen of the double lumen tube (DLT) results in a 
55% increase in peak inspiratory pressure and 42% increase in 
plateau pressure [67]. While plateau pressure reflects alveo-
lar pressure, peak pressure is unlikely to be fully applied to 
the alveolus. A retrospective study of 197 pneumonectomy 
patients did, however, show that peak ventilation pressures 
above 40 cmH

2
O were associated with the development of 

PPPE [32]. Recently, Fernández-Pérez et al. reviewed 4,420 
consecutive patients without preexisting lung injury under-
going high-risk elective surgeries for postoperative pulmo-
nary complications and demonstrated that mean first hour 
airway pressure (OR 1.07; 95% CI 1.02–1.15 cmH

2
O) but 

not tidal volume, PEEP or F
i
O

2,
 were associated with ALI 

after adjusting for nonventilatory parameters [68]. Similarly, 
patients exposed to a plateau pressure of 29 cmH

2
O were at 

significantly higher risk of developing ALI after lung resec-
tion surgery than those with a plateau pressure of 14 cmH

2
O 

[7]. Based on the critical care literature there does not appear 
to be a critical plateau pressure level above which injury 
occurs, but rather any elevation in plateau pressure increases 
the relative risk of lung injury. With the implementation of 
permissive hypoventilation, peak pressure levels well less 
than 35–40 cmH

2
O and plateau pressures less than 25 cmH

2
O 

should therefore be achievable in the majority of patients dur-
ing OLV. This was confirmed in the cohort study by Licker 
et al. who showed that implementation of a PLV strategy for 
OLV resulted in mean plateau pressures of 15 cmH

2
O [44].

Ventilatory Mode

Volume-control ventilation (VCV) has been the dominant 
ventilatory mode both in the intensive care and operating 
room. VCV uses a constant inspired flow (square wave), cre-
ating a progressive increase in airway pressure towards the 
peak inspiratory pressure, which is reached as the full tidal 
volume has been delivered. Inspiratory pressure during VCV 
depends on the set tidal volume and PEEP, gas flow rates and 
resistance, as well as respiratory system compliance. The set 
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tidal volume will be delivered unless the inspiratory pressure 
exceeds the pressure limit, in which case the flow ceases. With 
the realization that ventilatory pressures may be one of the 
inciting factors of lung injury, other ventilatory modes have 
been explored.

PCV uses a decelerating flow pattern, with maximal flow at 
the beginning of inspiration until the set pressure is reached, 
after which flow rapidly decreases balancing the decreasing 
compliance of the expanding lung. This resembles the spon-
taneous mammalian breath which also follows a decelerating 
pattern, as negative intrathoracic pressure induced by contract-
ing diaphragm and intercostal muscles cause a high initial air-
flow [15]. Tidal volumes can be highly variable during PCV 
and may fall precipitously with changes in lung compliance, 
such as with surgical manipulation. As the majority of the tidal 
volume is delivered in the early part of the inspiration, mean 
airway and alveolar pressure tend to be higher during PCV. 
The decelerating flow pattern results in a more homogeneous 
distribution of the tidal volume, improving static and dynamic 
lung compliance due to recruitment of poorly ventilated lung 
regions, and improving oxygenation and dead-space ventila-
tion [69]. Whether PCV during OLV improves oxygenation is 
controversial. Tu rul et al. studied 48 patients undergoing tho-
racotomy and lung resection. Patients received VCV or PCV 
during OLV, both delivering 10 mL/kg – ZEEP −100% O

2
, 

in a cross-over fashion. PCV was associated with statistically 
significant decreases in peak and plateau airway pressures, as 
well as improved oxygenation and shunt fraction. Oxygen-
ation improved more in patients with poor preoperative lung 
function, which may relate to the more homogeneous distribu-
tion of ventilation achieved with the pressure-control breath 
[70]. The same group investigated the benefit of adding PEEP 
4 cmH

2
O to OLV with PCV and showed that it provided an 

additional significant improvement in oxygenation and shunt 
fraction in their patients [71]. Other groups, however, have 
failed to reproduce the oxygenation benefit in PCV studies 
during OLV [72–74].

The effect of intraoperative ventilatory mode on postopera-
tive oxygenation is equally controversial. Although a better 
postoperative oxygenation was shown in the PCV group com-
pared with VCV in a trial of patients undergoing MIDCAB 
surgery [75], no significant difference was demonstrated in a 
study of patients after thoracic surgery [76]. Despite the lack 
of a clear oxygenation benefit, PCV is likely preferable over 
VCV due to the potential to decrease ventilatory pressures and 
the ability to recruit lung units.

High-frequency jet ventilation (HFJV) is another ventila-
tory mode that has been successfully used in thoracic surgery 
[77]. HFJV, when applied to the operative lung during pro-
longed OLV in aortic surgery, is more effective than continu-
ous positive airway pressure (CPAP) in improving P

a
O

2
 [78]. 

This may be particularly relevant in the poor operative candi-
date after prior contra-lateral lung resection [79]. One recent 
study evaluated the value of two-lung HFJV via a standard 
endotracheal tube for thoracic surgery. Sixty patients were 

randomized to HFJV (1 atm pressure, rate 200/min, 100% O
2
) 

or standard OLV (10 mL/kg, 100% O
2
, ZEEP). HFJV was 

associated with lower ventilating pressures, improved oxy-
genation and shunt fraction and importantly no detriment in 
surgical exposure or intraoperative hemodynamic variables 
[80]. More recently, Buise et al. reported that HFJV was 
associated with a lower mean blood loss and less crystalloids 
administration during esophagectomy, compared with the 
OLV group. They speculated that higher ventilatory pressures 
in the OLV group resulted in higher intrathoracic pressure 
and central venous pressure, and thus splanchnic congestion, 
which increased blood loss relative to the HFJV group [81]. 
Difficulties in monitoring ventilatory pressures, tidal volumes 
and end-tidal CO

2
 concentrations, in addition to the inherent 

risks of barotrauma associated with this technique, continue to 
limit its widespread adoption [77].

Another ventilatory mode, which has only been used as 
a CPAP equivalent at this point, is high-frequency percus-
sive ventilation (HFPV). It is a ventilatory technique provid-
ing convective and diffusive ventilation that can reduce the 
physiologic right-to-left shunt and improve arterial oxygen-
ation [82–84]. Lucangelo et al. recently assessed the effects 
of HFPV (F

i
O

2
 1.0, 500 cycles/min, mean pressure 5 cmH

2
O, 

with pressures oscillating between 2 and 8 cmH
2
O) applied to 

the nondependent lung compared to standard CPAP in patients 
undergoing elective lung resection. Before nondependent lung 
re-expansion, HFPV patients showed higher P

a
O

2
 than CPAP. 

HFPV was also associated with better clearance of secretions 
and shortened hospital stay [85].

Recruitment/Re-Expansion

Atelectasis has long been known to occur in dependent lung 
areas of anesthetized patients. The primary reasons for alveo-
lar collapse during anesthesia are extrinsic compression and 
gas resorption. Recent studies have shown that atelectatic 
alveoli are not simply air-less, but may also be fluid or foam-
filled. Beyond simple lung collapse, atelectasis is therefore 
now considered both a potential cause and a manifestation 
of ALI [55]. Interestingly, re-expansion of collapsed alveoli 
causes injury not only to the alveoli that are being recruited, 
but also to remote nonatelectatic alveoli [55]. This may be in 
part to the early realization by Mead that expansion of a gas-
free alveolus with a trans-pulmonary pressure of 30 cmH

2
O 

creates a shear force of 140 cmH
2
O to adjacent alveoli [13]. 

PEEP has been shown to prevent lung injury associated with 
both high and low tidal volumes, by stabilizing alveoli, and 
preventing their collapse [55]. In animal models of ARDS it 
has been shown that atelectasis is associated with vascular 
leak, right ventricular failure and eventual death in 31% of 
rats, and is easily avoided with PEEP [86].

Atelectasis formation in the nonoperative lung is highly 
undesirable during OLV as it worsens the already high shunt 
fraction, increasing the potential for hypoxemia. Among the 
risk factors that predispose to lung de-recruitment during 
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OLV are high F
i
O

2
, traditional lack of PEEP and extrinsic 

 compression by abdominal contents, heart and mediastinum. 
The best evidence for the presence of atelectasis during 
OLV comes from a lung recruitment study, which investi-
gated an aggressive alveolar recruitment maneuver (ARM) 
with increasing pressure breaths over a 4-min period up to a 
peak pressure of 40 cmH

2
O and a PEEP level of 20 cmH

2
O 

(Fig. 6.8a). Recruitment increased P
a
O

2
 on OLV from a mean 

of 144 mmHg to a mean of 244 mmHg (Fig. 6.8b) [43].
Cinnella et al. demonstrated that the alveolar recruitment 

achieved by such an ARM resulted in a significant decrease 
in static elastance of the dependent lung [87]. Hemodynamic 
instability is a well-recognized risk of such an aggressive ARM 
as the sustained intrathoracic pressure increases right ventricu-
lar afterload, resulting in impaired venous return and left heart 
preload [88, 89]. A recent study showed that stroke volume 
variation (an indicator of preload responsiveness) increases 
dramatically after an ARM, while both cardiac index and 
venous oxygen saturation decrease. These changes, however, 
were transient and completely recovered within 3 min [90].

Caution is required with the implementation of PLV, as low 
tidal volumes and plateau pressures may promote atelectasis 
formation and increase F

i
O

2
 and PEEP requirements [16]. Fre-

quent de-recruitment and therefore need for repeated recruit-
ment maneuvers, as may be the case with low tidal volume 
ventilation with insufficient PEEP, are potentially deleterious. 
In animal models of lung injury, repeated de-recruitment and 
recruitment maneuvers are associated with histological evi-
dence of lung injury [91, 92]. Even a single recruitment maneu-
ver of 40 cmH

2
O for 40 s has been shown to elevate biomarkers 

of lung injury in the rat model without preexisting lung injury 
[93]. The same may potentially be true in humans, although 
this aspect has only been studied in critically ill patients.  

Halbertsma et al. demonstrated that a single ARM could 
increase translocation of pro-inflammatory cytokines from the 
alveolar space into the systemic circulation in ventilated criti-
cally ill children. Fifteen minutes after the ARM, an increase 
was observed in plasma TNF , IL-6 and IL-1  [94]. Another 
critical care study found that 4 out of 28 patients with ALI/
ARDS developed barotrauma necessitating intervention fol-
lowing an ARM [95]. This does create a curious dilemma as 
the increased use of PLV, with low tidal volumes, may pro-
mote atelectasis formation and therefore increase the need for 
recruitment maneuvers [16]. The best ventilatory strategy is 
therefore one that follows the “open lung” concept and main-
tains lung recruitment.

Atelectasis formation in the operative lung is routine and 
occurs gradually over a 10–20 min period as residual oxygen 
is being absorbed, which parallels the gradual decline in P

a
O

2
 

on OLV. Ko et al. compared three different gas mixtures dur-
ing TLV immediately prior to OLV (air/O

2
, N

2
O/O

2
, O

2
) and 

investigated which gas mixture would best collapse the opera-
tive lung while maintaining arterial oxygenation in patients 
undergoing lung resection surgery. F

i
O

2
 was 0.4 in the air/O

2
 

and N
2
O/O

2
 group, and 1.0 in the O

2
 group during TLV. All 

groups received 100% oxygen on initiation of OLV. Not sur-
prisingly, lung deflation was worse if nitrogen (i.e., air) was 
administered prior to lung collapse, due to the poor solubility 
of nitrogen in blood (Fig. 6.6). A nitrous oxide/O

2
 mixture 

was superior to oxygen alone for lung collapse, but nitrous 
oxide is contraindicated in many thoracic patients. Admin-
istering 100% oxygen pre-OLV temporarily improved OLV 
oxygenation, but only until the nonventilated lung becomes 
atelectatic. Once the operative lung has collapsed at around 
15 min of OLV, that oxygen reservoir and any benefit from it 
has disappeared (Fig. 6.7) [57].

Fig. 6.8. Lung recruitment improves oxygenation during OLV. (a) Schematic representation of the ARM. In PCV, the pressure amplitude of 20 cmH
2
O 

remains constant throughout the maneuver. Respiratory rate is 12 bpm and I:E ratio 1:1. Each pressure step is maintained for 1 min. After recruitment 
pressures of 40/20 cmH

2
O, pressures decreased to 30/10 cmH

2
O. Then, the initial settings are resumed (paw airway pressure; Pip peak inspiratory 

pressure). (b) P
a
O

2
 (mmHg) in all patients during two-lung ventilation (TLV) and during one-lung ventilation before (OLV

PRE
) and after (OLV

ARS
) the 

(ARM). Each symbol represents one patient in every point of the study. Horizontal bars represent mean values at each point (reprinted from Tusman 
et al. [43], with permission).
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Atelectasis is complete, unless CPAP is applied to the 
 operative lung. CPAP, or its variant HFJV, if applied to the at 
least partially recruited operative lung, effectively improves 
V/Q matching and hypoxemia [78]. Gradual re-expansion of 
the operative lung at the conclusion of OLV is achieved with a 
continuous pressure hold of 20–30 cmH

2
O, which is lower than 

standard recruitment regimens, in order to prevent disruption 
of staple lines. As discussed, re-expansion of lung tissue may 
be harmful. Re-expansion injury after prolonged lung collapse 
consists of alveolar-capillary membrane edema and increase in 
lymphocyte and neutrophil infiltration [96]. Re-expansion of 
isolated rabbit lungs after 55 min of lung collapse showed sig-
nificant elevations in myeloperoxidase (MPO) levels, as well 
as IL-1  and TNF-  mRNA, when compared to an open lung 
control [20]. Intermittent lung re-expansion may mitigate these 
effects, as intermittent recruitment of the operative lung during 
OLV has been shown to decrease pro-inflammatory mediators 
during esophagectomy [97]. Lung recruitment with continu-
ous high pressure hold may result in significant hypotension if 
applied to both lungs. However, even in the setting of hypov-
olemia, recruitment is well tolerated, if it is selectively applied 
to one lung at a time, with the other lung open to atmosphere 
[98]. Re-expansion pulmonary edema is fortunately rare if a 
gradual, gentle recruitment technique is applied, and is more 
likely after sudden recruitment of long-standing lung collapse 
[99]. Yet, even a single recruitment maneuvers has the poten-
tial to cause lung injury in animal models [93]. Low oxygen 
tensions should likely be used for re-expansion, as recruitment 
of the operative lung is associated with substantial oxidative 
stress, particularly after prolonged OLV [53, 54].

OLV Duration

Mechanical stress due to OLV can be minimized by optimiza-
tion of ventilatory parameters. However, even minimal stress 
using “protective” parameters becomes significant if exposure 
is prolonged. Retrospective case series have shown that OLV 
lasting more than 100 min is associated with an increased risk 
for postoperative lung injury [7]. Part of the damage may be 
due to oxidative stress. A recent animal study exposed rats 
to increasing durations of OLV from 1 to 3 h. At the conclu-
sion of the experiment animals were sacrificed and analyzed 
for biochemical indicators of oxidative stress and histologic 
changes in lung tissue. Increasing the duration of OLV from 
1 to 3 h resulted in significant elevations of malondialdehyde 
(MDA) activity and increased the amount of tissue damage on 
histological analysis [100]. A prospective analysis of patients 
undergoing lobectomy for nonsmall cell cancer with either 
TLV or OLV lasting more than 60, 90 or 120 min compared 
MDA plasma levels at lung re-expansion. Again, MDA levels 
increased significantly with increasing OLV duration, indicat-
ing cumulative oxidative stress [53]. Anesthesiologists have 
limited control over the duration of OLV as it is mostly deter-
mined by the surgical procedure. However, initiation of OLV 
should occur as close to pleural opening as possible (except 

for thoracoscopic procedures), and TLV should resume as 
early as possible. With the increasing use of OLV outside the 
thoracic theater, it is essential to ensure that the nonthoracic 
surgeon appreciates the need to minimize the length of OLV.

Ventilatory Strategy

The cumulative evidence is overwhelmingly in favor of adopt-
ing a protective lung ventilatory strategy for OLV, which has 
been shown to decrease surrogate markers of lung injury as 
well as the incidence of ALI itself. Protective ventilation is not 
synonymous with low tidal volume ventilation, but includes all 
of routine PEEP, lower FiO

2
 and particularly lower ventilatory 

pressures through the use of PCV and permissive hypercapnea. 
This strategy follows the “open-lung” concept that has been 
widely adopted for management of ARDS patients in intensive 
care units. As part of the open-lung concept frequent recruit-
ment of the lung has to be considered as another component of 
a PLV strategy. Recruitment should occur at the beginning of 
OLV, during OLV if indicated by worsening oxygenation and 
for lung re-expansion. Lung de-recruitment may potentially be 
more prevalent with low tidal volumes due to the loss of end-
inspiratory stretch in the setting of high F

i
O

2
. External PEEP 

should help to minimize de-recruitment. However, PEEP titra-
tion is difficult in the intra-operative setting for two reasons. 
First, determination of inflection points and auto-PEEP would 
require inline spirometry, as routine expiratory holds are not 
feasible intra-operatively. Second, other than the ICU, where 
as long as cardiac output is maintained, PEEP can be increased 
to maintain “open lung”; in the OLV setting excessive PEEP 
will cause pulmonary blood flow diversion to the operative 
lung and worsens oxygenation. As such, low tidal volume 
ventilation has the potential to worsen oxygenation, either due 
to lung de-recruitment with inadequate PEEP or due to pul-
monary blood flow diversion with excessive PEEP. Low tidal 
volume ventilation increases dead-space and CO

2
 elimination 

is therefore consistently worse with this technique. This should 
not present a problem in the majority of patients, unless CO

2
 

elimination is already compromised by severe obstructive lung 
disease (e.g., cystic fibrosis). In cases of severe respiratory 
acidosis, marked pulmonary hypertension or right ventricular 
dysfunction, “protective” low-tidal volume – high rate ventila-
tion may need to be aborted in favor of higher tidal volume 
ventilation at a lower respiratory rate (to maximize CO

2
 elimi-

nation), as the imminent risk of hemodynamic dysfunction 
trumps the potential risk of ALI. Dynamic hyperinflation is 
common during OLV and is increased with the application of 
PEEP and the use of higher respiratory rates. The risk of hyper-
inflation may be increased with a PLV strategy, which has to 
be considered, particularly in patients with severe emphysema 
and during periods of hemodynamic instability. Providing ade-
quate expiratory time and use of permissive hypoventilation 
should minimize the risk of significant hyperinflation in all but 
the patients with severe obstructive lung.
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While PLV should be the norm for all patients, it is particu-
larly important in patients with risk factors for ALI and during 
procedures that trigger a higher inflammatory response, such as 
pneumonectomy, esophageal surgery or lung transplantation. 
Respiratory mechanics vary widely between restrictive and 
obstructive lung disease so that any ventilatory strategy needs 
to be individualized for the particular patient (Table 6.2).

Hypoxia

Prediction

Hypoxia used to be the major concern during OLV. Early 
reports indicated that 40–50% of patients suffered hypoxemia 
during OLV [101]. Predictors for possible desaturation have 
been identified (Table 6.3). Hurford et al. examined the intra-
 operative oxygenation of patients who had undergone preop-
erative V/Q scanning [101]. They found that the amount of 
preoperative perfusion (and ventilation) to the operative lung 
inversely correlated with P

a
O

2
 after 10 min of OLV. As HPV is 

only able to halve blood flow through the operative lung dur-
ing OLV, the authors concluded that the extent of preopera-
tive blood flow helped to predict the amount of intra-operative 
shunt. Slinger et al. showed that P

a
O

2
 during OLV relates to 

multiple factors. Poor oxygenation during TLV was predic-
tive of continued oxygenation difficulties as were right-sided 
operations (due to the increased perfusion to that side). Good 
preoperative pulmonary function (FEV

1
) was found to be pre-

dictive of poor OLV oxygenation, which is felt to be due to 
the lack of auto-PEEP and secondary de-recruitment in normal 
lungs [102]. Two recent studies correlated the risk of hypox-
emia to the end-tidal CO

2
 gradients. One study showed that 

the difference of end-tidal CO
2
 between the lungs in the lateral 

position significantly correlates with the P/F ratio at 15 min of 
OLV [103]. The other study demonstrated that there was a sig-
nificant negative correlation between the lowest P

a
O

2
 recorded 

during the first 45 min of OLV and the end-tidal CO
2
 difference 

between TLV and the early phase of OLV [104]. Both studies 
postulated that elevated CO

2
 gradients were indicative of V/Q 

mismatching and therefore explained the risk of hypoxemia.
Over the years the incidence of hypoxemia has been 

declining. Improvements in anesthetic technique including 

improved lung isolation, confirmation of lung isolation with 
FOB and use of anesthetic agents with less effects on HPV are 
being credited for the reduction of oxygenation difficulties. In 
1993 the incidence of hypoxia <90% occurring during OLV 
was quoted at 9% [105]. By 2003 the published incidence 
of hypoxemia was down to 1% of OLV cases in some hands 
[106]. However, another more recent study again showed a 
10% incidence of hypoxemia <90% in a single institution 
between 2003 and 2004. The discrepancy could be due to 
variations in clinical management. Alternatively, it may indi-
cate the difference between manual and electronic charting, as 
the latter study consisted of automatic recording of saturation 
every 30 s [107]. Although rare, significant hypoxia may still 
occur, at times without warning [108].

Treatment

For a rational approach to hypoxia during OLV it has to 
be appreciated that CPAP and TLV are uniformly effective 
(Table 6.4). CPAP always decreases shunt flow and TLV 
essentially eliminates shunt flow. Aside from procedures such 
as pneumonectomy and lung transplantation where these tech-
niques are not available, patients should therefore not have to 
suffer prolonged hypoxemia. Assuming that the lung isolation 
device is properly positioned, these two maneuvers are the most 
effective treatments for hypoxemia. They are not chosen as first-
line interventions, however, because they will impair surgical 
access to the lung, particularly during thoracoscopic procedures.  

Table 6.2. Summary of ventilatory strategies.
Tidal volume: protective: 4–6 mL/kg; hypoxia or severe hypercapnea: 

consider 6–8 mL/kg
PEEP: protective/restrictive/normal: 5–10 cmH

2
O; obstructive: 2–5 cmH

2
O 

(minimize intrinsic PEEP)
RR: protective: 12–15 bpm; severe hypercapnea: 6–8 bpm
F

i
O

2
: transplant: 21%+, routine 50–80%, hypoxia 100%

I:E ratio: restrictive: 1:1 or inverse ratio; normal: 1:2; obstructive: 1:3–4
Pressures: plateau <20 cmH

2
O, peak <35 cmH

2
O

Minute volume: P
a
CO

2
 50–70 mmHg (rarely higher: severe obstruction, 

lung transplantation)
Ventilator mode: PCV (? HFJV)

Table 6.3. Predictors of hypoxemia during one-lung ventilation.
Preferential perfusion of the operative lung
 Right-sided surgery
 Prior contralateral resection
Supine position
Normal FEV

1

Poor oxygenation on TLV
High A–a gradient for CO

2

Table 6.4. Approach to hypoxemia during one-lung ventilation.
Mild hypoxemia (90–95%)
 Confirm position of lung isolation device
 Recruit ventilated lung
 Ensure adequate cardiac output
 Increase F

i
O

2
 towards 1.0

 Optimize PEEP to nonoperative lung (up or down; towards lower 
inflection point)

 CPAP/HFJV/O
2
 insufflation to operative lung (IPAP, FOB)

 Consider reduction in vapor anesthetic and/or total intravenous anesthesia
 Ensure adequate oxygen carrying capacity (hemoglobin)

Severe (<<90%) or refractory hypoxemia
 Resume TLV with 100% O

2

 If not possible, consider
  Pulmonary artery clamp on operative side during pneumonectomy, 

transplant
  Inhaled NO and/or infusions of almitrine/phenylephrine
  Extracorporeal support during lung transplantation (Nova-lung, CPB)
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CPAP is easily applied via one of the  commercially available 
units that connect to the open lumen of the DLT, or the suction 
port of the bronchial blocker via the CPAP adaptor (Fig. 6.9). 
Alternatively, a standard AMBU bag with a PEEP valve can 
be used if no CPAP unit is available. CPAP does require some 
degree of lung recruitment, which is not always feasible (lung 
lavage, bronchopleural fistula) and will impact surgical expo-
sure. Recently, Russell et al. described an intermittent positive 
airway pressure (IPAP) technique, which does not elicit lung 
inflation and therefore should not impact surgical exposure 
(Fig. 6.10). While the technique does not call for lung recruit-
ment, it is unlikely to be of benefit in the setting of complete 

lung collapse. It is based on intermittent delivery of short 
bursts of low-flow oxygen (2 L/min) to the nonventilated lung 
to treat hypoxemia, circumventing significant lung move-
ment in the surgical field. Placing a standard bacteriostatic 
filter on the open lumen of the DLT, with oxygen connected 
to the CO

2
 sampling port, manual occlusion of open filter 

end allows for “jet-insufflation” of oxygen into the collapsed 
lung. A 2-s burst of flow will deliver 66 mL of oxygen to the 
nonventilated lung. In this study, all of the ten patients with 
relative hypoxemia (SpO

2
 < 95%) were successfully treated 

by repeated 2-s bursts of oxygen, followed by 10-s exhala-
tions and no surgical interference was noted [109].

Hypoxemia during OLV for VATS presents a particular 
problem, as TLV and CPAP techniques are generally consid-
ered to be contraindicated. Ku et al. presented a novel method, 
which may be of benefit in select cases. They described the 
treatment of refractory hypoxemia during left-sided VATS for 
lung volume reduction surgery. A 4-mm FOB was inserted into 
the basilar segment of the left lower lobe bronchus and 5 L/
min of oxygen was insufflated for approximately 20 s via the 
suction port (Fig. 6.11). Oxygenation successfully recovered 
within 2 min without impairing the surgical field and remained 
adequate for 20 min. There are two important considerations 
to this technique. First, it can only be applied if the insuffla-
tion occurs in a lung territory that is remote to the surgical site, 
and is therefore unlikely to be successful in case of a central 
lesion. In this case report, oxygen was insufflated into basilar 
segments while lung resection occurred at the apex. Second, 
insufflation of relatively high-flow oxygen has the potential to 
cause lung over-distention or barotrauma if the bronchoscope 
tip is allowed to wedge in the airway. The authors guarded 
against this by having the surgeon visualize the basilar lung 

Fig. 6.9. Commercially available CPAP unit connected to the open 
lumen of a double-lumen tube. Flow rate is constant at 5 L/m of 
oxygen via wall outlet. CPAP pressure can be dialed in between 1 
and 10 cmH

2
O.

Fig. 6.10. Schematic illustration of intermittent positive airway pressure device. See text for details (reprinted from Russell [109], with  
permission).
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segments throughout the period of insufflation [110]. Distal 
oxygen insufflation, particularly at relatively high flow rates 
as described in this report, should never be applied blindly. As 
another option, we have successfully used HFJV during VATS 
procedures. In order for this technique to succeed, the lung 
has to be allowed to collapse away from the chest wall prior 
to the institution of HFJV and driving pressures have to be 
low enough to only cause partial lung inflation. As previously 
stated, however, with proper attention to adequate lung isola-
tion, “open lung” ventilation and maintenance of a  normal car-
diac output, these interventions should rarely be necessary.

Lung de-recruitment in the ventilated lung is common, 
easily reversed with recruitment maneuvers and preventable 
with appropriate PEEP levels. Low mixed venous oxygen 
saturation secondary to low cardiac output is another frequent 
and easily treatable cause of desaturation. Pharmacological 
modulation with vasoconstrictors (almitrine, phenylephrine) 
to strengthen HPV in the operative lung and vasodilators 
(inhaled NO) to improve pulmonary vascular capacitance in 
the ventilated lung may be helpful in extreme cases.

Systemic Effects

Even though hypoxia has become less of an anesthetic 
issue during OLV, relative hypoxemia may have a signifi-
cant impact on vital nonpulmonary organ function due to 
the ever-increasing rate of co-morbid conditions in thoracic 
patients. In addition to hypoxemia, release of inflammatory 

cytokines and reactive oxygen metabolites may have yet 
unknown effects on organ function. A few recent studies have 
attempted to define the effects of OLV on organ function. 
More research is needed to delineate the end-organ effects 
of OLV.

A recent study by Mierdl et al. analyzed the impact of 
hypoxia during OLV on myocardial metabolism in patients 
with severe multi-vessel coronary artery disease. Patients under-
went minimally invasive coronary artery bypass grafting via 
small lateral thoracotomy. In their study measurements of 
arterial and coronary sinus PO

2
, pH and lactate did not show 

any evidence of anaerobic metabolism, despite arterial P
a
O

2
 

values between 50 and 70 mmHg during OLV. Addition-
ally, no patient exhibited myocardial ischemia, which led the 
authors to conclude that OLV may be used in patients with 
multi-vessel coronary artery disease with an acceptable low 
risk of inducing anaerobic myocardial metabolism [111].

Neurocognitive dysfunction is a well-known complica-
tion of cardiac surgery, and has been shown to be associated 
with intraoperative episodes of cerebral oxygen desaturation. 
Standard pulse oximetry is insufficient to detect these events. 
Monitoring for, and treating cerebral desaturation events, may 
decrease the incidence of postoperative neurocognitive dys-
function [112, 113]. Tobias et al. investigated the incidence 
and risk factors for cerebral desaturation by monitoring cere-
bral oxygenation (rSO

2
) using near infrared spectroscopy in 

patients who required OLV for thoracic surgery [114]. In 8 
of 40 patients, prolonged decreases in rSO

2
 to less than 75% 

of the baseline value were recorded for 25% or more of the 

Fig. 6.11. Schematic illustration of oxygen supplementation during thoracoscopic surgery via bronchoscopy suction channel. See text for 
details (reprinted from Ku et al. [110], with permission).
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 duration of OLV. These eight patients were older, weighed 
more and were more likely to be ASA III than the remain-
der of the patients. Since there was no significant differ-
ence in patient background or other monitoring values, the 
authors concluded that rSO

2
 monitoring might be useful to 

detect cerebral desaturation and allow for early intervention 
in patients during OLV. Jugular bulb venous oxygen satura-
tions during OLV were assessed in a study comparing sevo-
flurane- and propofol-based anesthesia in patients undergoing 
lung surgery [115]. The SjO

2
 values were significantly higher 

in the sevoflurane group than in the propofol group, despite 
identical SaO

2
 values. The lower SjO

2
 values observed with 

propofol anesthesia may be explained by the fact that propo-
fol reduces cerebral blood flow more than cerebral metabolic 
rate [116, 117].

Interestingly, cerebral oxygen desaturation also appears to 
be predictive of noncerebral postoperative complications. In a 
recent trial of 50 patients undergoing major thoracotomy with 
OLV, a minimal absolute regional cerebral oxygen saturation 
of less than 65% was found to be predictive of postopera-
tive organ dysfunction based on the Sequential Organ Failure 
Assessment (SOFA) scoring system with an OR of 2.37 (95% 
CI 1.18–4.39, P = 0.043) [118]. Cerebral tissue oxygenation 
depends on arterial oxygen content, oxygen delivery (cardiac 
output) and metabolic consumption and may therefore be a 
superior monitor to simple pulse oximetry.

Reactive oxygen metabolites are known to occur after re-
expansion of the nonventilated lung. These metabolites may 
have deleterious effects on cellular function. Yulu  et al. inves-
tigated the effects of OLV and re-expansion on the tissue 
damage of the liver and ileum in rats [119]. Plasma aspartate 
aminotransferase (AST), alanine aminotransferase (ALT), 
tissue MDA, and MPO activities in both tissues were sig-
nificantly increased associated with OLV and re-expansion. 
 Tissue damage and apoptotic index increased in rats with 
longer OLV duration, suggesting that OLV may cause tissue 
damage in the liver and ileum. These are some of the early 
indicators that OLV may indeed have effects beyond lung tis-
sue; future research will help to delineate the significance of 
these findings.

Conclusion

The last decade has seen a shift in OLV research from stud-
ies investigating hypoxemia to various aspects of lung injury 
pathophysiology and prevention. Much has been learned about 
ventilation strategies that minimize lung injury. Evidence to 
date supports PLV based on reduction of surrogate markers, 
but more importantly now also indicates reduction of adverse 
outcomes. Ventilatory parameters have to be individualized 
for each patient’s unique pulmonary mechanics, but should 
focus on an “open-lung” strategy. Hypoxemia is infrequent 
and should lead to a re-evaluation of ventilatory parameters. 
Routine algorithms for treatment of hypoxemia, as well as 

advanced management techniques are available, such that 
prolonged hypoxia should be exceedingly rare. There are early 
indicators that OLV may impact systemic organ function, but 
future research is needed to address end-organ effects.
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7
Nonrespiratory Functions of the Lung
Lauren Yeazell and Keith Littlewood 

Key Points

Pulmonary endothelial cells metabolize endogenous 
 substances and xenobiotics via ecto-enzymes on their luminal 
surface and caveolae or enzyme systems within their cytosol.
Pulmonary metabolism results in the activation of several 
endogenous substances and some medications of impor-
tance to the anesthesiologist.
Pulmonary uptake is often not associated with metabo-
lism, but still markedly affects pharmacokinetics by ini-
tially attenuating peak concentrations and then returning 
unchanged substance to the circulation.
The lung’s ability to serve as a vascular reservoir is directly 
related to the capacitance of the pulmonary vessels.
The lung serves as a physical filter but this function may 
be compromised with high cardiac output and in several 
disease states.
The respiratory epithelium’s functions include humidifica-
tion and trapping of particles and pathogens.
The airway surface film has antimicrobial capacity beyond 
its mechanical removal of debris from the airway.

Introduction

For nearly two millennia of Western medicine, the lungs were 
thought to primarily protect the heart from overheating by 
exhaling warm air and from direct injury both by their posi-
tion and cushioning structure. These views are ascribed to the 
teachings of Galen and, to some extent, Aristotle [1, 2]. Tra-
ditional Chinese medicine emphasized the interconnectedness 
of the organ groupings of the five phases, but within this con-
struct the Lung was seen as a minister to the emperor Heart 

and in partnership with the bowel to have the responsibility of 
maintaining the boundary of body and outside world. In the 
thirteenth century, Ibn-an-Nafis of Cairo described the puri-
fication of blood by mixing with air in the lungs in one of the 
earliest known descriptions of gas exchange [3].

Over the last several centuries, however, the biochemistry 
and physiology of respiration have become essentially syn-
onymous with the lungs. From the work of pioneers such as 
Boyle, Lower, Priestly, Haldane, and others, most clinicians 
now think of the lung first and foremost as an organ of gas 
exchange. In more recent years, other important roles of the 
lung have emerged, roles that are often in keeping with the 
concepts of our medical heritages.

In this sense, then, we now return to historic views of the 
lung as protector and modulator. Specifically, nonrespiratory 
functions of the lung including its metabolic processes, endo-
crine role, mechanical filtration of venous blood, warming of 
inspired gasses, and protection against inhaled pathogens and 
toxins are discussed. Focused aspects of organ structure and 
cellular function are reviewed as required by this discussion.

Uptake and Metabolism Within the Lung

The lungs are particularly suited for critical metabolic activi-
ties. They continuously receive essentially the entire cardiac 
output and their vascular area, depending upon the degree of 
recruitment, is an enormous 70–100 m2. Further, the lungs 
contain nearly half of the body’s endothelium [4] and have 
an extraordinarily high perfusion of 14 mL/min g tissue 
(as opposed to the next-highest renal perfusion of 4 mL/min 
g tissue). Thus, there is ample blood–endothelial interface  
for surface enzyme activity as well as uptake and secretion. The 
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largest population of cells involved in pulmonary  metabolism 
of blood-borne substances is, as might be expected, the pul-
monary endothelium. Consistent with high metabolic activity, 
endothelial cells typically have both extensive cytoplasmic 
vesicles and prominent caveolae. The caveolae are tiny mem-
brane invaginations and near-membrane vesicles similar to 
those found elsewhere in the body, measuring 50–100 nm, 
associated with caveolin proteins, and derived from lipid rafts 
within the membrane. The predominant activities of these 
caveolae, thought to include endocytosis [5] and signal trans-
duction, have not been fully delineated, and may be pleiotro-
pic [6]. The endothelial cells structurally have large luminal 
projections and invaginations, providing an even greater inter-
face area at the microscopic level.

Metabolism by the endothelial cell occurs either on the sur-
face of the cell via enzymes associated with the membrane 
(“ecto-enzymes”) or by cytosolic processing after the sub-
stances are taken up by the cell. Some surface enzymes are 
distributed along the luminal membrane [7], while others are 
associated exclusively with the caveolae [8]. Figure 7.1 sche-
matically depicts these processes with example substances 
and pathways. Metabolism may be further divided into exog-
enous vs. endogenous substances as well as deactivated vs. 

activated products. Regardless of these considerations, it 
should be remembered that intensive investigation of pul-
monary metabolism has developed only over the last several 
decades [9]. Much remains to be discovered and conflicting 
data exist for drugs as central to clinical anesthesiology as 
propofol [10, 11].

The literature’s terminology of pulmonary metabolism can 
also be confusing and sometimes inconsistent. The careful 
reader must sometimes deduce the actual processes described 
and investigated through context. In general, “pulmonary 
uptake” (and, often, “extraction”) is simply used to describe 
transfer from blood to lung. It does not indicate whether the 
substance of interest is subsequently metabolized or returned 
back into the blood (with or without alteration). “First-pass” 
uptake is used to describe the amount of substance removed 
from the blood on the first cycle through the lungs, although 
data from techniques such as tissue slices have been used to 
infer this behavior. “Extraction” is also sometimes used syn-
onymously with first-pass uptake. “Clearance” may be used 
to describe a substance undergoing actual elimination, either 
in terms similar to renal clearance as volume of blood from 
which the substance would be completely removed (mL/min 
or mL/kg min), or as a comparison of pulmonary arterial 

Fig. 7.1. Schematic examples of pulmonary endothelial metabolism. Surface enzymes may be restricted to the caveolae (Ecto-ATPase in 
the inset above is an example), or present on both the luminal surface and caveola (e.g., angiotensin converting enzyme [ACE]). Another 
characteristic of pulmonary endothelium is selective uptake, here exemplified by the ATP-dependent uptake of norepinehrine (NOREPI), 
while epinephrine (EPI) is not taken up. See text for details.
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 concentration vs. systemic arterial concentration. Terms 
used for isolated lung studies include “accumulation” (per-
centage of substance retained in the lungs after equilibrium) 
and “persistence” (percentage of substance retained after 
washout).

It is beyond the scope of this discussion to fully detail the 
experimental methods used in the investigation of pulmo-
nary metabolism, but the challenges of investigation and data 
interpretation merit at least mention. As implied above, lung 
metabolism has been investigated in vitro and in vivo. In vitro 
techniques include the use of cellular fractionates, tissue homo-
genates, and tissue slices. Recent advances in uniform prepa-
ration and cryoprotection have made tissue slices an attractive, 
more cost-efficient option [12] despite concerns regarding the 
impact of processing on enzyme behavior. They have a par-
ticular advantage in lung research because they include all cell 
types. The isolated and perfused animal lung model represents 
the next level of fidelity. The lung can remain within the ani-
mal or be explanted and the uses of various perfusion manage-
ments (e.g., nonpulsatile vs. pulsatile, blood vs. crystalloid, 
and one-pass vs. recirculation) have been described with little 
standardization. Further, various investigators commonly 
subject the lung to no inflation, constant airway pressure, or 
positive pressure ventilation. The impact of these differences 
in ventilation on resultant data is unknown. In the next level 
of modeling, in intact animals and human subjects, the pul-
monary uptake is typically assessed by measurements of the 
difference between pulmonary arterial and pulmonary venous 
(animals) or systemic arterial (human) concentrations of the 
substance in question, typically after a controlled bolus and/
or infusion when possible. These invasive requirements do not 
lend themselves to large volunteer studies. Most human sub-
jects are, in fact, critically ill and/or undergoing complex pro-
cedures. This variation in disease and treatment may produce 
data that in turn has great variance [13]. Conversely, inclusion 
criteria rigorous enough to provide consistent results produce 
a patient population in which the results are of limited general 
applicability [14]. A variation of the method just described is 
the double indicator-dilution technique [15]. In this technique, 
the substance of interest and a substance with no (or known) 
pulmonary uptake are injected, typically into the right atrium. 
Samples are then taken from a systemic artery, with the known 
substance serving as the control to which the investigated sub-
stance’s concentration curve is compared. This technique is 
more practical in terms of decreased frequency of sampling, 
and somewhat decreased invasiveness.

It is important to reemphasize that the lung has a pronounced 
impact on the blood concentration of substances even when it 
does not ultimately break them down or secrete them. This 
is because of the simple uptake and retention of substances, 
often followed by release back into the blood. This “capaci-
tor effect” [16] of the lungs in which any rapid rise or fall in 
concentration is attenuated will be revisited in the discussion 
below regarding local anesthetic toxicity.

With these limitations in mind, we shall first review the 
 current understanding of drug metabolism with focus on med-
ications of particular interest to the anesthesiologist, and then 
look at metabolism of endogenous substances. Endogenously 
produced substances such as catecholamines will be included 
in the latter discussion, even though they are also administered 
therapeutically and duplicated in the summary of medications 
(Table 7.1).

Drugs

The cytochrome P-450 monooxygenase enzyme systems are 
the most studied metabolic pathways for medications. The 
lungs have been found to have substantial concentrations of 
P-450 isoenzymes, particularly within type II pneumocytes, 
Clara cells, and endothelial cells [17]. This implies that the 
lung has the capacity for drug metabolism via its P-450 sys-
tems. While P-450 and other enzyme systems have long been 
known to exist in the human lung (Table 7.2), the actual activ-
ity of lung enzymes ranges from negligible to 33% of that of 
the liver [18]. The difference between organ enzyme activity 
of different species is large (lung to liver activity varying from 
a few percent to 111%) and mandates caution when interpret-
ing animal data [19].

Opioids

Fentanyl has been shown to have a markedly variable first-
pass uptake up to 90% in humans [20]. The same investigators 
found that significant amounts of fentanyl then returned from 
the lungs into the blood with a biphasic pattern, equilibrating 
after about a minute in the fast phase and nearly 25 min for 
the slow phase. The uptake of fentanyl is higher than expected 

Table 7.1. The lung and medications of interest to anesthesiologists.

Drug class

Impact of passage through the pulmonary 
circulation

Minimal or none
First-pass uptake and/ 
or metabolism

Hypnotics Thiopental +
Ketamine ++
Propofol ++

Benzodiazepines Diazepam ++
Nondepolarizing  

muscle relaxants
Rocuronium
Vecuronium
Rapacuronium
d-tubocurarine

Opiates Morphine Fentanyl ++
Sufentanil +
Alfentanil ±

Catecholamines Dopamine Norepinephrine +
Epinephrine
Isoproterenol

Local anesthetics Bupivacaine +
Lidocaine ++
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even for this basic and lipophilic drug. In fact, active uptake 
of fentanyl has been demonstrated in human lung endothelial 
cells [21].

The study of alfentanil has led to widely variant first-pass 
uptake data. Uptakes of 67% have been reported [20], as 
have (more commonly) uptakes of approximately 10% [22]. 
These studies both included other medications (sufentanil and 
morphine in one study and fentanyl in the other) that were 
found to behave similarly to accepted data for those drugs. 
This makes the discrepancy for alfentanil behavior particu-
larly hard to interpret.

Sufentanil demonstrates uptake that is a little more than 
half that of fentanyl. A study in which patients had received 
alfentanil for induction followed by a sufentanil infusion of 
50 g/min for 10 min showed sufentanil first-pass uptake of 
about 50% with a 20-min retention of about 20% [23]. The 
investigators incidentally noted that smokers had a statisti-
cally higher retention of the infused dose.

Early work with morphine in the perfused rabbit lung model 
showed about 30% first-pass uptake [24]. Interestingly, subse-
quent work in intact animals and in patients has found much 
lower uptake of about 10% [22, 25], including postoperative 
bolus and infusion [26]. Metabolism has generally been found 
to be negligible.

Muscle Relaxants

There is a paucity of data on pulmonary pharmacokinetics 
of muscle relaxants. This may be because the agents studied, 
including vecuronium, rocuronium, d-tubocurarine, rapa-
curonium, and Org 7,617 demonstrated no first-pass uptake 
or metabolism in the intact porcine model [27]. This would 
appear to have generated little enthusiasm for further investi-
gation of this class of drugs.

Local Anesthetics

Lidocaine has a long history of investigation in terms of pul-
monary uptake and metabolism. The general consistencies 
across species include a first-pass uptake of approximately 
50% with significant retention at 10 min [28–30]. The uptake 
of lidocaine has also been examined in a variety of physio-
logical circumstances. Under extremes of metabolic acidosis 
and alkalosis [29], lidocaine demonstrates increased uptake 

with higher blood pH. It is postulated that this finding is the 
consequence of increased drug lipophilicity, since, in a less 
acidic environment, more of the drug is in its nonionized 
form. Under extremes of FiO

2
 in in vivo isolated lobes of dogs 

under nitrous oxide and halothane anesthesia, there were no 
differences demonstrated in lidocaine uptake [31]. Of interest, 
the prolonged retention in all groups was less than that com-
monly reported in other studies, raising the issue of the effects 
of this particular model on uptake.

Bupivacaine has been investigated less extensively than 
lidocaine and with less consistent results. In most animal spe-
cies, peak extraction has been reported as high with variable 
first-pass retention between species and methodology [32–34]. 
In humans, however, the effective first-pass extraction appears 
to be lower when studied by epidural dosing [35, 36]. As in 
the case of lidocaine, the pulmonary pharmacokinetics of 
bupivacaine have been investigated in acidosis. In a rabbit 
model, animals with a pH of 7.0–7.1 demonstrated decreased 
maximum pulmonary extraction as a group [37] with resultant 
higher peak systemic concentrations of drugs.

Two recent areas of interest in the practice of clinical anes-
thesia are intimately linked with the pulmonary uptake of local 
anesthetics. The first is the relative safety of levobupivacaine 
and ropivacaine in comparison to bupivacaine. These drugs 
have, in fact, been the subject of several investigations. Early 
animal studies suggested decreased toxicity of these newer 
preparations [38, 39]. The discussion continues, however, with 
more recent work regarding the pulmonary uptake of these 
drugs. In rabbits, for example, the uptake of levobupivacaine 
is higher than ropivacaine with resultant lower systemic blood 
concentrations of levobupivicaine [40]. The authors thus cau-
tion that the lower absolute toxicity of ropivacaine may be 
tempered by the lung’s greater attenuation of peak levobupi-
vacaine levels in inadvertent intravenous injections. A recent 
review of the pharmacodynamics and pharmacokinetics of 
local anesthetics [41] focuses on the challenges of comparing 
toxicities in clinical practice [42–44]. Animal models, with 
the limitations already discussed amongst many more [45], 
must be utilized since clinical toxicity is an uncontrolled, rare, 
and dangerous event [46]. Other questions are raised by the 
relative central nervous system and cardiovascular toxicity 
between drugs and study variation in drug administration and 
measurement. The inconsistencies in the data of pulmonary 
uptake are thus one of many challenges in understanding the 
clinical toxicities of local anesthetics.

A second, related, area of great contemporary interest is 
the treatment of local anesthetic toxicity with lipid emul-
sion [47, 48]. A recent case report, in particular, is germane 
to the discussion of pulmonary uptake [49]. Briefly, a patient 
undergoing brachial plexus block with bupivacaine demon-
strated evidence of toxicity by progressive symptomatology, 
seizures, widening QRS tachycardia, and asystole. Successful 
emulsified lipid “rescue” was followed nearly an hour later 
by recurrence of episodic ventricular tachycardia. The authors 
believe that this represented the first reported recurrence  

Table 7.2. Enzyme systems of the lung [86].
Cytochrome P-450 oxygenase
Sulfotransferase
Nitro reductase
N-Methyltransferase
Glutathione-S-epoxide transferase
Glutathione-S-aryl transferase
Glucuronyl transferase
Epoxide hydrolase
Amine oxidase
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of toxic bupivacaine levels after lipid treatment. Several  
possible causes were postulated for this phenomenon, includ-
ing postresuscitation hepatic dysfunction, reversal of general-
ized peripheral ion-trapping of bupivacaine, and, appropriately, 
release of bupivacaine from the pulmonary vasculature. It seems 
that the issue of pulmonary uptake and release of local anes-
thetics must be considered in the treatment of suspected local 
anesthetic toxicity with emulsified lipid.

Hypnotics

There are limited, and sometimes dated, data regarding the 
pulmonary metabolism of intravenous induction agents. Thio-
pental has been found to have nearly 15% first-pass uptake in 
humans [50] with little or no metabolism. Ketamine shows 
marked species variation in its metabolism. In rabbit homo-
genate, the eventual complete disappearance of ketamine with 
only half being metabolized to norketamine implies the pro-
duction of other metabolite(s) [51]. Lung tissue homogenate 
was more quickly saturated than liver tissue. As previously 
mentioned, the applicability of this homogenate data to intact 
animals, and certainly to patients, is unknown. In dogs under 
halothane anesthesia, the pulmonary uptake of ketamine was 
found to be slightly less than 10% without subsequent metab-
olism [52]. Human data are lacking.

The clarification of propofol uptake and metabolism by 
the lungs has taken many turns. One of the earliest studies 
in sheep with propofol administered as the sole medication 
demonstrated an apparent steady-state pulmonary clearance 
of 1.21 L/min [53] with negligible drug accumulation in the 
lung tissue while a later study in sheep demonstrated a similar 
1.14 L/min pulmonary clearance [54]. Other early work found 
that propofol uptake in cats was nearly 60% but this uptake was 
particularly decreased in the presence of halothane or fentanyl 
[55]. Microsomal fractions from rat, rabbit, and human lung 
showed no glucuronidation of propofol [56]. Turning to data 
from human clinical studies, most recent work shows about 
30% first-pass uptake and negligible metabolism of propofol 
by the lungs [11, 57]. It is interesting that a recently developed 
model of propofol pharmacodynamics and pharmacokinetics 
[58] has produced a very good fit with data from human stud-
ies [59, 60]. In this work, the lung is modeled as three tanks 
in series with the full cardiac output sequentially flowing to 
each, a model previously proven effective [61] in simulating 
the behavior of markers indocyanine green and antipyrine as 
well as the narcotic alfentanil.

Pulmonary Handling of Endogenous Substances

Angiotensin Converting Enzyme

This section will discuss the activity of angiotensin- converting 
enzyme (ACE) and two important substrates, angiotensin I 
and bradykinin. The lung plays a critical role in the renin–
angiotensin system because of the pulmonary endothelium’s 

high concentration of ACE. When the kidney responds to 
changes in physiologic parameters such as vascular volume, 
blood pressure, and adrenergic stimulation by the cleaving 
of prorenin, the resultant renin catalyzes the formation of 
angiotensin I from angiotensinogen. It is ACE that then con-
verts angiotensin I to the critically important vasoconstric-
tor, angiotensin II. Although ACE can be found on vascular 
endothelium throughout the body as well as in the plasma, 
the pulmonary endothelium has an abundance of ACE as a 
surface or ecto-enzyme on the vascular membrane [62, 63], 
including the caveolae (Figs. 7.1 and 7.2). The newly formed 
angiotensin II is not, in health, taken up or further metabo-
lized by the endothelial cell, but rather immediately returns to 
the blood. Clinically, ACE inhibitors have been useful drugs 
in the management of systemic hypertension. As will be dis-
cussed below, the effects of these drugs are not limited simply 
to decreased levels of angiotensin II.

Fig. 7.2. An example of the lung’s central role in the body’s  endocrine 
processes, in this case the renin–angiotensin–aldosterone axis. In 
response to sodium, potassium, and renal perfusion changes, renin 
is secreted by the kidneys. Renin cleaves angiotensinogen (renin 
substrate) from the liver to form angiotensin I (AI). The lung then 
converts AI to AII through the action predominately of endothelium-
associated angiotensin-converting enzyme (ACE). AII causes vaso-
constriction and is involved in stimulation of aldosterone (ALDO) 
secretion by the adrenal gland, resulting in retention of sodium and 
volume by the kidney.
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Bradykinin is a nine amino-acid peptide produced in 
 multiple sites throughout the body from kininogen through 
the action of plasma kallikrein. It is in turn metabolized by 
several peptidases. Pertinent to this discussion, bradykinin is 
degraded by ACE and, in fact, more than 90% of bradyki-
nin is eliminated on first-pass through the lungs [64]. Bra-
dykinin’s effects are wide-ranging, including antithrombotic 
and profibrinolytic activity in the coagulation system, as 
well as modulation of nitric oxide and prostacyclin release. 
Specific to the lung, bradykinin was shown some time ago 
to have vasodilating effects on normal pulmonary vessels but 
to be vasoconstrictive when the pulmonary endothelium was 
destroyed in animal models [65, 66]. Bradykinin has also 
been long described as a bronchconstricter [67, 68] and is 
still considered a prototypical bronchoconstricting substance 
[69]. The complexities of the kallikrein–kinin system’s effect 
on endothelial cells, the myocardium, and vascular smooth 
muscle and its role in phenomena of cardiovascular injury is 
beyond the scope of this discussion, and the interested reader 
is referred to extensive reviews elsewhere [60, 70].

ACE is probably best known to clinicians through the drugs 
that block its activity, and, in fact, ACE inhibitors remain one 
of the most commonly prescribed group of drugs in the United 
States [71]. They are effective antihypertensive medications 
and have been shown to decrease the incidence of congestive 
heart failure after myocardial infarction [70]. It is now believed 
that some side effects of ACE inhibitors, such as angioe-
dema and cough, and some of the beneficial impact, such as 
decreased myocardial infarctions and improved renal function, 
involve modification of bradykinin metabolism [60].

Biogenic Amines

Histamine, serotonin (5-hydroxytryptamine or 5-HT), and 
the three naturally occurring catecholamines dopamine, nor-
epinephrine, and epinephrine comprise the group commonly 
termed biogenic amines. Studies looking into the uptake and 
metabolism of serotonin by the pulmonary circulation were 
amongst the earliest investigations of pulmonary pharmacoki-
netics [9, 72]. Subsequent work has made the behavior of this 
compound amongst the best understood in terms of pulmo-
nary uptake and metabolism.

5-HT is produced predominately by the gastrointestinal 
tract’s chromaffin cells. Ingested tryptophan undergoes a two-
step conversion first by tryptophan-5-hydroxylase and then 
by l-amino acid decarboxylase to serotonin. Mast cells and 
neuroendocrine cells in the lung are also capable of producing 
serotonin by uptake of tryptophan along the same enzymatic 
pathway. However, the lung normally contributes minimally to 
systemic 5-HT production because of lesser tryptophan avail-
ability and much slower reaction rates [73]. Once released 
from the gastrointestinal tract, there is avid uptake of 5-HT, 
particularly by nerve endings and platelets. These cells do 
not metabolize 5-HT to any great extent. The remainder of 
5-HT is extracted by the lung and, to a lesser degree, the liver.  

In the case of these organs, the 5-HT is metabolized to 
5-hydroxyindoleacetic acid (5-HIAA) by cytosolic monoamine 
oxidase and aldehyde dehydrogenase. 5-HIAA is, of course, a 
clinically useful marker of carcinoid syndromes with increased 
histamine turnover. It has been found that monoamine oxidase 
inhibitors block the cytosolic metabolism of 5-HT but not 
its uptake, while several drugs, including volatile anesthetic 
agents, block uptake but not intracellular metabolism [74].

Because it is not lipophilic, the pulmonary uptake of 5-HT 
is an active process, predominately via endothelial cells and 
with some variability between species. Several details of this 
uptake have been delineated as an ATPase-dependent active 
carrier process [75]. The pulmonary uptake of 5-HT by the 
lung is typically reported to be 90% or greater, meaning 
that little 5-HT reaches the systemic vasculature under nor-
mal circumstances. This model of production and uptake of 
5-HT plays a pivotal role in several pathological processes 
relevant to clinical anesthesiology. In carcinoid syndrome, 
for example, the right heart receives a high concentration 
of 5-HT (and other substances) before being extracted and 
metabolized by the pulmonary circulation. This is thought 
to be the reason that the right heart shows the greatest myo-
cardial and valvular injury in this syndrome [76–78]. This 
model is supported by other clinical observations. The valvu-
lar injury of substances related to 5-HT such as methysergide 
and ergotamine, those that increase 5-HT such as the infa-
mous fenfluramine, and more recently the recreational drug 
“ecstasy” (3,4-methylenedioxymethamphetamine), known to 
activate 5-HT receptors, are all similar to carcinoid cardiac 
disease [79, 80]. Additionally, when an intracardiac right-to-
left shunt is present in the carcinoid patient with bypass of 
the pulmonary circulation, the left heart demonstrates valvu-
lar injury similar to that of the right heart [81].

Pulmonary embolism presents another clinical situation 
pertinent to 5-HT activity. It has long been appreciated that 
the mass effect of embolism does not, in itself, account for the 
typical cardiopulmonary consequences. The platelet aggrega-
tion and activation associated with acute pulmonary embolism 
results in degranulation with the release of 5-HT, well known 
to be a potent vasoconstrictor and to increase bronchial smooth 
muscle tone. This release of 5-HT and, perhaps, decreased 
local uptake of 5-HT are postulated to cause local and regional 
vascular changes [82]. Other actions of elevated 5-HT, such 
as promotion of further platelet aggregation and inhibition 
of the vasodilating prostacyclin likely also play a role in the 
full response to pulmonary embolism [83]. The infusion of 
a serotonin antagonist in animals was found to attenuate the 
increase in pulmonary pressures of pulmonary embolism [84], 
supporting the role of 5-HT in this response.

Histamine, in contrast to 5-HT, has almost no uptake in the 
pulmonary circulation. Lung homogenates are capable of his-
tamine metabolism [85], but the intact lung appears to lack an 
uptake mechanism for histamine.

Just as the lung has the enzymes to metabolize both hista-
mine and serotonin but the ability to take up only  serotonin, 
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its uptake of catecholamines also demonstrates marked 
 selectivity. Norepinephrine demonstrates a 35–50% first-pass 
uptake with subsequent metabolism by catechol-O-methyl-
transferase (COMT), MAO, aldehyde reductase, and aldehyde 
dehydrogenase [86]. Dopamine and epinephrine, however, 
have essentially no uptake although they would be susceptible 
to the cytosolic enzymes, as again proven by cell homoge-
nates. The synthetic catecholamine isoproterenol also has no 
appreciable uptake by the lung.

Arachidonic Acid Metabolites

Extensive production and metabolism of arachidonic acid 
derivatives occurs in the lung. The term eicosanoids refers to 
the 20-carbon carboxylic acids derived from the metabolism 
of the lipid membrane component icosatetraenoic acid, more 
commonly known as arachidonic acid. The action of phospho-
lipase A

2
 converts the esterified form as found in the mem-

brane and releases arachidonic acid from structural glycerol. 
Once free, arachidonic acid may follow three main metabolic 
pathways in the lung. The lipoxygenase pathway produces 
leukotrienes, lipoxins, and some of the hydroxyeicosatetra-
enoic acids (HETEs). The cyclo-oxygenase (COX) pathway 
produces prostaglandins, thromboxane, and prostacyclin. The 
cytochrome P-450 mono-oxygenase system produces cis-
epoxyeicosatrienoic acids and HETEs that are different than 
the products of the lipoxygenase pathway.

The lipoxygenase pathways produce leukotrienes and lipox-
ins. The formation of all leukotrienes starts from a common 
point. 5-Lipoxygenase, located in the perinuclear cytosol, 
responds to increased calcium in concert with its activating 
protein to generate 5-hydroperoxy-eicosatetraenoic acids 
(5-HPETE) from arachidonic acid. A dehydrase then yields the 
relatively unstable leukotriene A

4
 (LTA

4
), which may undergo 

transformation by epoxide hydrolase (LTA
4
 hydrolase) to 

LTB
4
 which leaves the cell via a transport protein. The alter-

native pathway for LTA
4
 is via LTC

4
 synthase to form LTC

4
, 

which is converted by nonspecific interstitial peptidases to the 
leukotrienes LTD

4
 and LTE

4
 (commonly referred to as slow 

reacting substance of anaphylaxis). Whereas closely related 
prostanoids (see below) demonstrate opposing biological 
actions, the leukotrienes uniformly promote inflammatory 
responses in the lung. They are responsible for bronchocon-
striction and increased pulmonary vascular permeability, are 
chemotactic and chemokinetic for neutrophils, and facilitate 
eosinophil degranulation [87–89]. They are produced by 
activated inflammatory cells within the lung as well as those 
arriving in response to inflammation. It should be no surprise 
that leukotrienes have been the subject of investigation in 
processes ranging from hypoxic pulmonary vasoconstriction 
in normal and damaged lungs [90, 91] to the pathogenesis 
of adult respiratory distress syndrome (ARDS) [92–94] and 
asthma [95]. This work has been especially fruitful in the case 
of asthma, for which leukotriene modifiers are a mainstay of 
treatment [96–98].

There appears to be little specialized pulmonary uptake 
or metabolism of the leukotrienes beyond the inactivation 
of LTB

4
 and LTC

4
 by neutrophils in the lung. Nonspecific 

hydroxylation and carboxylation of leukotrienes also occur in 
the interstitium, similar to that of other tissues [99].

The lipoxins have been identified as critical factors in  
the resolution of inflammation throughout the body, now seen 
more as an active process than the simple “burn out” of 
 pro-inflammatory processes [100, 101]. There are three main 
synthetic routes of lipoxin formation, involving interactions of 
products from 5-lipoxygenase, 15-lipoxygenase, and/or 
12-lipoxygenase, with the eventual formation of the two lipox-
ins, the positional isomers lipoxin A

4
 (LxA

4
) and B

4
 (LxB

4
). 

The lipoxins have a variety of antiinflammatory effects. They 
inhibit eosinophil and neutrophil chemotaxis and adhesion, as 
well as natural killer cell activation [102–105]. They are 
endothelium-dependent vasodilators of both pulmonary and 
systemic vasculature [106]. The lipoxins have been investi-
gated extensively for their role in lung physiology and disease. 
Asthma, in particular, has received a great deal of attention 
[107]. Work thus far indicates that lipoxins are decreased in the 
sputum [108] and blood [109] of patients with severe asthma. 
The balance between leukotriene and lipoxin activity, in par-
ticular, has been found related to disease severity [110], raising 
the possibility of inducing lipoxin activity [111] as an adjunct 
to leukotriene modifiers. The role of lipoxins has also been 
considered in the active resolution of acute lung injury [112].

The lipoxins are predominately taken up by circulating 
monocytes with subsequent dehydrogenation [113]. No spe-
cific pulmonary uptake or metabolism of lipoxins has been 
described.

As implied by its name, COX catalyzes the cyclization and 
oxygenation of arachidonic acid, producing prostaglandin 
PGG

2
, which is converted by nonspecific peroxidase(s) to the 

unstable precursor PGH
2
. There are subtypes of COX, most 

notably COX-1 and COX-2. There has been great interest in 
COX-2 since its discovery in the 1990s because its inhibi-
tion was hoped to be more specific in controlling pain and 
inflammation without injury to the gastroduodenal mucosa 
[114, 115]. Although effective, the emergence of a small but 
real increase in cardiovascular risk of COX-2 inhibitors [116] 
has tempered their use. Complicating this issue further is that 
many of the “traditional” COX inhibitors such as acetamin-
ophen, salicylates, and the nonsteroidal antiinflammatory 
agents ibuprofen and naproxen show only slightly less COX-2 
avidity than some of the newer COX-2 inhibitors.

Following the production of PGH
2
, the metabolic path-

way divides into branches producing the various bioactive 
prostanoids; the enzymes of particular interest here are PGD 
synthase, PGE synthase, prostacyclin synthase, and throm-
boxane synthase. The final products of these pathways typi-
cally have opposed or balancing effects locally and regionally. 
Prostaglandin E

2
 (PGE

2
) and PGI

2
 are bronchodilators, for 

example, while PGF
2

, PGD
2
, and thromboxane A

2
 (TXA

2
) 

cause bronchoconstriction. Similarly, PGD
2
, PGE

2
, PGF

2
, 
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and TXA
2
 are potent vasoconstrictors, while PGE

1
 and PGF

2
 

are vasodilators.
Pulmonary endothelial cell cultures demonstrate virtually 

all COX pathway products to some extent, but the level of 
in vivo production is less clear. PGI

2
 appears to be continously 

produced, with modulation by vascular flow [117]. PGD
2
, 

PGE
1
, PGE

2
, PGI

2
, PGF

2
, and TXB

2
 have all been found to 

be produced by human lungs, although under varying circum-
stances [118, 119].

The discussion of the pulmonary metabolism of COX prod-
ucts includes the now familiar theme of a broad range of intra-
cellular enzymes (by cell culture and cellular homogenate 
investigation) but selective uptake. In this way, at least 
80–90% of PGD

1
, PGE

2
, and PGF

2
 are taken up and metabo-

lized in a first-pass through intact pulmonary circulation; but, 
PGA

1
, PGA

2
, and PGI

2
 demonstrate essentially no uptake 

[23, 120, 121]. TXA
2
, a relatively unstable compound, pres-

ents a special case in the discussion of pulmonary uptake. 
TXA

2
 undergoes hydrolysis in the blood, forming TXB

2
. It is 

TXB
2
 that is taken up by a carrier for cytosolic metabolism 

and that is often utilized as an investigative marker of TXA
2
 

activity [122].
The P-450 mono-oxygenase system provides three pathways 

of arachidonic acid metabolism which result in epoxyeicosatet-
raenoic acids (EETs), HETEs, or di-hydroxyeicosatetraenoic 
acids (dHETEs). These pathways are not unique to the endothe-
lium, epithelium, and smooth muscle of the lung, being found 
in several other organs, including the gastrointestinal tract, 
liver, and kidney [123]. Subfamilies of cytochrome P-450 sys-
tems have been identified within the lung. The CYPA4 family 
produces 20-HETE, while the CYP2J family is found in epi-
thelial, bronchial, and vascular smooth muscle cells, as well as 
endothelial and alveolar macrophages [124].

The HETEs and EETs have been shown experimentally to 
affect pulmonary vascular and bronchomotor tone. 20 HETE 
and 5, 6, 11, and 12-EETs all have relaxing effects on both 
the lung vasculature and airways [125, 126]. They are further 
known to have general antiinflammatory effects, to modulate 
reperfusion injury, and to inhibit platelet aggregation. Within 
the lung, 15-HETE and 20-HETE may both modify hypoxic 
vasoconstriction [127].

Natriuretic Peptides

The natriuretic peptides currently consist of, in order of their 
discovery during the 1980s, atrial natriuretic peptide (ANP), 
brain natriuretic peptide, and C-type natriuretic peptide. 
ANP has received the most attention in terms of pulmonary 
pharmacokinetics. It is a pulmonary artery (and to a lesser 
extent, venous) vasodilator whose action is independent 
of endothelial function. ANP is known to interact with the 
renin– angiotensin–aldosterone system at several points. Best 
described are suppression of renin release, decrease of angio-
tensin converting enzyme activity, and blocking of aldoster-
one release. These actions promote natriuresis and diuresis. 

ANP is mainly produced in the cardiac atria, but both ANP 
and its prohormone have been found in the human fetal lung 
[128] and adult pulmonary veins [129]. Lung production is 
apparently suppressed by hypovolemia and increased with 
hypoxemia, hypervolemia, and in the presence of glucocorti-
coids. In terms of elimination, the rabbit lung demonstrates a 
25% first-pass uptake of ANP [130].

Other Endogenous Substances

The number of substances handled by the lung and the 
intricacies of their metabolism precludes full discussion 
here. For the interested reader, several historically and/or 
clinically important substances are listed in Table 7.3 and 
references are provided for the activation of cortisone to cor-
tisol in health [131, 132] and disease [133], the behavior of 
endothelin in several clinical circumstances [70, 134, 135], 
and new perspectives on purine metabolism by endothelial 
ecto-enzymes [133].

The Lung as Vascular Reservoir and Filter

The volume of blood within the lungs under various condi-
tions has been a subject of investigation for over 80 years 
[136]. What has come to be known is that the pulmonary vas-
culature in health has remarkable capacitance, allowing it to 
accept the wide ranges of right ventricular output with mini-
mal change in pressure. This ability to load and offload vol-
ume allows the lungs to serve as a vascular reservoir to meet 
the preload needs of the left heart as they change due to fac-
tors such as posture, exercise, and daily volume shifts [137]. 
The role of pulmonary vascular capacitance is also emerging 
in our understanding of disease processes relevant to clini-
cal anesthesiology. Models of heart failure, for example, now 
incorporate the role of vascular compliance in general and the 
pulmonary vasculature capacitance and permeability specifi-
cally [138]. Also of interest to anesthesiologists, researchers 
have found that following the release of tourniquet in total 
knee arthroplasty, there is an actual decrease in pulmonary 
vascular resistance. A clue to the mechanism of this finding 
was metabolic evidence of increased endothelial recruitment 
with this obligatory microembolism [139].

The unique anatomical position of the lungs as they receive 
the entire right heart output allows them to serve as physical 
filters, in much the same way that they metabolically play a piv-
otal role in the uptake of endogenous substances and  xenobiotics. 
The literature commonly alludes to the ability of 350 and even 
500 m glass beads to pass through the pulmonary vasculature 
in animal models. Given that normal pulmonary capillaries have 
a diameter of 7–10 m, this implies other arterio-venous com-
munications under normal conditions. Recent work in isolated, 
but normally ventilated, animal and human lungs and, espe-
cially, exercised human subjects imply a more complicated  
picture. It now appears that, indeed, arterio-venous passage of 
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particles larger than 50 m occur in  isolated lungs, although 
more than 99% of such glass  microspheres are trapped by the 
lungs [140]. In human volunteers,  aggregated albumin tagged 
with technetium-99 and with diameters of 7–25 m was found 
to have about 0.7% transpulmonary passage at rest. This rose to 
3% passage with exercise, as demonstrated by aggregate trap-
ping in systemic capillaries. This implies the recruitment of 
intrapulmonary arterio-venous pathways with exercise which 
presumably allow decreased resistance to flow but compromise 
the lung’s competence as a mechanical filter [141]. The lung’s 
protection of systemic circulation from embolus can also, of 
course, be completely subverted by anatomic variants and path-
ological states. The latter is exemplified by the hepatopulmo-
nary syndrome’s intrapulmonary vascular dilatations, which 
have been associated with patient injury from embolism [142]. 
The patent foramen ovale and its potential for catastrophic 
embolic phenomena in the perioperative period [81, 141, 143] 
have long been appreciated and feared by anesthesiologists as 
the classic anatomic variant which bypasses the protective filtra-
tion of the pulmonary vasculature.

The Respiratory Epithelium

The lung defends the body not only by mechanical filtration 
and metabolism of substances from the blood, but also from 
agents that are air-borne. The respiratory epithelium repre-
sents a huge surface area that is a gateway from the outside 
world to the exquisitely delicate alveoli; a path taken by both 
life sustaining oxygen and potentially damaging particles 
and gasses. This defensive challenge is especially impressive 
when considering both the wide range of conditions to which 
the modern human is exposed and the simple fact that even a 
somewhat sedentary adult can be expected to inhale well over 
10,000 L of gas from his/her environment in a day. The dis-
cussion below will briefly review the structure and function of 

this system and then the way in which it provides protection 
through the mucociliary apparatus, trapping of particles, and 
response to particles and pathogens.

The Cells of the Respiratory Epithelium

While some 50 distinct cell types have been identified in the 
human airway [144], our discussion will focus on those most 
important to the lung’s nonrespiratory functions.

Ciliated Columnar Cells

These cells are the most common of the respiratory epithelium. 
Their most obvious defining feature is several hundred cilia 
moving at a rate of about 12 cycles per second, always toward 
the trachea. As might be expected, this process requires large 
energy expenditures, and, in fact, the cells have extensive pop-
ulations of mitochondria. The cellular architecture and shape 
change according to position in the respiratory tract. In the 
nose, pharynx, and large airways, the columnar cells are pseu-
dostratified, layered over the basal cells which are thought to 
be the stem cells for both ciliated and goblet cells. Moving 
down the bronchi, they gradually thin to a single layer. Further 
still, in the bronchioles, the columnar cells transition to a layer 
of cuboidal cells and then, approaching the terminal airways, 
they mix with type I alveolar cells.

Goblet Cells

These specialized columnar epithelial cells can rapidly secrete 
mucins (high molecular weight mucous glycoproteins) which 
provide a protective layer over the epithelium when it combines 
with other lipid, glycoconjugate, and protein components [145]. 
Mucin is released by exocytosis in response to a variety of 
stimuli such as dust, microorganisms, fumes, and debris within 
the airway. Hyperplasia in response to chronic stimulation is 

Table 7.3. Lung effects on endogenous substances relevant to the anesthesiologist.

Group

Impact of passage through the pulmonary circulation

Activated Minimal or none First-pass uptake and/or metabolism

Peptides Angiotensin I Angiotensin II Endothelins
Vasopressin Bradykinin
Oxytocin
Atrial natriuretic peptide

Steroids Cortisone Beclomethasone
Progesterone

Purine family Adenosine Adenosine phosphates 
(AMP, ADP, ATP)

Arachidonic acid family PGA
2

PGD
2

Prostacyclin (PGI
2
) PGE

2

PGF
2

Leukotrienes
Biogenic amines Dopamine 5-HT

Epinephrine Norepinephrine
Histamine
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a hallmark of the goblet cell population (Fig. 7.3) and typical  
of disease processes such as asthma, bronchitis, and cystic 
fibrosis [146].

Submucosal Secretory Cells

There are actually two types of submucosal secretory cells. 
Both are associated with the submucosal glands of the trachea 
and large bronchi. These glands are innervated by cholinergic 
fibers from the vagus [147] and are located in the submucosa 
between the smooth muscle and cartilage plate. The serous 
type cells account for more than half of the submucosal gland 
in health and contain multiple secretory granules. Proteo-
glycans, lysozyme, lactoferrin, IgA receptor complex, per-
oxidase, and antiproteases are amongst the contents of these 
granules. The mucous type cells are columnar cells with a 
high density of cell granules containing mucin. It is thought 
that serous cells transdifferentiate to mucous cells in response 
to injury from inhaled agents and the resulting predominance 
of mucous cells plays a role in the change of the character of 
mucus in response to injury. While it is accepted that both 
the submucosal secretory cells and goblet cells contribute 

to airway mucus, there is apparent variability in the relative 
 contribution of these cells on the basis of airway level, experi-
mental model, and species [148–151].

Clara Cells

Clara cells (nonciliated bronchial secretory cells) are normally 
found predominately in the terminal bronchioles (Fig. 7.4). 
Their granules secrete Clara cell secretory protein (CCSP), 
the function of which is poorly defined. In an animal model, 
antigenic challenge results in proliferation of tracheobronchial 
Clara cells that secret not only CCSP, but also demonstrate 
secretion of mucin [151]. Conversely, in normal humans, 
bronchiolar goblet cells have been found to secrete CCSP, 
leading to speculation that Clara cells may be goblet cell pre-
cursors [152], as well as progenitors of the epithelium [153].

Mast Cells

Mast cells are located throughout the lung, from typical loca-
tions under the airway epithelium and in the alveolar septum to 
those freely positioned in the airway. They have traditionally 

Fig. 7.3. Airway goblet cell hyperplasia. Simplified schematic outlining selected pathways generating increased epithelial mucin production. 
Cytokines (e.g., interleukin-4, -9 and -13), bacterial products (e.g., lipopolysaccharide and lipoteichoic acid), proteinases (e.g., elastase and 
cathepsin G), and oxidants from T helper-2 (Th2) lymphocytes, bacteria, neutrophils, and cigarette smoke upregulate mucin production and/
or induce goblet cell hyperplasia with associated increases in expression of epidermal growth factor receptors (EGFR), calcium activated 
chloride channels (CLCA), and the antiapoptotic factor Bcl-2. Note: not all stimuli have yet been shown to induce expression of each of 
EGFR, CLCA and Bcl-2. In addition, production of new goblet cells appears to involve differentiation of nongranulated epithelial cells rather 
than goblet cell division (reproduced with permission. Rogers [45]. Copyright Elsevier).
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been associated with acquired immunity, but recent evidence 
indicates that mast cells also have important roles in innate 
immunity and inflammatory regulation [154]. Specifically, 
their role as sentinel for innate immunity seems to bridge the 
classic with the more recently appreciated roles [155].

Macrophages and Monocytes

Macrophages and monocytes can be categorized as (1) air-
way and alveolar macrophages, (2) interstitial macrophages, 
and (3) pulmonary vascular monocytes. This scheme does not 
include the monocyte derivative dendritic cells. There are lim-
ited data regarding the sparse interstitial macrophage popula-
tion, mostly from animal preparations. There is no evidence 
that the intravascular monocytes of the lung are particularly 
different than monocytes throughout the body’s vascular sys-
tem, transforming into macrophages within the tissue to which 
they migrate.

The alveolar macrophages must routinely phagocytize a diz-
zying array of invaders of the airspace. These include dust and 
particulates as well as bacteria, yeasts, and other organic and 
inorganic debris. Phagosomes initially envelope the ingested 
target and then are merged with lysosomes. The  latter contain 
hydrolytic enzymes, which efficiently destroy the majority of 
bacteria, yeasts, and debris encountered. For some microor-
ganisms (e.g., mycobacteria or many gram-negative bacteria) 
and materials, the lysosomal system is not effective. In this 
case, secondary lysosomes are now used essentially as storage 
areas, where the material is isolated for the life of the mac-
rophage. The fate of these laden cells is not uniform. It appears 
that some are swept away by the mucociliary  apparatus for 
mechanical elimination and others remain in the lung for as 

long as months before dying and releasing their sequestered 
contents for uptake by successor macrophages. There has 
been recent attention to the translocation of particles from the 
lung to lymph nodes and other organs [156, 157], presumably 
in conjunction with alveolar macrophage activity.

Alveolar Epithelial Cells

Alveolar epithelial type I and type II cells (also referred to 
as type I and II pneumocytes) line the terminal alveoli. Type 
I cells are thin sheets lining the alveoli with each covering 
several capillaries. The tight junctions between cells are well 
described and thought to provide only a 1- m gap under nor-
mal circumstances. Historically thought to serve as a barrier 
to the movement of solutes and water into the alveoli, more 
recent work with sodium and chloride transporters has found 
evidence of active epithelial mechanisms for fluid transport 
in both health and diseased states [158, 159]. Type II alveolar 
epithelial cells tend to be clustered at alveolar juncture points. 
They are cuboidal cells with lamellar bodies in the cytoplasm 
and numerous mitochondria. The lamellar bodies are inclusions 
of variable size and composed of stacked layers of membrane-
like material. It is this material which is processed and released 
as surfactant by the type II cell [160]. Four types of surfactant 
proteins A, B, C, and D (SP-A through SP-D), have been iden-
tified. SP-A and SP-D modulate surfactant release, while SP-B 
and SP-C stabilize the surfactant monolayer discussed below 
[161]. SP-B is the protein absolutely required for survival, but 
important contributions have been discovered from the other SP 
proteins. SP-A and SP-D, for example, play immune roles by 
direct antimicrobial activity and enhancement of macrophage 
recognition of microorganisms.

Fig. 7.4. (a) Scanning electron micrograph of the lining of the proximal bronchiole of a rat showing Clara cells, some of which are undergo-
ing apocrine secretion (arrows), surrounded by ciliated cells (bar = 10 m). (b) Transmission electron micrograph of a terminal bronchiolar 
Clara cell. Numerous mitochondria (M), secretory granules (S), rough endoplasmic reticulum (RER), and the basal nucleus (N) are indicated 
(reproduced with permission. Reynolds and Malkinson [53]. Copyright Elsevier).
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Functions of the Respiratory Epithelium

The functions of the respiratory epithelium that will be 
reviewed here include maintenance of the complex liquid film 
of the airway, humidification, removal of inhaled materials, 
and response to inhaled pathogens.

Airway Surface Film

The surface liquid of the airway, in health, is about 10 m 
thick. It consists of two layers, namely, the periciliary sol 
underneath a second layer of mucus gel. The sol is a low-
viscosity watery liquid that surrounds the cilia. The mucus, 
as discussed previously, is produced by the submucosal 
glands and goblet cells in response to a variety of irritants. 
The cilia are too tightly arranged for the mucus gel to find 
its way between cilia, thus the gel layer contacts only the 
ciliary tips along its bottom edge. The cilia, then, are free 
to move in their well-characterized rhythmic pattern with 
relatively less resistance from the minimally viscous sol. In 
this manner, the cilia propel the mucous layer toward the tra-
chea at a rate of 3–4 mm min−1 [162]. The thickness of the 
layers of this system, especially the sol, must be maintained 
within very narrow tolerances for mechanical efficiency. This 
is achieved in large extent by simple osmotic gradient and 
probably accounts for much of the adjustment that occurs 
as larger amounts of mucus converge in the larger airways. 
Adjustments of sol osmolarity to effect this mechanism occur 
through the activity of the amiloride-sensitive chloride chan-
nel, more commonly referred to as the cystic fibrosis trans-
membrane conductance regulator (CFTR) protein. Indeed, 
the ravages of cystic fibrosis are now thought to start at least 
in part because of the relative depletion of the sol, emphasiz-
ing the delicate nature of the system just described [163]. The 
antimicrobial capabilities of the mucociliary apparatus will 
be discussed below.

Humidification

The respiratory system has enormous capacity to humidify 
inspired gas. At rest, air is completely saturated with water 
vapor as it passes through the nose and upper airway, before 
it reaches the trachea. As minute ventilation (MV) increases, 
smaller and smaller airways are required to contribute to 
humidification, such that at a MV of 50 L min−1, airways of 
only a few millimeters diameter receive incompletely humidi-
fied gas [164]. The airways do reclaim some of the heat and 
moisture imparted on the inhaled gas during its exhalation. 
Thus, bypassing of the nasopharyngeal passages and upper tra-
chea by devices such as endotracheal tubes not only decreases 
humidification of the gasses delivered to the distal airways, 
but also cheats the opportunity to recoup heat and moisture 
on exhalation.

Removal of Inhaled Particles

The regions of the respiratory tract in which particles are 
deposited depend upon respiratory pattern, environmental con-
ditions, and the nature of the particles themselves. Accepting 
these variations, it is possible to generalize particle behavior 
under normal circumstances. Particles larger than 10 m (e.g., 
dust and particulates from low-grade petroleum combustion) 
are often trapped at the level of the nose or pharynx. Those 
that enter the airway of the lung, and particles of 3–10 m, 
are caught on the liquid film layer and transported out of the 
lung for swallowing or expectoration as previously described. 
They tend to be deposited in higher concentration in areas of 
high turbulence such as airway bifurcations. Particles smaller 
than 3 m may reach the alveoli. They will either be subse-
quently exhaled or settle in the alveolus, where they will be 
subject to the activity of macrophages as discussed in a previ-
ous section. There are, of course, particular substances that 
instigate a detrimental response from the body, for example 
asbestos with resultant pulmonary fibrosis.

Response to Inhaled Organisms

There are several mechanisms with which the airway defends 
the body against inhaled microorganisms. The first is simple 
impact and capture by the nasal and pharyngeal mucosa with 
subsequent swallowing and destruction in the hostile gastroin-
testinal tract or expectoration. Those organisms that enter the 
lung may be similarly trapped on the surface film and moved 
out of the lung by ciliary action. The surface film is more than 
a simple transport mechanism, having a variety of antimicro-
bial mechanisms. These capabilities make teleological sense, 
because the potentially damaging agents are not immediately 
removed.

Surfactants are best known for their ability to reduce surface 
tension and thus equalize pressures within airspaces of differing 
size. Less appreciated is the fact that SP-A and SP-D (follow-
ing terminology introduced in the discussion of type II alveolar 
cells) are members of the collectin protein  family. Collectins 
have an N-terminal collagen type region and a C- terminal 
lectin region that bind carbohydrates. The C- terminal’s pref-
erential binding site is nonhost oligosaccharides, giving them 
the ability to opsonize bacterial and viral pathogens and to 
facilitate macrophage phagocystosis [165]. SP-A and SP-D are 
also known to be directly antimicrobial, without immune cells, 
against a variety of pathogens [166, 167].

The surface films of the large bronchi (and the mucosa 
of the nasopharynx) have generous amounts of IgA, which 
acts as an opsonin and has a role in complement induction. 
In smaller airways and alveoli, IgG becomes the predominant 
surface antibody in normal circumstances.

Active defensive responses of the airway include the 
release of lactoferrin by neutrophils and epithelial cells, as 
well as lysozymes and defensins from neutrophils. Stimulated 
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 bronchial epithelial cells can also secrete and/or facilitate 
adhesion molecules, cytokines and chemokines, and eventu-
ally, growth factors and collagen.

Summary

Historically, practitioners of the medical arts from around the 
globe viewed the lung as a defender of the body from a hostile 
outside world, and as a trusted modulator of its internal pro-
cesses. More recently, respiratory function became the focus 
of attention with advances that have been central to the devel-
opment of anesthesiology and upon which modern clinicians 
base much of our practice in cardiopulmonary medicine. The 
purpose of this discussion, which returns to the concepts of 
lung as protector and minister, has been to highlight important 
nonrespiratory lung functions in terms of both current areas of 
discovery and clinical implications. It is hoped that the reader 
will agree that familiarity with these aspects of pulmonary 
function are pivotal to a complete understanding of the lung 
and to the advancement of clinical practice.
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Pharmacology of the Airways
Paul J. Wojciechowski and William E. Hurford

Key Points

Short-acting beta-2 adrenergic agonists are administered 
for the acute relief of bronchospasm, wheezing, and airflow 
obstruction. Long-acting beta-2 adrenergic agonists are for 
long-term control of symptoms.
Inhaled anticholinergics are first-line therapy in COPD. 
They are useful for both maintenance therapy and in acute 
exacerbations.
Inhaled corticosteroids are used to control inflammation in 
asthma and COPD. In asthma, they can be used as mono-
therapy. In COPD, they are used in conjunction with long-
acting beta-adrenergic agonists.
Systemic corticosteroids are used for the reduction of 
inflammation in asthma and COPD exacerbations and are 
not typically prescribed as maintenance therapy.
Leukotriene modifiers, mast cell stabilizers, and meth-
ylxanthines are alternative therapies used in asthma when 
symptoms are not well-controlled on first-line therapy.
Volatile and intravenous anesthetics provide a degree of 
bronchodilation that may be useful in treating intraopera-
tive bronchoconstriction.
Helium/oxygen mixtures, antihistamines, and magnesium 
sulfate are alternative therapies used when bronchospasm 
does not respond to conventional therapies.

Introduction

This chapter reviews the pharmacology of agents commonly 
encountered in anesthetic practice that are either administered 
to treat pulmonary diseases or administered into the airway for 
action at end organs other than the lung but have effects on the 
airway. Drugs that modify the state of the autonomic nervous 
system (ANS) and the airway will be reviewed along with med-
ications that modify or suppress inflammation of the airway. 
Lastly, the action of anesthetic agents on the airway will be 
reviewed along with the actions of several adjunctive agents.

Pharmacologic agents administered via the lungs take 
advantage of the unique interface between air and blood allow-
ing for rapid uptake of drugs into the bloodstream or immedi-
ate utilization by cells that populate the airway. The delivery 
of medications to the lungs can have systemic effects, direct 
effects on the airway, or both. For example, inhaled anesthet-
ics are delivered via the lungs to act in the brain, and have 
bronchodilatory effects. Conversely, beta-adrenergic agonists 
delivered via aerosol exert direct effects on bronchial smooth 
muscle with few systemic effects. Drugs administered to the 
airway take advantage of the rapid exposure to blood and 
pulmonary parenchymal cells making them advantageous for 
treating pulmonary parenchymal diseases such as asthma and 
chronic obstructive pulmonary disease (COPD).
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Influence of the Autonomic Nervous  
System on the Airway and Modulation  
of the Response

Traditionally, the ANS has been divided into two major parts, 
the parasympathetic and sympathetic nervous systems. The 
parasympathetic nervous system regulates airway caliber, air-
way glandular activity, and airway microvasculature [1–4]. 
The vagus nerve provides the preganglionic fibers which 
synapse with postganglionic fibers in airway parasympa-
thetic ganglia [1–4]. Acetylcholine activates the muscarinic 
(M3) receptor of postganglionic fibers of the parasympathetic 
 nervous system to produce bronchoconstriction [5]. Anticho-
linergics can provide bronchodilation even in the resting state 
since the parasympathetic nervous system produces a basal 
level of resting bronchomotor tone [3, 4, 6].

Although the sympathetic nervous system plays no direct 
role in control of airway muscle tone, beta-2 adrenergic recep-
tors are present on airway smooth muscle cells and cause 
bronchodilation via G-stimulatory mechanisms [1–5]. The 
abundance of these receptors in the airway allows for pharma-
cologic manipulation of airway tone [7].

The ANS also influences bronchomotor tone through the 
nonadrenergic noncholinergic (NANC) system [2, 4, 8, 9]. The 
exact role of NANC in humans is not well defined; it has excit-
atory and inhibitory neuropeptides that influence inflammation 
and smooth muscle tone, respectively [2, 8]. Vasoactive intes-
tinal peptide (VIP) and nitric oxide (NO) are the main inhibi-
tory transmitters thought to be responsible for airway smooth 
muscle relaxation [2, 8]. Substance P (SP) and neurokinin A 
(NKA) are the main excitatory transmitters and have been 
shown to cause neurogenic inflammation, including bronchoc-
onstriction [2, 8]. The precise role of NANC in healthy and dis-
eased human lung is unclear. Further study is needed to fully 
elucidate the role that this group of neuropeptides has in the 
regulation of bronchial smooth muscle responsiveness.

Inhaled Adrenergic Agonists

The mainstay of therapy for bronchospasm, wheezing, and 
 airflow obstruction is beta-adrenergic agonists. Beta-adrenergic 

agonists used in clinical practice are typically delivered via 
inhalers or nebulizers, are beta-2 selective, and are divided into 
short- and long-acting therapies [10]. Short-acting beta-2 ago-
nist therapy is effective for the rapid relief of wheezing, bron-
chospasm, and airflow obstruction [10]. Longer-acting beta-2 
agonists are used as maintenance therapy providing improve-
ment in lung function and reduction in symptoms and exacerba-
tions [10]. Please refer to Table 8.1 for beta-2 selective agonists 
that play a prominent role in the management of airway diseases 
and symptoms both in and out of the operating room.

Mechanism of Action

Short-acting beta-2 agonists bind to the beta-2 adrenergic 
receptor located on the plasma membrane of smooth muscle 
cells, epithelial, endothelial, and many other types of airway 
cells [7, 11]. Figure 8.1 demonstrates how a ligand binding 
to the receptor causes a G-stimulatory protein to activate 
adenylate cyclase-converting adenosine triphosphate (ATP) 
into cyclic adenosine monophosphate (cAMP) [7, 11]. It is 
unknown precisely how cAMP causes smooth muscle relax-
ation; however, decreases in calcium release and alterations in 
membrane potential are the most likely mechanisms [7]. Longer-
acting beta-2 agonists have the same mechanism of action as 
short-acting beta-2 agonists; however, they have unique prop-
erties that allow for a longer duration of action. For exam-
ple, salmeterol has a longer duration of action because a side 
chain binds to the beta-2 receptor and prolongs the activation 
of the receptor [11, 12]. The lipophilic side chain of formot-
erol allows for interaction with the lipid bilayer of the plasma 
membrane and a slow, steady release prolonging its duration 
of action [11].

Clinical Applications

Beta-2 agonists have a central role in the management of 
obstructive airway diseases allowing for control of symptoms 
and improvement in lung function. Short-acting beta-2 agonists 
such as albuterol, levalbuterol, metaproterenol, and pirbuterol 
are prescribed for the rapid relief of wheezing, bronchospasm, 
and airflow obstruction [10]. Clinical effect is seen in a matter 
of minutes and lasts up to 4–6 h [11]. Scheduled, daily use of 

Table 8.1. Pharmacologic influence on the autonomic nervous system.

Systemic adrenergic  
agonists

Inhaled adrenergic  
agonists

Inhaled cholinergic  
antagonists

Systemic cholinergic  
antagonists

Short-acting Short-acting
Terbutaline  Albuterol  Ipratropium Atropine
Epinephrine  Levalbuterol Scopolamine
Albuterol  Metaproterenol Glycopyrrolate

 Pirbuterol
Long-acting Long-acting
 Salmeterol  Tiotropium
 Formoterol
 Arformoterol

Adapted from Fanta et al. [10]
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short-acting beta-2 agonists has largely fallen out of favor and 
they are now used primarily as rescue therapy [13–15]. Long-
acting beta-2 agonists are prescribed for control of symptoms 
when rescue therapies (i.e., short-acting beta-2 agonists) are 
used greater than two times per week [10, 16]. Combination 
therapy including a long-acting beta-2 agonist and an inhaled 
corticosteroid (IC) are effective in reducing symptoms, reduc-
ing the risk of exacerbation, and improving lung function 
while minimizing the dose of IC [10, 17].

Side Effects

Systemic absorption of inhaled beta-2 agonists is responsible 
for a myriad of side effects, most of which are not serious. 
Most commonly, beta-2 agonist therapy leads to tremors 
and tachycardia secondary to direct stimulation of the beta-2 
adrenergic receptor in skeletal muscle or vasculature, respec-
tively [10, 11, 18, 19]. In severe asthma, beta-2 agonists 
may cause a temporary reduction in arterial oxygen tension 
of 5 mmHg or more secondary to beta-2-mediated vasodi-
lation in poorly ventilated lung regions [11, 20]. Hypergly-
cemia, hypokalemia, and hypomagnesemia also can occur 
with beta-2 agonist therapy but the severity of these side 
effects tends to diminish with regular use [11]. Tolerance to 
beta-2 agonists can occur with regular use over a period of 
weeks, and, while not affecting peak bronchodilation, can 
be evidenced by a decrease in the duration of bronchodila-
tion and the magnitude of side effects (tremor, tachycardia, 
etc.) [11, 21, 22]. Tolerance likely reflects beta-2 adrenergic 
receptor down-regulation [11]. Last, beta-2 agonist therapy 

withdrawal after regular use can produce transient bronchial 
hyperresponsiveness [11].

Safety Concerns

Recent evidence has associated the use of long-acting beta-2 
agonist therapy without concomitant use of a steroid inhaler 
with fatal and near-fatal asthma attacks [10, 23]. In light of this 
evidence it seems prudent to save long-acting beta-2 agonists 
for patients that are poorly controlled on inhaled steroids alone 
or for those patients with symptoms sufficiently challenging 
to warrant the potential extra risk associated with use of the 
agents [10, 23].

Systemic Adrenergic Agonists

Systemic administration of adrenergic agonists for asthma 
was used more frequently in the past. Oral, intravenous, or 
subcutaneous administration of beta-specific or nonspecific 
adrenergic agonists is now reserved for rescue therapy.

Mechanism of Action

The mechanism of action of systemically administered adren-
ergic agonists is the same as it is for inhaled agents. Binding 
of the drug to the beta-2 adrenergic receptor on smooth mus-
cle cells in the airway is responsible for the bronchodilatory 
effects [7]. Specifically, beta-2 receptor stimulation induces 
a G-stimulatory protein to convert ATP to cAMP and in turn 
reduces intracellular calcium release and alters membrane 
potential [7, 11].

Fig. 8.1. Effects of agonists at the beta-2 receptor and at the muscarinic receptor. Stimulation of the beta-2 receptor will cause a decrease in 
calcium release and relaxation of smooth muscle. Blockade of the muscarinic receptor will prevent the release of calcium and smooth mus-
cle contraction. ATP adenosine triphosphate; AMP adenosine monophosphate; IP Inositol phosphate; PIP

2
 phosphoinositide bisphosphate 

(reprinted with permission of the Thoracic Society. Copyright© American Thoracic Society. Johnson [7]. Official Journal of the American 
Thoracic Society).
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Clinical Applications

Terbutaline can be given orally, subcutaneously, or intravenously 
(IV), albuterol (salbutamol) can be given intravenously, and 
epinephrine is usually given subcutaneously or intravenously. 
Regardless of the route of administration, all three will produce 
bronchodilation. Comparison of intravenous and inhaled for-
mulations of terbutaline failed to demonstrate any difference in 
bronchodilation and, with the propensity for IV formulations 
to cause side effects, inhaled therapy should be considered the 
first-line treatment [24, 25]. This principle not only applies 
to terbutaline but also to all beta-adrenergic agonists that are 
available in IV and inhaled forms [16]. If inhaled therapy is 
not readily available or if inhaled therapy is maximized and 
symptoms persist, then subcutaneous epinephrine or terbuta-
line can be administered with improvement in symptoms and 
spirometry values [26]. In summary, subcutaneous or IV beta 
agonists should be reserved only for rescue therapy.

Side Effects

The side-effect profile of systemic adrenergic agonists is simi-
lar to that for inhalational adrenergic agonists. The most com-
mon side effects are tremor and tachycardia [10, 11]. Arterial 
oxygen tension can be transiently decreased and hyperglyce-
mia, hypokalemia, and hypomagnesemia can also be present 
[10, 11]. Escalating oral, subcutaneous, or IV doses can be 
associated with a greater incidence of side effects for the same 
degree of bronchodilation compared to inhaled beta-adrenergic 
agonists [10, 11].

Inhaled Cholinergic Antagonists

The use of anticholinergics for maintenance therapy and treat-
ment of acute exacerbations in obstructive airway diseases 
is common. The parasympathetic nervous system is primar-
ily responsible for bronchomotor tone and inhaled anticho-
linergics act on muscarinic receptors in the airway to reduce 
tone [2]. The use of inhaled anticholinergics (see Table 8.1) in 
COPD as maintenance and rescue therapy is considered first-
line, standard treatment [27]. Anticholinergics are not used for 
maintenance therapy in asthma and are only recommended for 
use in acute exacerbations [10, 16, 27, 28].

Mechanism of Action

The targets of therapy for anticholinergics are the muscarinic 
receptors located in the airway. There are three subtypes of 
muscarinic receptors found in the human airway [29]. Musca-
rinic 2 (M2) is present on postganglionic cells and is respon-
sible for limiting production of acetylcholine and protects 
against bronchoconstriction [29]. M2 is not the target of 
inhaled anticholinergics but is antagonized by them [29]. 
Muscarinic 1(M1) and muscarinic 3 (M3) receptors are 
responsible for bronchoconstriction and mucus production 

and are the  targets of inhaled anticholinergic therapy [29]. 
Acetylcholine binds to the M3 and M1 receptors and causes 
smooth muscle contraction (see Fig. 8.1) via increases in cyclic 
guanosine monophosphate (cGMP) or by activation of a G 
protein (Gq) [5, 6, 29]. Gq activates phospholipase C to pro-
duce inositol triphosphate (IP3), which causes release of cal-
cium from intracellular stores and activation of myosin light 
chain kinase causing smooth muscle contraction [5, 6, 29]. 
Anticholinergics inhibit this cascade and reduce smooth mus-
cle tone by decreasing release of calcium from intracellular 
stores [5, 6].

Clinical Applications

There are two inhaled anticholinergics specifically approved 
for the treatment of obstructive airway diseases. Ipratropium 
is classified as a short-acting anticholinergic and is commonly 
used as maintenance therapy for COPD and as rescue therapy 
for both COPD and asthmatic exacerbations [27, 29]. It is not 
indicated for the routine management of asthma [10, 16, 27, 
28]. Patients treated with ipratropium experience an increase 
in exercise tolerance, decrease in dyspnea, and improved gas 
exchange [29]. Tiotropium is the only long-acting anticholin-
ergic available for COPD maintenance therapy. Tiotropium 
has been shown to reduce COPD exacerbations, respiratory 
failure, and all-cause mortality [30].

Side Effects

Inhaled anticholinergics are poorly absorbed and therefore 
serious side effects are uncommon. Most commonly, patients 
experience dry mouth, urinary retention, and can experience 
pupillary dilation and blurred vision if the eyes are inadver-
tently exposed to the drug [29]. Some initial data suggested 
an increase in cardiovascular and stroke complications with 
tiotropium, however additional studies did not consistently 
demonstrate these complications [29]. In general, anticho-
linergics are safe and effective treatment for patients with 
obstructive airway diseases.

Systemic Cholinergic Antagonists

The systemically administered anticholinergics atropine and 
glycopyrrolate act via the same mechanisms as inhaled anticho-
linergics. While these anticholinergics can be administered by 
IV or inhalation, significant systemic absorption occurs and their 
use is generally limited by side effects. Atropine, in particular, is 
limited in use because of its tertiary ammonium structure [27]. 
It has a tendency to cause tachycardia, gastrointestinal upset, 
blurred vision, dry mouth, and central nervous system effects 
secondary to its ability to cross the blood–brain barrier [27]. 
Glycopyrrolate has a quaternary ammonium structure and is 
insoluble in lipids, similar to ipratropium and tiotropium, and has 
fewer systemic side effects than atropine [27, 29]. Intravenous 
glycopyrrolate is also clinically limited in use secondary to side 
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effects [31]. Glycopyrrolate has been studied as inhaled therapy, 
however, and is an effective bronchodilator with an intermediate 
duration of action [32–35]. Clinically, it has never been popular 
as a mainstay of therapy for obstructive airway diseases.

Influence of Inflammation on the Airway 
and Modulation of the Response

Asthma and COPD, the most common obstructive airway 
 diseases, have a component of inflammation as part of their 
pathogenesis. Although inflammation is a common  pathogenesis, 
the characteristics and prominent cellular elements involved in 
the inflammatory process for each disease are distinct [36]. In 
COPD, neutrophils, macrophages, CD8+ T lymphocytes, and 
eosinophils are more prominent in the inflammatory composi-
tion [36]. In asthma, eosinophils play a more prominent role fol-
lowed by mast cells, CD 4+ T lymphocytes, and macrophages 
in the inflammatory composition [36]. Inflammatory cell types 
present in sputum, biopsy specimens, and bronchoalveolar 
lavage fluid can help predict the response to anti-inflammatory 
therapy [36]. For example, eosinophilia in induced sputum of 
a patient presenting with a COPD exacerbation predicts an 
increase in steroid responsiveness [36–38]. Patients presenting 
to the operating room with obstructive airway diseases have a 
high likelihood of being prescribed and taking or being exposed 
to one of the anti-inflammatory therapies in Table 8.2 for control 
of their disease.

Inhaled Corticosteroids

In the treatment of asthma, the use of ICs reduces the inflam-
matory changes associated with the disease, thereby improv-
ing lung function and reducing exacerbations that result in 
hospitalization and death [10, 39–41]. On the contrary, the 
use of ICS as monotherapy in COPD is discouraged [29]. In 
COPD, ICs are used as a part of combination therapy along 

with long-acting beta-adrenergic agonists (LABA). The 
combination of drugs acts synergistically and is useful for 
reducing inflammation [29]. Currently, combination therapy 
of ICS and LABA is recommended for use in severe to very 
severe COPD [29, 42].

Mechanism of Action

The glucocorticoid receptor alpha (GR ) located in the cyto-
plasm of airway epithelial cells is the primary target of ICs 
[43, 44]. Passive diffusion of steroids into the cell allows for 
binding of the steroid ligand to GR , dissociation of heat 
shock proteins, and subsequent translocation to the nucleus 
[44]. Figure 8.2 shows how the steroid–receptor complex can 
have a multitude of actions when it enters the nucleus [44]. 
The complex can bind to promoter regions of DNA sequences 
and either induce or suppress gene expression [44]. Addition-
ally, the steroid–receptor complex can interact with transcrip-
tion factors already in place, such as the ones responsible for 
proinflammatory mediators, without binding to DNA and 
repress expression of those genes [43, 44]. The steroid–receptor 
complex also can affect chromatin structure by association 
with transcription factors that influence the winding of DNA 
around histones, reducing access of RNA polymerase and 
other transcription factors, and thus reducing expression of 
inflammatory gene products [43, 44].

Clinical Applications

ICs are used in asthma as part of a multimodal treatment regi-
men and are added to a therapeutic regimen when there is 
an increase in severity or frequency of asthma exacerbations 
[10]. There is good evidence to show that ICS can reduce both 
hospitalizations and death in asthma [40, 41]. The use of ICS 
in COPD is limited to use in severe to very severe COPD and in 
combination with LABA [29]. Although no improvement in 
mortality has been consistently demonstrated with combina-
tion therapy (ICS/LABA), there are reported improvements 
in health status and lung function along with a reduction in 
exacerbations [29, 42].

Side Effects and Safety Concerns

Side effects have been reported with the use of ICS in asthma 
and COPD. A recent meta-analysis reported an increase in 
pneumonia and serious pneumonia but not pneumonia-related 
deaths when ICS was used in the treatment of COPD [45]. 
Other reported side effects in COPD and asthma include 
oropharyngeal candidiasis, pharyngitis, easy bruising, osteo-
porosis, cataracts, elevated intraocular pressure, dysphonia, 
cough, and growth retardation in children [10, 29, 42]. As 
with any pharmacotherapy, the risks and benefits of therapy 
must be weighed, and the patient must be carefully monitored 
for adverse effects. This is especially true with the use of ICS 
in obstructive lung diseases.

Table 8.2. Pharmacologic influence on inflammation.

Inhaled  
corticosteroids

Leukotriene  
modifiers

Mast cell  
stabilizers Methylxanthines

Monotherapy Antagonists
 Beclomethasone  Montelukast Cromolyn  

sodium
Theophylline

 Budesonide  Zafirlukast Nedocromil Aminophylline
 Ciclesonide  Pranlukast  

(not in U.S.)
 Flunisolide
 Fluticasone Inhibitors
 Mometasone  Zileuton
 Triamcinolone

Combination therapy
 Budesonide/Formoterol
 Fluticasone/Salmeterol

Adapted from Fanta et al. [10]
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Systemic Corticosteroids

Systemic corticosteroids given in intravenous or oral form are 
used for treatment of asthma and COPD exacerbations. The 
mechanism of action is the same as it is for ICs, activation 
or suppression of gene products at a transcriptional level and 
alteration of chromatin structure [43, 44]. Patients that are 
hospitalized with a COPD exacerbation will typically receive 
IV corticosteroids to suppress any inflammatory component 
that may be contributing to the flare up. A study done at the 
Veterans Affairs medical centers in the United States pub-
lished in 1999 reported that corticosteroid therapy shortened 
hospital length of stay and improved forced expiratory volume 
in 1 s vs. placebo [46]. The study also compared a 2-week 
regimen vs. an 8 week regimen of corticosteroids and found 
no difference, concluding that the duration of therapy should 
last only 2 weeks [46]. In asthma, corticosteroids are recom-
mended for exacerbations that are either severe, with a peak 
expiratory flow of less than 40% of baseline, or a mild to mod-
erate exacerbation with no immediate response to short-acting 
beta-adrenergic agonists [16]. The recommended duration 
of therapy is 3–10 days without tapering [16]. Alternatively, 
some patients with asthma and COPD will be receiving long-
term oral corticosteroid therapy because their disease is dif-
ficult to manage. Side effects of systemic corticosteroids are 
well described and numerous. Hypertension, hyperglycemia, 
adrenal suppression, increased infections, cataracts, dermal 
thinning, psychosis, and peptic ulcers are reported complica-
tions of corticosteroid therapy [47].

Leukotriene Modifiers

Leukotriene modifiers are used for the treatment of asthma. 
They are prescribed primarily for long-term control in addi-
tion to short-acting beta-adrenergic agonists or in conjunction 

with ICs and short-acting beta agonists. Leukotriene modifiers 
are taken by mouth, produce bronchodilatation in hours, and 
have maximal effect within days of administration [10]. Their 
role in the management of COPD is not defined. Future inves-
tigations will need to focus on the role these medications can 
play in the outpatient management of COPD [48].

Mechanism of Action

Arachidonic acid is converted to leukotrienes via the 5- 
lipoxygenase pathway [49]. Leukotrienes C

4
, D

4
, and E

4
 are 

the end products of the pathway and cause bronchoconstric-
tion, tissue edema, migration of eosinophils, and increased 
airway secretions [49]. Leukotriene modifiers come in two 
different varieties, leukotriene receptor antagonists and leu-
kotriene inhibitors [10]. Figure 8.3 shows how the binding of 
leukotrienes C

4
, D

4
, and E

4
 at the type 1 cysteinyl leukotriene 

receptor is blocked by the leukotriene receptor antagonists 
montelukast, zafirlukast, and pranlukast (not available in the 
U.S.) [10, 49]. The leukotriene inhibitor zileuton antagonizes 
5-lipoxygenase (Fig. 8.3), inhibiting the production of cystei-
nyl leukotrienes [10, 49].

Clinical Applications

Leukotriene modifiers improve lung function, reduce exac-
erbations, and are used as long-term asthma therapy [10, 16, 
50, 51]. Clinical trials have reported that ICs are superior 
to leukotriene modifiers for long-term control and should 
be the first-line choice [16, 52, 53]. Leukotriene modifiers 
provide an additional pharmacologic option for the control 
of asthma. Addition of leukotriene modifiers to ICS will 
improve control of symptoms of asthma as opposed to ICS 
alone [54].

Fig. 8.2. Action of glucocorticoids. Glucocor-
ticoids can bind to promoter regions induc-
ing or repressing gene expression, act on 
promoters with transcription factors in place, 
or influence the structure of chromatin. GRa 
glucocorticoid receptor alpha; hsp90 heat 
shock proteins; mRNA messenger ribonucleic 
acid; GRE glucocorticoid responsive elements; 
nGRe negative glucocorticoid responsive ele-
ments; NF-KB nuclear factor kappa beta; AP-1 
activator protein-1 (reprinted from Pujols et al. 
[44] with permission).
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Side Effects

Overall, leukotriene antagonists are well-tolerated without 
significant side effects. Links between Churg-Strauss syndrome 
and the use of leukotriene antagonists have been reported, but 
it is not clear whether these reports reflect unmasking of a 
preexisting condition or whether there is a direct link between 
the two [10, 49]. Zileuton is known to cause a reversible hepa-
titis in 2–4% of patients [10]. Liver function tests should be 
checked frequently at first and periodically thereafter to moni-
tor for hepatocellular damage [10, 49].

Mast Cell Stabilizers

Cromolyn sodium and nedocromil are the two prototypi-
cal agents in this category that are used in the treatment of 
asthma. These agents are delivered by powder inhaler and are 
not first-line therapy for asthma. They do provide an alterna-
tive treatment when the control of asthma is not optimal on 
other conventional therapies [16].

Mechanism of Action

Cromolyn sodium and nedocromil stabilize submucosal 
and intraluminal mast cells [16, 55]. These drugs interfere 
with the antigen-dependent release of mediators, such as 

histamine and slow-reacting substance of anaphylaxis, that 
cause bronchoconstriction, mucosal edema, and increased 
mucus secretion [55].

Clinical Applications

Large systematic reviews of the available literature and con-
sensus statements favor the use of ICS over cromolyn sodium 
or nedocromil as first-line agents to control symptoms of 
asthma [16, 56]. Alternatively, cromolyn sodium and nedocro-
mil may be used as preventative treatment before exercise or 
known allergen exposure causing symptoms of asthma [16].

Side Effects

There are no major side effects reported with the use of cro-
molyn sodium and nedocromil. The most commonly reported 
side effects are gastrointestinal upset and coughing or irrita-
tion of the throat [55].

Methylxanthines

The role of theophylline, a prototypical methylxanthine, has 
changed since the introduction of ICS and LABA. Theo-
phylline was a common choice for the control of asthma and 
COPD because of its bronchodilatory and anti-inflammatory 

Fig. 8.3. Generation of leukotrienes and action of leukotriene modifying drugs. Leukotriene antagonists block the action of leukotrienes at the 
cysteinyl leukotriene receptor (CysLT

1
) and leukotriene inhibitors block the conversion of arachidonic acid to leukotriene A

4
. BLT leukotriene 

receptor B (reprinted from Drazen et al. [49] with permission, © 1999 Massachusetts Medical Society. All Rights Reserved.).
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effects [57]. Currently, theophylline is recommended only as 
an alternative therapy and is not a first-line choice for asthma 
or COPD [16, 58, 59].

Mechanism of Action

Theophylline is thought to act via multiple pathways caus-
ing improvement in symptoms in obstructive lung diseases. 
Theophylline is a nonselective inhibitor of phosphodiesterase 
and increases levels of cyclic AMP and GMP causing smooth 
muscle relaxation [57]. Antagonism of the A

1
 and A

2
 aden-

sosine receptors also causes smooth muscle relaxation via 
inhibition of the release of histamine and leukotrienes from 
mast cells, another reported action of theophylline [57]. In 
asthma, theophylline reduces the number of eosinophils in 
bronchial specimens and, in COPD, reduces the number of 
neutrophils in sputum, having an anti-inflammatory effect in 
both conditions [57]. In addition, theophylline activates his-
tone deacetylase and reduces the expression of inflammatory 
genes [57]. Theophylline and aminophylline are reported to 
improve diaphragmatic function; however data have not dem-
onstrated this effect consistently [57, 60].

Clinical Applications

Theophylline has been relegated to an alternative therapy in 
both asthma and COPD. This has occurred largely because of its 
significant side-effect profile and the subsequent need for moni-
toring of blood levels [16, 57–59]. Patients that are already on 
an ICS and a LABA and still have symptoms may benefit from 
the addition of theophylline, especially if leukotriene modifiers 
and other alternatives are not tolerated [16, 58, 59].

Side Effects

Theophylline can cause significant and life-threatening side 
effects if not dosed carefully and monitored appropriately. 
Side effects tend to be more prominent when blood levels 
exceed 20 mg/L [57]. The most common side effects include 
headache, nausea, vomiting, restlessness, abdominal discom-
fort, gastroesophageal reflux, and diuresis [57]. The most 
significant side effects include seizures, cardiac arrhythmias, 
and death [57]. Adverse effects from theophylline may be 
avoided if the clinician follows the patient carefully, monitors 
blood levels regularly, and educates the patient on the signs 
and symptoms of overdose.

Influence of Anesthetics on the Airway

Volatile Anesthetics

Volatile anesthetics have a host of effects on the respiratory sys-
tem. Volatile anesthetics reduce bronchomotor tone. All com-
monly used volatile anesthetics (see Table 8.3), except  desflurane, 

 produce a degree of bronchodilatation that may be helpful in 
patients with obstructive lung disease or in patients that expe-
rience any degree of bronchoconstriction [61, 62]. Rooke and 
colleagues in 1997 reported that sevoflurane produced a greater 
reduction in respiratory system resistance than isoflurane or 
halothane 10 min after the induction of anesthesia [62].

Mechanism of Action

The precise mechanisms by which volatile anesthetics induce 
bronchodilatation are not completely clear. Animal studies 
suggest that volatile anesthetics inhibit tracheal smooth mus-
cle contraction by decreasing intracellular calcium, mediated 
by an increase in intracellular cAMP and by suppression of 
protein kinase C which, in the absence of volatile anesthetics, 
sensitizes contractile elements to calcium and inhibits myosin 
light chain phosphatase [63]. The effect is seen to a greater 
degree in distal airway smooth muscle secondary to the T-type 
voltage-dependent calcium channel, which is sensitive to vol-
atile anesthetics [64].

Clinical Applications

Volatile anesthetics are administered to provide amnesia and 
blunt the response to surgical stimulation, but can be of use in 
patients that have obstructive airway diseases or experience 
bronchoconstriction in the operating room. Multiple case 
reports provide examples of how volatile agents were used 
solely for the treatment of status asthmaticus [65–68].

Side Effects

The main concern with the use of volatile anesthetics is the 
rare occurrence of malignant hyperthermia. Hypotension can 
also be a concern with volatile anesthetics; however the blood 
pressure is usually easily restored with small amounts of IV 
fluids or vasopressors. Deep levels of anesthesia associated 
with high concentrations of volatile anesthetics may be unde-
sirable, and prolonged administration outside the operating 
room is problematic.

Intravenous Anesthetics

Intravenous anesthetics can have positive effects on broncho-
motor tone when used for induction or intravenous anesthesia 
in the operating room. Ketamine, propofol, and midazolam 

Table 8.3. Anesthetics with a favorable influence on bronchomotor 
tone.

Volatile anestheticsa Intravenous anestheticsb

Isoflurane Propofol
Sevoflurane Ketamine
Halothane Midazolam
aAdapted from Rooke et al. [62]
bAdapted from Cheng et al. [69]
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(see Table 8.3) have relaxant effects on airway smooth muscle 
[69]. Etomidate and thiobarbiturates do not affect bronchomo-
tor tone to the same extent [70]. The choice of intravenous 
anesthetics for induction and maintenance of anesthesia may 
be important for a patient with hard to manage bronchospasm 
or reactive airway disease.

Mechanism of Action

The precise mechanism of reduction of bronchomotor tone 
for the intravenous anesthetics is largely unknown. Ketamine 
is thought to have a direct relaxant effect on smooth muscle 
[71]. Propofol is thought to reduce vagal tone and have a 
direct effect on muscarinic receptors by interfering with cellu-
lar signaling and inhibiting calcium mobilization [72, 73]. The 
preservative metabisulfite in propofol prevents the inhibition 
of vagal-mediated bronchoconstriction [74].

Clinical Applications

Choosing an agent such as propofol or ketamine can be benefi-
cial in patients with bronchospasm or obstructive airway dis-
ease [69, 70]. The use of these intravenous agents for induction 
or maintenance of anesthesia over other agents can be useful in 
minimizing the intraoperative effects of bronchospasm.

Side Effects

Although each of the intravenous anesthetics carries a unique 
side-effect profile, the major effects are not related to the air-
way. The use of ketamine is associated with increased saliva-
tion and coadministration of a small dose of anticholinergic 
can attenuate secretion production. Propofol is associated 
with hypotension that usually is easily corrected with IV flu-
ids and vasopressors.

Local Anesthetics

Local anesthetics are primarily used to suppress coughing and 
blunt the hemodynamic response to tracheal intubation [75, 76]. 
Although animal models have demonstrated some ability of 
local anesthetics to relax bronchial smooth, in clinical practice 
the use of local anesthetics as pure bronchodilators is limited by 
toxicity and the ready availability of more potent bronchodila-
tors such as short-acting beta-adrenergic agonists [71].

Influence of Adjunctive Agents  
on the Airway

Heliox

Helium (administered as a mixture of helium and oxygen 
[heliox]) has the advantage of having a low Reynolds’ number 
and less resistance during turbulent airflow especially in large 
airways [6]. Helium and oxygen mixtures are recommended 

as alternative therapies in asthma to support patients when 
traditional therapies have initially failed to make improvements 
[16, 58]. A recent trial in patients with COPD exacerbations 
failed to demonstrate a statistically significant reduction in the 
necessity for endotracheal intubation in patients treated with 
noninvasive ventilation and helium/oxygen mixtures [77]. The 
use of helium–oxygen mixtures is limited by a progressive 
reduction in efficacy at higher inspired oxygen concentrations.

Antihistamines

Histamine release from mast cells and basophils is responsible 
for airway inflammation and bronchoconstriction in asthma 
[78]. Antihistamines are not standard therapy for asthma, 
but the use of antihistamines and leukotriene modifiers for 
allergen-induced bronchoconstriction has shown promise for 
diminishing the early and late responses to allergens [78, 79]. 
Patients that have allergen-induced asthma or patients that 
experience an allergic reaction in the operating room may 
benefit from antihistamines to attenuate the role that hista-
mine plays in bronchoconstriction.

Magnesium Sulfate

Magnesium sulfate is not a standard therapy for asthma exac-
erbations. Magnesium sulfate is thought to produce additional 
bronchodilation when given in conjunction with standard 
therapy for asthma exacerbations. Currently, intravenous 
magnesium therapy is reserved as an alternative therapy when 
the patient has not responded to standard therapy [16, 58, 80]. 
The combination of nebulized magnesium sulfate and beta-
adrenergic agonists has also been studied and shows poten-
tial benefit in asthma exacerbations [81]. Overall, magnesium 
sulfate, IV or nebulized, is not a first-line therapy for asthma 
exacerbations and should be reserved for situations when the 
patient is not responding to conventional therapy [16, 58].

Summary

Patients with obstructive lung diseases presenting to the oper-
ating room for thoracic surgical procedures usually will be 
receiving pharmacotherapy to modify their symptoms or dis-
ease process. Understanding the role of pharmacotherapy in 
obstructive lung disease is essential to proper preoperative 
evaluation, perioperative risk reduction, and intraoperative 
management.

Clinical Case

A 65-year-old-man with COPD who quit smoking 2 years ago 
now presents to the preoperative clinic for evaluation before 
a right upper lobe lobectomy for a lung nodule. The patient 
has no other medical history and a recent cardiac stress test 
is normal.
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Questions

Preoperative Evaluation:

What medications for the treatment of COPD is the patient 
receiving?
How often does he need rescue inhalers?
When was the last time he was in the hospital with a COPD 
exacerbation?
When was the last time he needed systemic corticosteroids 
for an exacerbation?
Has there been any recent change in sputum or use of anti-
biotics?

Intraoperative Management:

What medications will provide quickest relief of wheezing?
Are prophylactic IV corticosteroids indicated?
What role do helium/oxygen mixtures and magnesium sul-
fate play in the management of wheezing?

Answers

Preoperative Evaluation:

This patient will likely present on an IC and long-acting 
beta-adrenergic agonist combination along with an anticho-
linergic such as ipratropium.
Asking patients about the use of rescue inhalers gives 
some indication of how well their symptoms are controlled 
at baseline.
Inquiring about previous hospitalizations and the extent 
of illness (i.e., intubation, ICU admission) is important in 
determining the severity of disease.
The most recent use of systemic corticosteroids not only 
provides information as to how well the disease is being 
controlled, but also gives the evaluator an idea if the patient 
is prone to adrenal suppression during surgical stress.
Discussing the use of antibiotics and changes in sputum 
allows the evaluator to know if the patient is experiencing 
an exacerbation or if the patient is at risk for infection with 
multidrug resistant bacteria.

Intraoperative Management:

Intraoperative wheezing can be due to endotracheal 
 intubation, light anesthesia, or allergic reaction. Starting 
with short-acting beta-2 adrenergic agonists, followed by 
inhaled anticholinergics, will give the most prompt relief. 
The additional use of intravenous and inhaled anesthetics 
may also be an effective treatment of bronchoconstriction.
Prophylactic IV corticosteroids are not indicated. Steroids 
should be given if the patient has recently received steroids 
and stress doses are needed or the patient experiences an 
allergic reaction and steroids are administered to reduce the 
inflammatory response associated with the exposure.
Helium/oxygen mixtures and magnesium sulfate are only 
indicated when the patient fails to adequately respond to 
maximum conventional therapy.
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Pharmacology of the Pulmonary Circulation
Cara Reimer and John Granton 

Abbreviations

CO Cardiac output
(m)PAP (Mean) pulmonary artery pressure
PHTN Pulmonary hypertension
PVB Paravertebral block
PVR(I) Pulmonary vascular resistance (index)
SVR(I) Systemic vascular resistance (index)
TEA Thoracic epidural analgesia

Key Points

The pulmonary vasculature is a complex system and studies 
of the effects of anesthetic drugs on this system are often 
contradictory.
A balanced anesthetic technique with adherence to the 
hemodynamic goals of maintenance of right ventricular 
preload and right coronary perfusion is the safest choice for 
patients with PHTN.
There are no absolute contraindications to most anesthetic 
drugs in patients with pulmonary hypertension.
Inhaled pulmonary vasodilators can be used to optimize 
hemodynamic variables perioperatively, although effects 
on gas exchange are variable.

Introduction

Patients with pulmonary hypertension (PHTN) are high-risk 
candidates for noncardiac surgery. They have poor cardio-
respiratory reserve and are at risk of having perioperative 
complications including pulmonary hypertensive crises with 
resultant heart failure, respiratory failure, and arrhythmias 

[1, 2]. Anesthetic management of these patients can be com-
plex and challenging. Drugs affecting the pulmonary vascu-
lar bed are routinely administered perioperatively in thoracic 
anesthesia, and their effects are of particular interest in patients 
with PHTN. Reducing the consequences of an elevated pul-
monary vascular resistance and the resulting right ventricu-
lar dysfunction should be considered as the primary goal of 
therapy with vasodilators. Owing to the contractile properties 
of the naïve RV, attempts at improving its contractility are 
generally not effective. Therefore, principles of management 
of PHTN center on reducing RV afterload while preserving 
coronary perfusion by avoiding reductions in systemic blood 
pressure [3]. The effects of anesthetic drugs on the pulmo-
nary vasculature bed and perioperative pulmonary vasodilator 
therapy are reviewed in this chapter, with special emphasis on 
perioperative drug choices in these patients.

Anesthetic Drugs

Evaluating the effects of anesthetic drugs on the pulmonary 
vasculature is challenging. In clinical practice and research, 
these drugs are rarely administered in isolation. Their admin-
istration can lead to concurrent changes in nonpulmonary 
hemodynamic parameters such as cardiac output (CO) that 
ultimately affect pulmonary artery pressure (PAP). An increase 
in PAP may be the result of increased PVR, increased CO, or 
an increase in LAP (PAP = (PVR × CO) + LAP). In addition, 
general anesthesia involves manipulation of variables that 
affect PVR, including FiO

2
, carbon dioxide (CO

2
) and posi-

tive pressure ventilation (PPV). Issues that arise in interpret-
ing studies and making useful conclusions include reliance on 
and extrapolation from animal data, small study sample sizes, 
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the questionable application of results in normal patients to 
patients with PHTN, children to adults and vice versa, and 
a vast supply of contradictory results. It is with acknowl-
edgement of these limitations that we review the effects of 
routinely-administered anesthetic drugs on the pulmonary 
system.

Ketamine

Historically, ketamine has occupied a controversial position in 
anesthesia for patients with PHTN. Despite its current wide-
spread use in these challenging patients, it has been classically 
taught that ketamine causes pulmonary vasoconstriction and 
should be used with extreme caution in this group.

The mechanism of action of ketamine is complex and not 
fully elucidated. It is an N-methyl-d-aspartic acid (NMDA) 
receptor antagonist, and also binds to opioid receptors and 
muscarinic receptors [4]. It appears to stimulate release [5] as 
well as inhibit neuronal uptake of catecholamines [6] which 
may account for its cardiostimulatory and bronchodilatory 
effects. Some animal studies have shown an endothelium-
independent vasodilatory response to ketamine in the pulmo-
nary bed [7, 8].

The effects of ketamine on the human pulmonary vascula-
ture appear to be complex, and indeed, review of the clinical 
literature reveals a vast heterogeneity in regards to results. Fac-
tors known to affect pulmonary vasoreactivity such as FiO

2
, 

CO
2
, presence of PHTN, and presence of premedicants are not 

reported or acknowledged in many studies. The hemodynamic 
effects of a bolus of ketamine can be attenuated or abolished 
with premedicants like droperidol [9], dexmedetomidine [10] 
or benzodiazepines [11].

Early study of the drug’s hemodynamic profile in adult 
patients showed increases of PAP and PVR in the range of 
40–50% [12, 13]. This, combined with increases in variables 
contributing to myocardial oxygen consumption, raised con-
cern about the use of ketamine in patients with CAD and 
PHTN. More recently in the pediatric literature, Williams 
et al. [14] showed no change in PVR or mean pulmonary 
artery pressure (mPAP) after ketamine administration in 
spontaneously breathing children with severe PHTN under-
going cardiac catheterization. In another pediatric study, ket-
amine maintained pulmonary to systemic blood flow and did 
not affect pulmonary pressure or resistance in children with 
intracardiac shunt undergoing cardiac catheterization. Propo-
fol, on the other hand, decreased SVR leading to increased 
right to left shunting in this study [15]. As part of a balanced 
anesthetic induction for open lung biopsy, ketamine has been 
used in Eisenmenger syndrome with good results [16]. In adult 
patients undergoing OLV for lung resection, ketamine did not 
significantly increase PAP or PVR compared to enflurane 
[17]. Other case reports highlight the value of the relative car-
diostability of the drug in patients with minimal cardiorespira-
tory reserve [18, 19]. At the time of this writing, the authors 
are unaware of any randomized studies addressing the use of 

ketamine in adult patients with idiopathic pulmonary arterial 
hypertension (or other World Health Organization – WHO 
class 1 PAH subgroups) [20]. Many clinicians, including 
those at our institution, incorporate this drug into their routine 
inductions for patients with severe PHTN (pulmonary endart-
erectomy, lung transplantation). The advantages, in particular 
maintenance of stable hemodynamics and coronary perfusion 
pressure, seem to outweigh the potential disadvantages.

Propofol

Propofol is ubiquitously used in anesthesia, including for 
patients with PHTN. It is frequently used to maintain anes-
thesia during and after lung transplantation. The effects of 
propofol are thought to be primarily mediated by GABA 
receptors [21]. As mentioned in the discussion on ketamine, 
the concerning hemodynamic effect of propofol in the con-
text of PHTN is a decrease in SVR, which can not only have 
effects on intracardiac shunting if present, but can also lead 
to decreased coronary artery perfusion of the right ventricle 
and resultant right ventricular dysfunction. In regards to direct 
effects on the pulmonary vasculature, animal studies have 
shown that during increased tone conditions in the pulmonary 
vasculature, propofol may act as a pulmonary vasoconstric-
tor [22, 23]. Propofol has also been shown to interfere with 
acetylcholine-induced pulmonary vasodilation in dogs [24]. 
On the other hand, in isolated pulmonary arteries from human 
and chronically hypoxic rats, etomidate and to a lesser-extent 
propofol showed vessel relaxation [25]. The clinical signifi-
cance of these contradictory results is unknown.

Etomidate

Etomidate is an imidazole that mediates its clinical actions 
primarily at GABA A receptors. As mentioned above, it 
appears to have vasorelaxant properties in isolated pulmonary 
arteries [25]. Its major attribute as an induction agent is its sta-
ble hemodynamic profile. In patients with cardiac disease, an 
induction dose of etomidate increased MAP, decreased SVR, 
and decreased PAP [26]. In pediatric patients without PHTN 
presenting for cardiac catheterization, there was no significant 
change in any hemodynamic parameters after induction with 
etomidate [27].

Volatile Anesthetics

At clinically-relevant concentrations, modern volatile anes-
thetics likely have little to no direct vasodilating effect on 
the pulmonary vasculature. In a dog model (without PHTN), 
isoflurane decreased right ventricular function more than left 
ventricular function with no effect on PVR [28]. Likewise in 
pigs, sevoflurane administration depressed right ventricular 
function with no change in PVR [29]. This suggests that the 
decreases in PAP observed with volatile anesthetics [30] may 
partially occur secondary to the decreases in CO seen with 



1359. Pharmacology of the Pulmonary Circulation

these agents. Nitrous oxide is typically avoided in patients 
with PHTN as it is believed to cause pulmonary vasoconstric-
tion, perhaps via release of catecholamines from sympathetic 
nerves supplying the pulmonary vasculature [31]. In patients 
with mitral stenosis and PHTN presenting for cardiac surgery, 
administration of nitrous oxide after fentanyl anesthesia (7.5–
10 g/kg) increased PVR, PAP, and CI [32]. However, a subse-
quent study showed that in the presence of high-dose fentanyl 
(50–75 g/kg) 70% nitrous oxide is actually was associated 
with a decrease in PAP and CO in patients with secondary 
PHTN, with no echocardiographic changes in right ventricu-
lar function [33]. Interestingly, in univariate analysis in one 
retrospective cohort study, not using nitrous oxide was associ-
ated with postoperative mortality and increased length of stay 
in patients with PHTN presenting for noncardiac surgery [1]. 
There have been no studies to the authors’ knowledge of the 
effects of nitrous oxide in patients with primary PHTN.

Opioids

Opioids seem to have little to no deleterious effects on the pul-
monary vascular system. In anesthetized cats, administration 
of histamine, morphine, fentanyl, remifentanil and sufentail 
caused a vasodilatory response under elevated tone conditions 
in isolated lobar artery [34]. The mechanism seems to involve 
histamine- and opioid-mediated receptor pathways. Clinical 
experience would echo the cardiostability of judicious nar-
cotic administration in hemodynamically-fragile patients.

Neuromuscular Blockers

Pancuronium increases PAP in dogs with lung injury [35].  
It is theorized to do so indirectly by increases in CO and 
directly by increasing PVR, possibly by its antagonist actions 
at muscarinic receptors in the pulmonary vasculature. Rocuro-
nium, cis-atracurium, and vecuronium have little to no effect 
on most cardiac indices in patients undergoing CABG [36, 37]. 
A review on NMBs and cardiac surgery has been recently 
published [38].

Magnesium

Magnesium is a vasodilator in both the systemic and pulmonary 
circulations. The mechanism of action of magnesium’s effects 
on vasodilation is likely through its effects on membrane chan-
nels involved in calcium flux and through its action in the syn-
thesis of cyclic AMP [39]. It would appear to be an important 
cofactor for endothelial-dependent pulmonary vasodilation [40]. 
It has been used successfully to wean nitric oxide in PHTN [41]. 
Increasing doses of magnesium in piglets with acute embolic 
PHTN decreased mean PAP, increased CO, and decreased PVR 
[42]. Magnesium has been used to treat persistent PHTN of the 
newborn, but controversy surrounds its use here and a recent 
systematic review concluded that there is a lack of evidence to 
support its use in this population [23].

Regional Analgesia

Pain can increase PVR [43]. Perioperative thoracic epidural 
analgesia (TEA) and paravertebral block (PVB) are used rou-
tinely in thoracic surgery. TEA may decrease PAP through 
decreases in CO or via attenuation of the pulmonary sympa-
thetic outflow [44]. In pigs, TEA depresses right ventricular 
function in acute PHTN [45]. Unilateral thoracic PVB with 
lidocaine has been shown to decrease myocardial contractil-
ity up to 30% and significantly decrease systemic pressure; 
an effect that may be attenuated by epinephrine [46]. In gen-
eral, the potential benefits of regional anesthesia in thoracic 
surgery typically outweigh the risks of hypotension and right 
ventricular dysfunction. As with most anesthetic interven-
tions in patients with PHTN, careful titration and monitoring 
is paramount. Indeed, case reports illustrate successful use of 
epidural analgesia in this patient population [47, 48].

Vasopressors and Inotropes

Vasopressors and inotropes are commonly required in tho-
racic anesthesia to counteract the effects of cardiodepressant 
and vasodilating drugs. Treatment of hypotension in these 
patients can be difficult to manage given the typical cautious 
fluid administration in this patient population.

The innervation and receptor content of the pulmonary vas-
culature is complex. Neurotransmitter receptors in this system 
include those from the adrenergic, cholinergic, and dop-
aminergic families as well as histamine, serotonin, adenos-
ine, purines and peptides [49]. The pulmonary vasculature’s 
response to sympathetic activation will generally result in an 
increase in PVR [50]. In human pulmonary artery, administra-
tion of acetylcholine induces pulmonary relaxation [51].

The response of the pulmonary system to exogenous 
vasoinopressor administration is dependent on the clinical 
situation. Consequently, results of studies are heterogeneous. 
In anesthetized dogs without PHTN, dopamine, epinephrine, 
norepinephrine and phenylephrine all increase PAP to varying 
degrees by varying mechanisms but with no drug there is a 
significant increase in PVR [52]. Dopamine does not increase 
PVR after lung transplantation in pigs [53]. In anesthetized 
patients with chronic secondary PHTN undergoing cardiac 
surgery, both norepinephrine and phenylephrine increase PAP 
and pulmonary vascular resistance index (PVRI) with mini-
mal change in CI [54]. Within the clinically-relevant MAP tar-
get in this study, norepinephrine decreased the mPAP to MAP 
ratio, but phenylephrine did not, suggesting it may be a better 
choice in this patient cohort. In a dog model of acute PHTN, 
however, phenylephrine restored perfusion to the ischemic 
right ventricle and therefore increased CO [55]. This is a rel-
evant observation, as it illustrates the importance of coronary 
artery perfusion in the setting of right ventricular strain and 
that maintenance of systemic pressure by whatever method 
may be the most important guiding principle in this subset of 
patients.
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Vasopressin has also been studied. In a chronic hypoxic rat 
model, vasopressin administration resulted in a V1-receptor-
mediated pulmonary vasodilation [56]. In an acute PHTN 
model in dogs, vasopressin increased PVR and resulted in 
a substantial decrease in right ventricular contractility [57]. 
Human studies of effects of vasopressin on the pulmonary 
vasculature are limited. Vasopressin has been used success-
fully after cardiac surgery in patients with PHTN and resistant 
hypotension [58]. The use of vasopressin to treat acute right 
ventricular failure in patients with IPPH has been described in 
obstetric anesthesia [59].

Pulmonary Vasodilators

Pulmonary vasodilators are typically employed to improve 
right ventricular function in the setting of PHTN or in an 
effort to enhance regional pulmonary blood flow and improve 
intrapulmonary shunt. In the acute care setting however, it is 
these agent’s pulmonary vasodilatory effects that are being 
exploited. In general, parenteral and oral vasodilators are ham-
pered by their relatively nonselective actions in the pulmonary 
vascular bed. In addition to their hypotensive systemic hemo-
dynamic effects their use may also lead to perfusion of under-
ventilated alveoli, worsen intrapulmonary shunt and, in turn, 
worsen oxygenation. The ideal pulmonary vasodilator should 
have a rapid onset of action, a short half-life, and produce 
regional pulmonary vasodilation. This would avoid systemic 
hypotension and the potential adverse effects on ventilation–
perfusion matching that limit the utility of systemic agents in 
critically ill patients. In this regard inhaled vasodilators are 
attractive as they preferentially dilate ventilated alveoli and 
have less systemic effects.

Nitric Oxide

Inhaled nitric oxide (iNO) is preferentially delivered to ven-
tilated lung units leading to improved perfusion to alveoli 
that are able to participate in gas exchange. This “selective 
effect” leads to a decrease in intrapulmonary shunt [60, 61]. 
Medical grade nitric oxide is made to be administered either 
noninvasively or through a ventilator circuit using a device 
that can regulate the concentration of NO and monitor levels 
of nitrogen dioxide – a byproduct of NO when it combines 
with oxygen. At present iNO is only approved for infants with 
respiratory distress syndrome. This approval stems from two 
large prospective placebo-controlled studies demonstrating 
that NO reduced the need for ECMO and reduced the require-
ment for oxygen therapy following ICU discharge [62, 63]. 
Although there is controversy about a dose–response rela-
tionship for NO and pulmonary vasodilation, the typical dose 
ranges from 10 to 40 ppm [64]. Methemoglobin levels need 
to be monitored when NO is administered for more than 24 h. 
Heart and lung transplantation represent two distinct areas 
where acute pulmonary vasodilation has strong theoretic benefit 

as it relates to improving acute right ventricular failure and 
attenuating reperfusion injury, respectively. The acute right 
ventricular failure complicating heart transplantation may be 
attenuated with the use of a pulmonary vasodilator. Although 
several studies suggest that NO may be useful preoperatively 
in risk-stratifying patients scheduled for cardiac transplant, 
only case series support the use of inhaled NO to reverse the 
right ventricular dysfunction following cardiac transplant 
[65–69]. However, based on clinical experience, inhaled NO 
has become a standard of care in many transplant centers. The 
beneficial immune-modulating effects of inhaled NO in addi-
tion to its vasodilating properties were felt to be responsible 
for preliminary studies of using inhaled NO to prevent pri-
mary graft dysfunction (PGD) after lung transplantation [65, 
70, 71]. Although a randomized clinical trial failed to show 
benefit in preventing PGD, it is commonly used to treat the 
hypoxemia and PHTN seen in established, severe PGD [72]. 
Owing to the inherent cost of using inhaled NO, other pulmo-
nary vasodilators have been evaluated.

In nontransplant thoracic surgery, NO has been studied 
as a potential treatment for the gas exchange abnormalities 
associated with OLV. Its effects are controversial but it would 
appear that it exerts its maximal benefits in patients with ele-
vated PVRI and the poorest gas exchange before administra-
tion [73–75]. There is no evidence for the routine use of this 
expensive drug in otherwise normal patients undergoing rou-
tine thoracic surgery.

Prostaglandins

Prostanoids induce relaxation of vascular smooth muscle, 
inhibit growth of smooth muscle cells, and are powerful 
inhibitors of platelet aggregation [76, 77]. Inhaled prostanoids 
involve an aerosol delivery mechanism that is attached by a 
nebulizer to the ventilator circuit. Treatment may be limited 
by inefficiencies in aerosolization. Owing to the short half-life 
of epoprostenol, the drug must also be continuously nebulized. 
As a result, changes of dose delivery with alterations in venti-
lator volumes, FiO

2
, airway pressures, and solvent evaporation 

may be challenging [3]. The synthetic prostanoids, treprostinil 
and iloprost, hold promise as inhaled vasodilators in that they 
may only require intermitted administration. Studies of these 
agents in chronic PAH demonstrated that they were effec-
tive in improving symptoms and exercise tolerance [78–81]. 
When nebulized, prostanoids can lead to similar improve-
ments in oxygenation and pulmonary pressures as compared 
to inhaled NO [82–88]. A recent crossover study compared 
inhaled NO to inhaled prostaglandins in patients after lung 
(n = 19) or heart (n = 6) transplant. In this acute hemodynamic 
study, there was no significant difference in hemodynamics or 
oxygenation between agents [89].

Use of intravenous prostaglandins during OLV results in a 
decrease in both systemic and pulmonary pressures and either 
no change or a decrease in PaO

2
 [90]. Selective infusion of 

prostaglandin into the pulmonary artery of the ventilated lung 
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in a dog model during OLV resulted in stable systemic pressure 
and a reduction in PVR and increase in PaO

2
 [35]. However, 

this route of administration is not practical in routine thoracic 
anesthesia practice. Inhaled prostacyclin decreases PVRI and 
PAP with maintenance of favorable systemic pressures but 
does not change PaO

2
 during OLV [91].

Both iNO and prostaglandins have been shown to affect 
platelet function [92, 93]. This could theoretically contrib-
ute to perioperative bleeding during large surgeries such as 
lung transplantation and is a concern in regards to neuraxial 
analgesia. The clinical relevance of platelet inhibition with 
these inhaled agents is unknown. Indeed, in cardiac surgery 
patients, laboratory confirmation of platelet dysfunction 
with inhaled prostacyclin did not correlate with chest tube 
losses [93]. Also, in an obstetrical patient with PHTN on 
intravenous prostacyclin, conversion to inhaled prostacyclin 
allowed for a successful labor epidural placement with no 
complications [94].

Phosphodiesterase Inhibitors

Phosphodiesterase inhibitors prevent the degradation of cyclic 
guanosine monophosphate (cGMP) and adenosine monophos-
phate (cAMP). Of relevance to this review, cAMP and cGMP 
are activated by nitric oxide (NO) and are intermediaries in a 
pathway that leads to vasodilation via the activation of protein 
kinases and reduction in cytosolic calcium.

Milrinone is an adenosine-3 ,5 -cyclic monophosphate 
(cAMP)-selective phosphodiesterase enzyme (PDE) inhibi-
tor. When nebulized, it has been shown to lead to a relative 
reduction in PVR compared to SVR [95–97]. Haraldsson 
et al. evaluated a cohort of post-cardiac surgery patients and 
reported upon the hemodynamic effects of the combina-
tion inhaled milrinone and inhaled prostacyclins [98]. The 
inhalation of milrinone selectively dilated the pulmonary 
vasculature without systemic effects. When milrinone is 
combined with inhaled prostacyclin there appears to be a 
potentiation and prolongation of the pulmonary vasodila-
tory effect [98, 99].

Owing to the relatively higher expression of PDE5 in the 
pulmonary circulation relative to the systemic circulation, 
PDE5 inhibitors have a relative selective effect on PVR as 
opposed to SVR [100, 101]. In addition to their relatively 
selective pulmonary vasodilatory effects, their effects on 
smooth muscle proliferation and cellular apoptosis [102, 103] 
may be responsible for benefit of these agents when adminis-
tered chronically in patients with idiopathic PAH [104, 105]. 
A direct effect on the right ventricle has been postulated, how-
ever, the clinical relevance of this finding is uncertain.

Although the benefits of sildenafil and tadalafil in chronic 
PAH have been evaluated in prospective controlled trials, 
most of the acute applications for these agents have been 
described in case reports or small cohort studies and as such 
have not been approved for these indications. In the acute 
setting, sildenafil has been demonstrated to enhance the 

effects of inhaled NO and may also be useful in blunting the 
rebound in pulmonary pressures that occurs during weaning 
of inhaled NO [100, 106, 107]. The benefits of sildenafil in 
acute pulmonary embolism, cardiac transplantation and in 
patients with PHTN being considered for pulmonary throm-
boendarterectomy have also been described [108–112]. The 
merits of attempting to optimize RV function in patients with 
PHTN and planned pulmonary thromboendarterectomy were 
recently challenged in a retrospective analysis of chronic 
thromboembolic PHTN patients referred to a single center 
during 2005–2007. There was minimal benefit of treatment 
with medication on pre-PTE mPAP, but its use was asso-
ciated with a significant delay in time to referral for PTE. 
Importantly, the two groups did not differ significantly in any 
post-PTE outcome. Although this study did not specifically 
evaluate the use of sildenafil for this purpose, it suggests 
at the very least, that planned, potentially curative surgery 
should not be delayed to explore theoretic benefits of this 
agent on RV function. Whether it can modify surgical risk in 
patients with very high PVR remains speculative. Although 
sildenafil has been advocated for use in patients with PHTN 
and left heart failure [113–115], and demonstrated a positive 
hemodynamic benefit in patients undergoing valve surgery 
[114], the negative results of a study evaluating continuous 
intravenous epoprostenol for the same purpose supports the 
notion that a controlled trial be conducted before these agents 
are routinely used for this purpose [116].

Conclusion

The aim of any anesthetic intervention in patients with PHTN 
is hemodynamic neutrality, which can be accomplished by a 
variety of agents and techniques. In general, no anesthetic drug 
is contraindicated in patients with PHTN. As with all anesthe-
sia, an awareness of potential advantages and disadvantages 
of drugs is a key to proper decision-making. In the PHTN 
population, the general principles remain the same: adequate 
anesthesia and analgesia, maintenance of gas exchange to the 
best extent possible and support of the right ventricle. In real-
ity, most clinicians who deal with these patients regularly use 
a wide variety of medications with success.

Although several studies have evaluated the acute hemody-
namic responses to various pulmonary vasodilators, there are 
no randomized trials that have evaluated the effect of specific 
vasodilators on patient relevant outcomes. Methodological 
concerns of prior trials, uncertainties about efficacy, and con-
cerns about safety (for both NO and prostanoids) demand that 
proper prospective trials be undertaken.

Clinical Case Study

A 46-year-old woman with interstitial lung disease (ILD) pres-
ents to the Pre-Anesthetic Clinic before an open lung biopsy.
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What are the Anesthetic Considerations  
for this Case?

Considerations include those if ILD and the proposed case 
itself. In regards to the ILD, its etiology and severity (includ-
ing associated connective tissue disorders and multisys-
tem involvement) and associated right heart dysfunction. In 
regards to the biopsy, the usual considerations of lung sepa-
ration, analgesic options, invasive monitoring and, in this 
patient, the potential requirement for perioperative inhaled 
vasodilator therapy.

Besides the Usual Anesthetic History  
and Physical, What Would You Want to Elicit  
on History and Look for on Physical Exam  
in this Case?

On history, a careful assessment of functional status and cur-
rent symptoms, personal and family history of connective tis-
sue diseases.

On physical examination, respiratory rate, clubbing, crack-
les on lung auscultation, and signs of right heart dysfunc-
tion including increased JVP, hepatomegaly, lower extremity 
edema, increased P2 on heart auscultation and right ventricu-
lar heave on palpation.

The patient has been experiencing progressive worsening 
of shortness of breath for approximately 2 years. Her ability to 
exercise has declined markedly, to the point where she cannot 
climb a flight of stairs. She had a recent admission to hospital 
where she was started on home oxygen therapy and referred to 
a Respirologist. An echocardiogram done at that time revealed 
an RVSP of 89 with mild right ventricular dilation and hypoki-
nesis. ECG shows sinus tachycardia at 105. The Respirologist 
suggests a biopsy to shed light on the etiology.

Physical examination reveals a thin woman with a respira-
tory rate of 18 wearing oxygen via nasal prongs at 4 L/min. 
Her oxygen saturation is 95%, her heart rate is 95, and her 
blood pressure is 100/60. Airway examination is reassuring. 
She has coarse crackles bilaterally. JVP is normal, but P2 is 
increased on cardiac auscultation. There is no hepatomegaly 
or pedal edema.

What Can Be Done to Optimize this Patients’  
Perioperative Course?

After communicating with the patient’s Respirologist, 
a decision is made to bring the patient to the hospital the 
day before the planned operation to perform a right heart 
catheterization and assess the patient’s response to inhaled 
prostacyclin. A pulmonary artery catheter is inserted under 
local anesthesia in the intensive care unit. PAP is 75/40. Sys-
temic blood pressure is 90/60. After institution of inhaled 
prostacyclin, the PAP decreases to 60/30 with no change in 
systemic pressure.

What is the Anesthetic Plan?

TEE is arranged to be available for the case. After an appro-
priate fasting interval, the patient is transferred to the oper-
ating room with inhaled prostacyclin (10 ng/kg/min) and 
oxygen. A baseline ABG is drawn and shows: pH of 7.38, 
PaCO

2
 44, PaO

2
 65 and HCO

3
 28. Baseline vital signs are: 

heart rate 103, PAP 65/37, BP 98/62, 96% on FiO
2
 40%. An 

epidural is placed and tested at T5/6. An epidural infusion 
of bupivacaine and hydromorphone is started. Preoxygen-
ation continues without interruption of the inhaled prostacy-
clin and norepinephrine is started at 0.05 g/kg/min. After 
ensuring the surgeons are in the room, induction medications 
are titrated to effect and include midazolam 2 mg, fentanyl 
250 g and ketamine 50 mg. Rocuronium 50 mg is given 
to facilitate endotracheal intubation. A 37F left-sided dou-
ble-lumen tube is placed without difficulty and anesthesia is 
maintained with sevoflurane and 100% oxygen. Inhaled pros-
tacyclin is continued in the anesthetic circuit. Vital signs are 
stable with assumption of PPV. The patient is turned to the 
lateral position and surgery is started. After commencement 
of OLV, the patient’s PAP climbs to 80/45, BP decreases to 
78/40 and ST depression occurs in lead II on ECG. Oxygen 
saturation drops to 87% on 100%. Preexisting right ventricu-
lar hypokinesis and dilation are seen to worsen on TEE. 
A temporizing bolus of phenylephrine 200 g is given while 
the norepinephrine is titrated up to 0.1 g/kg/min. A bolus of 
250 cc of normal saline is administered, keeping in mind the 
delicate balance between overloading a failing right ventri-
cle and maintenance of adequate preload to ensure systemic 
CO. Inhaled prostacyclin is titrated up to 30 ng/kg/min. Vital 
signs move back toward baseline. The surgery is completed, 
the patient is extubated, awake and comfortable. Norepineph-
rine is titrated off in recovery and the prostacyclin is titrated 
down to baseline. The patient returns back to intensive care 
for close observation.
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Perioperative Lung Injury
Peter Slinger

Key Points

Traditional patterns of mechanical ventilation with large 
(e.g., 10–12 mL/kg) tidal volumes and without PEEP cause 
a subclinical injury in healthy lungs in proportion to the 
duration of ventilation.
Perioperative acute lung injury becomes clinically impor-
tant when injurious ventilation patterns are used in patients 
who have other concomitant lung injuries such as large pul-
monary resection, cardiopulmonary bypass, or transfusion-
related lung injury.
Lung-protective patterns of mechanical ventilation, using 
more physiologic tidal volumes and appropriate PEEP, 
reduce the severity of this lung injury.
A recent decrease in the incidence of lung injury after pul-
monary resection is primarily due to a decrease in the fre-
quency of pneumonectomies.

Introduction

Perioperative lung injury is defined as pneumonitis, acute 
lung injury (ALI), or acute respiratory distress syndrome 
(ARDS) occurring in the immediate postoperative period 
during the initial hospitalization. ALI and ARDS definitions 
include a PaO

2
/FiO

2
 ratio (ALI < 300, ARDS < 200) and 

radiographic infiltrates characteristic of pulmonary edema 
in accordance with the American-European Consensus 
Conference Guidelines [1]. Lung injury following thoracic 
surgery has been described by a number of terms over the 
past 30 years i ncluding  postpneumonectomy  pulmonary 

edema, permeability  pulmonary edema, and  postoperative 
lung injury. While other causes of postoperative morbidity 
and mortality in thoracic surgery such as atelectasis, pneu-
monia and bronchopleural fistula have declined dramati-
cally in the past 30 years [2], lung injury remains a major 
problem and now has become the leading cause of death 
after pulmonary surgery [3].

Acute Lung Injury in Patients  
with Healthy Lungs

Traditionally, anesthesiologists have been taught to ventilate 
patients in the operative and postoperative periods with relatively 
large tidal volumes. Volumes as large as 15 mL/kg ideal body 
weight have been suggested to avoid intraoperative atelectasis [4]. 
This far exceeds the normal spontaneous tidal volumes (5–6 mL/
kg) common to most mammals [5]. It has become obvious that 
these nonphysiologic large tidal volumes can cause a degree of 
subclinical injury in healthy lungs. Gajic et al. [6] reported that 
25% of patients without lung injury ventilated in an ICU setting 
for 2 days or longer developed ALI or ARDS. The main risk fac-
tors associated with the development of lung injury were the use 
of large tidal volumes, restrictive lung disease, and transfusion of 
blood products. In a prospective study, the same group found that 
tidal volumes >700 mL and peak airway pressures >30 cmH

2
O 

were independently associated with the development of ARDS 
[7]. In an intraoperative study of patients having esophageal sur-
gery, Michelet et al. [8] compared the use of tidal volumes of 
9 mL/kg without positive end-expiratory pressure (PEEP) during 
two- and one-lung ventilation (OLV) vs. 9 mL/kg during  two-lung 
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ventilation and 5 mL/kg during OLV with PEEP 5 cmH
2
O. They 

found significantly lower serum makers of inflammation (cytok-
ines IL-1 , -6 and -8) in the lower tidal volume plus PEEP group 
(see Fig. 10.1). This study did not find any major difference in 
postoperative outcome between the two groups; however, it was 
not powered to do this. The study did demonstrate better oxygen-
ation in the lower tidal volume group during and immediately 
after OLV (see Fig. 10.2) but not after 18 h. In a study of major 
abdominal surgery patients ventilated for >5 h, Choi et al. [9] 
compared the use of 12 mL/kg tidal volumes without PEEP vs. 
6 mL/kg plus PEEP 10 cmH

2
O. Bronchiolar lavages were per-

formed before and after 5 h of mechanical ventilation. Lavage 
fluid from the high tidal volume group showed a pattern of leak-
age of plasma into the alveoli with increased levels of thrombin–
antithrombin complexes (see Fig. 10.3), soluble tissue factor, 
and factor VIIa. This is the hallmark of alveolar lung injury. A 
clear pattern seems to be appearing from the clinical research 
that, even in patients with no lung disease, the use of nonphysio-
logic patterns of ventilation with large tidal volumes and without  
PEEP causes a degree of systemic inflammation and lung injury. 

The severity of this injury seems to be directly related to the 
duration of mechanical ventilation.

Atelectasis is a frequent postoperative complication of sur-
gical procedures. Atelectasis occurs intraoperatively as part 
of essentially any general anesthetic [10]. Anesthesiologists 
are aware of this and techniques to avoid it with air–oxygen 
mixtures, PEEP and recruitment maneuvers are used fre-
quently [11]. However, anesthesiologists are often not aware 
that atelectasis is a pathological state, and if it persists in the 
postoperative period leads to increased capillary permeability 
and an inflammatory response with subsequent lung injury. 
Atelectasis injures the lung while it is atelectatic due to local 
release of inflammatory mediators and it injures the lung if 
the lung is repeatedly subjected to collapse and recruitment 
[12]. Atelectasis also contributes to injury in the nonatelec-
tatic lung regions, which develop a volotrauma injury due to 
excessive distribution of inspired volume to these remaining, 
ventilated, lung regions [13]. Both retrospective [14] and pro-
spective [15] studies have consistently shown that appropriate 
thoracic epidural analgesia reduces the incidence of respira-
tory complications (atelectasis, pneumonia, and respiratory 
failure) after major abdominal and thoracic surgery. The ben-
efits of epidural analgesia seem to be in direct proportion to 
the severity of the patient’s underlying lung disease. Patients 
with chronic obstructive pulmonary disease (COPD) seem to 
derive the most benefit from epidural analgesia (see Fig. 10.4). 
It has also been recently demonstrated that aggressive phys-
iotherapy with CPAP in the postoperative period in patients 
who develop early desaturation after major abdominal surgery 
leads to lower rates of major respiratory complications [16].

Pulmonary Resection

There are some situations when the anesthesiologist appre-
ciates that a patient presenting for surgery may have a lung 
injury (trauma/ARDS, lung transplantation, etc.). However, 

Fig. 10.1. Serum levels of inflammatory cytokine IL 1-b before and after 
periods of one-lung ventilation (OLV) in patients having esophagecto-
mies. Patients’ lungs were ventilated with either a large tidal volume 
(9 mL/kg) (high VT) or a small tidal volume (5 mL/kg) (low VT) plus 
PEEP (5 cmH

2
O) during OLV. (based on data from Ref. [8]).

Fig. 10.2. Ratio of arterial oxygen tension to inspired oxygen con-
centration (PaO

2
/FiO

2
) in patients ventilated with either a large tidal 

volume (9 mL/kg) or a small tidal volume (5 mL/kg) plus PEEP 
(5 cmH

2
O) during OLV (based on data from Ref. [8]).

Fig. 10.3. Broncho-alveolar lavage (BAL) levels of thrombin–antithrombin 
complexes as a marker of lung epithelial injury in patients ventilated for 
>5 h during abdominal surgery with either a large tidal volume (high VT) 
(12 mL/kg) without PEEP vs. a small tidal volume (low VT) (6 mL/kg) 
with PEEP (10 cmH

2
O) (based on data from Ref. [9]).
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there are many more cases where the lung injury is subclini-
cal and under-appreciated in the perioperative period (car-
diopulmonary bypass, large pulmonary resections [17]). ALI 
following pulmonary resection has been described since the 
beginning of OLV for thoracic surgery. The most publicized 
report is a compilation of ten cases following pneumonec-
tomy published in 1984 [18], which focused on the role of 
intravenous over-hydration as a cause of postpneumonectomy 
pulmonary edema. Subsequently, there have been several 
reviews of this topic identifying a variety of other potentially 
causative factors for ALI such as the administration of fresh 
frozen plasma (FFP), mediastinal lymphatic damage, inflam-
mation, and oxygen toxicity [19]. The most thorough study 
to date [20] is a retrospective survey of 806 pneumonecto-
mies which found 21 cases (2.5%) of postpneumonectomy 
pulmonary edema, one of the lowest incidences reported of 
this complication. There were no differences in perioperative 
fluid balance between postpneumonectomy ALI cases (posi-
tive fluid balance at 24 h: 10 mL/kg) vs. matched pneumonec-
tomy controls (13 mL/kg). These authors used rigorous fluid 
restriction compared to other reports [21] (e.g., 24 h positive 
balance: 21 ± 9 mL/kg) suggesting that limiting intraoperative 
fluids might decrease but not eliminate ALI. Further reports 
demonstrate improved survival from postpneumonectomy 
pulmonary edema is likely due to improved postoperative 
management of established cases [22].

Postpneumonectomy ALI [23] has been found to have a 
bimodal distribution of onset. Late cases (10/37, 27%) pre-
sented 3–10 days postoperatively and were secondary to 
obvious causes such as bronchopneumonia, aspiration, etc. 
“Primary” ALI (27/37, 73% of cases) presented on postop-
erative days 0–3. Four factors were independent significant 
predictors of primary ALI: high intraoperative ventilation 
pressures, excessive intravenous volume replacement, pneu-
monectomy, and preoperative alcohol abuse. The known facts 

about ALI following lung surgery include: an incidence of 
2–4% following pneumonectomy, greater frequency in right 
vs. left pneumonectomies, symptomatic onset 1–3 days after 
surgery, high associated mortality (25–50%), and resistance 
to standard therapies for pulmonary edema. While ALI occurs 
following lesser pulmonary resections such as lobectomy it 
has a much lower mortality rate. Of interest, in eight of nine 
cases who developed unilateral ALI following lobectomy, the 
ALI was in the nonoperated (i.e., the ventilated) lung [24].

While there is some association between postoperative 
ALI with fluid overload, the finding of low/normal pulmo-
nary artery wedge pressures and high-protein edema fluid in 
affected patients suggests a role of endothelial damage (low-
pressure pulmonary edema). Postoperative increases in lung 
capillary permeability of the nonoperated lung occur after 
pneumonectomy but not lobectomy [25]. This capillary-leak 
injury may be due to an inflammatory cascade affecting even 
the nonoperative lung that is triggered by lung resection and 
is proportional to the amount of lung tissue resected [26, 27]. 
Free oxygen radical generation in lung cancer patients is 
related to the duration of OLV [28].

In addition to large tidal volumes and excess intravenous 
fluids, a wide variety of other factors have been reported to 
be associated with ALI following pulmonary resection (see 
Table 10.1) [29]. There is no single mechanism that can fully 
explain ALI after lung resection and its etiology is likely mul-
tifactorial (see Table 10.2). A unifying hypothesis is that post-
pneumonectomy pulmonary edema is one end of a spectrum 
of ALI that occurs during all lung resections. The more exten-
sive the resection the more likely there is to be a postoperative 
injury. The increased dissection and trauma associated with 

Fig. 10.4. Percent of patients experiencing postoperative respiratory 
complications in a retrospective study following thoracic surgery 
for lung cancer. The benefits of thoracic epidural analgesia were 
more marked in patients with chronic obstructive pulmonary disease 
(COPD) than in patients with normal preoperative pulmonary func-
tion tests (PFTs) (based on data from Ref. [2]).

Table 10.1. Factors associated with acute lung injury following 
 pulmonary resection.

Large pulmonary resections (right pneumonectomy, extra-pleural  
pneumonectomy)

Large tidal volumes during OLV (>9 mL/kg ideal body weight)
Excessive intravenous fluids (>20 mL/kg positive fluid balance first 24 h)
Decreased lung function (low predicted postoperative DLCO or FEV1)
Duration of OLV
Preoperative chemotherapy
Restrictive lung disease
Administration of fresh-frozen plasma and other blood products
Age
Preoperative alcohol abuse

DLCO diffusing capacity of the lung for carbon monoxide; FEV1 forced 
expiratory volume in 1 s

Table 10.2. Causes of postresection lung injury.

Probable Possible

Endothelial injury Inflammatory response
Epithelial injury (large tidal  

volumes)
Right ventricular dysfunction  

(raised CVP)
Increased pulmonary capillary pressure Oxygen toxicity
Fluid overload
Lung lymphatic injury



146 P. Slinger

extra-pleural pneumonectomy places these patients at high-risk  
to develop postoperative ALI [30]. Also, there may be a 
genetic predisposition of some patients that increases their 
risk of developing ALI [31].

Understanding that lung endothelial injury occurs after 
lung resection supports management strategies similar to 
other conditions associated with ALI and ARDS. As a general 
principle, it seems that the lung is least injured when a pattern 
of ventilation as close as possible to normal spontaneous ven-
tilation can be followed: FiO

2
 as low as acceptable, variable 

tidal volumes [32], beginning inspiration at functional residual 
capacity (FRC), and avoiding atelectasis with frequent recruit-
ment maneuvers [33]. Studies in ARDS demonstrate that ALI 
is exacerbated by the use of large tidal volumes and that lung-
protective ventilation strategies with low tidal volumes and 
PEEP are less injurious. The most important factor in the eti-
ology of ventilator-induced lung injury is the end-inspiratory 
lung volume [34]. Many patients, particularly those with 
emphysema, develop auto-PEEP during OLV [35] thus begin-
ning inspiration at a lung volume above FRC. It is conceivable 
that routine use of large tidal volumes (10–12 mL/kg) during 
OLV in such patients produces end-inspiratory lung volumes 
close to levels that contribute to ALI.

Changes in respiratory function during OLV in the lateral 
position with an open nondependent hemi-thorax are com-
plex. Initial studies of the application of PEEP during OLV 
suggested that it led to a deterioration of arterial oxygenation 
[36]. It is now appreciated that the effects of applied PEEP 
during OLV depend on the lung mechanics of the individual 
patient. Most patients with COPD develop auto-PEEP during 
OLV and thus adding external PEEP leads to hyperinflation 
and increased shunt (see Fig. 10.5) [37]. However, patients 
with normal lung parenchyma or those with restrictive lung 
diseases tend to fall below their FRC at end-expiration during 
OLV (see Fig. 10.6) and benefit from applied external PEEP 
[38]. Intraoperative atelectasis may contribute to injury in the 
dependent lung. It is now appreciated that atelectasis is a pre-
inflammatory state predisposing to injury both in the atelec-
tatic portion of the lung and in ventilated regions in the same 
lung which become hyper-inflated [39].

There is evidence that when an element of lung injury is 
added to large tidal volume ventilation during OLV, this con-
tributes to ALI. In a rabbit model of OLV during isolated 
perfusion, large tidal-volume (8 mL/kg) ventilation produced 
a picture of ALI absent in animals randomized to a lung-
protective ventilation pattern (4 mL/kg plus PEEP). Another 
consideration is management of patients who have received 
preoperative chemotherapy with agents such as cisplatinum 
and gemcitabine that may affect respiratory function and may 
increase the risk of postoperative respiratory complications 
including ALI in some patients [40]. Large pulmonary resec-
tions (pneumonectomy or bi-lobectomy) should be considered 
to be associated with some degree of ALI. ALI, diagnosed 
radiographically, was reported in 42% of pneumonectomy 
patients who had been ventilated with peak airway pressures 

>40 cmH
2
O [41]. A recent retrospective study found that post-

pneumonectomy respiratory failure was associated with the 
use of higher intraoperative tidal volumes (8.3 vs. 6.7 mL/kg 
in pneumonectomy patients who did develop respiratory 
failure) [42]. In a sheep model, Kuzkov et al. demonstrated  

Fig. 10.5. The inspiratory compliance curve (lung volume vs. airway 
pressure) during OLV as the lung is slowly inflated by 100 mL incre-
ments in a patient with mild COPD. The lower inflection point of 
the curve (thought to represent functional residual capacity [FRC]) 
is at 7 cmH

2
O. During OLV this patient developed an intrinsic PEEP 

(measured by end-expiratory airway occlusion plateau pressure “auto-
PEEP”) of 6 cmH

2
O. The addition of 5 cm PEEP through the ventilator 

resulted in a total PEEP in the circuit of 9 cm. The addition of PEEP in 
this patient raised the end-expiratory lung volume above FRC thus rais-
ing pulmonary vascular resistance in the ventilated lung and caused a 
deterioration in oxygenation (based on data from Ref. [37]).

Fig. 10.6. The inspiratory compliance curve during OLV in a patient 
with normal pulmonary function. The lower inflection point of the 
curve is at 6 cmH

2
O. During OLV this patient developed an intrinsic 

PEEP of 2 cmH
2
O. The addition of 5 cm PEEP through the ventilator 

resulted in a total PEEP in the circuit of 7 cm. The addition of PEEP in 
this patient raised the end-expiratory lung volume to FRC thus decreas-
ing pulmonary vascular resistance in the ventilated lung and caused an 
improvement in oxygenation (based on data from Ref. [37]).
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that the use of large tidal volume ventilation for 4 h following 
a pneumonectomy resulted in an increase of extravascular 
lung water more than double compared to a control (sham 
operation) group or a pneumonectomy group ventilated with 
6 mL/kg tidal volume plus PEEP (see Fig. 10.7) [43].

Since it is not always possible to predict which patient 
scheduled for a lobectomy may require a pneumonectomy 
for complete tumor resection, the routine use of several lung 
protective strategies during OLV seem logical (see Prevention 
below). It should be appreciated that not all hyperinflation of 
the residual lung occurs in the operating room. Over-expan-
sion of the remaining lung after a pneumonectomy may occur 
postoperatively either with or without a chest drain in place. 
The use of a balanced chest drainage system to keep the medi-
astinum in a neutral position and avoid hyperinflation of the 
residual lung following a pneumonectomy has been suggested 
to contribute to a marked decline in this complication in some 
centers [44].

The incidence and mortality related to ARDS following 
pulmonary resection was compared retrospectively for two 
different time periods (1991–1997 vs. 2000–2005) at a single 
institution with a large volume of lung surgery [45]. The more 
recent data showed a decrease in the incidence of ARDS (3.2 
vs. 1.6%) and mortality (72 vs. 45%). However, there was no 
significant decrease in either the incidence (11.4%) or mortal-
ity (50%) in ARDS which occurred following pneumonectomy. 
The main decrease in mortality was secondary to a decrease in 
the proportion of pneumonectomies as a percentage of the total 
lung cancer surgical procedures (17.4 vs. 6.4%).

Cardiopulmonary bypass causes a subclinical lung injury 
that can be aggravated by injurious ventilation patterns (see 
also Chap. 32). Zupancich [46] compared the use of nonpro-
tective high tidal volumes (10–12 mL/kg) plus low PEEP 
(2–3 cmH

2
O) vs. lung protective low tidal volumes (8 mL/kg) 

plus high PEEP (10 cmH
2
O) in patients ventilated for 6 h 

 following cardiopulmonary bypass for coronary artery bypass 
surgery. Serum and bronchiolar lavage levels of the inflamma-
tory cytokines IL-6 and -8 were significantly increased at 6 h 
only in the nonprotective ventilation group.

Transfusion-Related Acute Lung Injury 
(TRALI)

Over the past 20 years, ALI secondary to transfusion of blood 
products has become recognized as a distinct clinical entity. It 
crosses the boundaries between patients with and without lung 
injury because it can cause injury to healthy lungs or it can 
exacerbate incipient lung injury [47]. The etiology of TRALI 
is primarily due to antiwhite blood cell antibodies in the trans-
fused serum. These antibodies can be to either human leuko-
cyte antigens (HLAs) or human neutrophil antigens (HNAs). 
Donor HNA antibodies in blood products can bind to and trig-
ger neutrophils and leukocytes in the recipient. HLAs are more 
widespread and these antibodies can react with white blood 
cells and/or the pulmonary endothelium of the recipient. Neu-
trophils normally are flexible and are deformed as they pass 
through the lung, since the diameter of 50% of the pulmonary 
capillaries is smaller than the neutrophils. Priming of the neu-
trophils by sepsis, inflammation or immune triggering (as in 
the case of TRALI) stiffens the neutrophils which then become 
sequestered in the pulmonary capillary bed. This process can 
be aggravated by any physical injury to the endothelium which 
causes the release of intercellular adhesion molecules which 
then cause trans-endothelial migration of the sequestered neu-
trophils into the interstitium of the lung parenchyma, begin-
ning the process of injury (see Fig. 10.8). The process seems to 
be a two-hit phenomenon usually requiring both: (1) a degree 
of lung injury, and (2) priming of the circulating neutrophils.

Although TRALI can occur unrelated to surgery, a dispropor-
tionate number of cases occur in the perioperative period [48]. 
Of the commonly used blood products, cryoprecipitate and FFP 
have the highest rates of antibodies and most associated with 
the development of both TRALI and ARDS [49]. In trauma 
cases, the transfusion of >5 U of FFP or >6 U packed red blood 
cells are independent predictors of developing ARDS. Some 
partially preventative measures are open to blood bankers such 
as the use of washed red cells, leukocyte-depleted red cells, and 
avoiding plasma donations from multiparous females. However, 
the major burden of prevention falls on the anesthesiologist to 
avoid unnecessary transfusion of blood products and to decrease 
the potential for perioperative mechanical lung injury.

Prevention

There are no proven strategies that will prevent postthoracotomy 
ALI. However given what is known of the pathophysiology, 
particularly the tendency of the ventilated lung to develop an 
endothelial injury after major pulmonary resections, and based 

Fig. 10.7. Postmortem extra-vascular lung water index measured by 
gravimetry after 4 h mechanical ventilation in sheep. Sham op. = con-
trol thoracotomy group, no lung resection, tidal volume two-lung 
ventilation 12 mL/kg. VT 6 mL/kg = pneumonectomy group ven-
tilated with tidal volume (VT) 6 mL/kg + PEEP 5 cm. VT 12 mL/
kg = pneumonectomy group ventilated with tidal volume 12 mL/kg, 
no added PEEP (based on data from Ref. [43]).
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on studies of intensive care populations with ARDS several 
commonsense management approaches seem logical [50].

Applying the principles of lung protective ventilation has 
been shown to improve outcomes for ARDS patients [51]. 
The principles of lung protective ventilation are intuitive, you 
the reader are using lung protective ventilation for yourself at 
this moment, incorporating: as low an FiO

2
 as clinically safe, 

using small tidal volumes, varying position and tidal volumes, 
with a small amount of intrinsic PEEP and frequent recruit-
ment maneuvers. If you are yawning it may be from reading 
this text or it may be that mechanoreceptors in your pulmo-
nary parenchyma have sent a message to your brainstem to 
recruit areas of micro-atelectasis in the lung, which occurs 
during normal nonsedated respiration.

Although the principles of lung protective ventilation are 
straightforward, applying the principles intraoperatively is 
more complex. A suggested protocol for OLV is presented 
in Table 10.3. Using smaller tidal volumes (4–5 mL/kg ideal 
body weight) rather than the traditional large tidal volumes 
(10–12 mL/kg) for OLV will lead to more atelectasis in the depen-
dent, ventilated, lung unless prophylactic measures are used 
routinely: PEEP, frequent recruitment maneuvers and the FiO

2
 

is decreased using air while maintaining a safe level of oxygen 

saturation. It is not simple, at present, to choose the ideal level 
of PEEP for an individual patient and it is not possible to reli-
ably measure total-PEEP or auto-PEEP with current anesthe-
sia ventilators. Our current practice is to add 5 cmH

2
O PEEP 

to all patients during OLV except those patients with mod-
erate or severe COPD. The use of pressure-controlled venti-
lation, vs. the traditional volume-controlled ventilation, has 
not been clearly shown to be beneficial [52]. However, there 
is the possibility that regional hyperinflation of lung areas is 
more likely to occur during inflation with volume-controlled 
ventilation so it seems to be logical to use pressure-controlled 
ventilation in patients at increased risk of lung injury such as 
large pulmonary resections, lung transplantation, or patients 
with severe chronic lung disease.

Several volatile anesthetic agents have been shown to ame-
liorate ischemia–reperfusion injury in cardiac surgery com-
pared to intravenous anesthetics [53]. In thoracic surgery, 
desflurane has been shown to decrease the inflammatory 
response as measured by assays of cytokines and other pro-
inflammatory markers in broncho-alveolar lavage (BAL) fluid 
from the ventilated lung before and after OLV [54]. Similarly, 
sevoflurane has been shown to decrease the BAL markers of 
inflammation in the nonventilated lung following thoracic sur-
gery compared to propofol anesthesia [55]. Neither of these 
studies were powered to investigate outcomes following anes-
thesia, however since the inflammatory response exacerbates 
lung injury it seems to be prudent, at this time, to use volatile 
anesthesia during thoracic surgery whenever possible.

Excess intravenous fluids tend to accumulate quickly in 
the dependent lung and will presumably exacerbate any lung 
injury [56], leading to the clinical maxim “Don’t drown the 
down lung.” However, there is no clear evidence that moderate 
amounts of intravenous fluids cause lung injury. A fluid man-
agement scheme that limits overall net positive fluid balance 
in the first 24 h to <20 mL/kg, with no fluid administration 
for theoretical third space losses and accepting mild oliguria 
(0.5 mL/kg/h) seems to be an acceptable compromise. There is 
no reasonable proof to support or refute the use of colloids vs. 
crystalloids in the thoracic surgery population. Modern syn-
thetic colloids are useful to replace equivalent volumes of lost 
blood (up to 10–12 mL/kg), potentially avoiding unnecessary 
small-volume transfusions, in patients who are not anemic.

Fig. 10.8. Scanning electron micrograph of a pulmonary capillary 
from a rabbit lung which has been over-distended by excessive 
inspiratory volumes and pressure. Full thickness disruptions can be 
seen in the capillary wall. These stress factures are the micro-anatomy 
of volume-induced lung injury and allow circulating neutrophils to 
be extruded into to the intercellular matrix and alveoli, which may 
lead to the development of lung injury if the neutrophils are primed 
by prior exposure to antibodies from a donor transfusion (reprinted 
from Fu et al. [62] with permission).

Table 10.3. Suggested guidelines for OLV.

Variable Optimal setting Exceptions

Tidal volume 4–5 mL/kg Peak Pa/w <35
Plateau Pa/w <25

PEEP Total 5 cm Not added if COPD
FiO

2
1.0 Decrease as tolerated

Respiratory rate 12 Mild hypercapnia OK
Ventilation mode Vol.-C Vent.  

or P-C Vent.
P-C Vent.: ESLD, lung 

 transplant,  pneumonectomy

Pa/w airway pressure (cm/H
2
O); COPD chronic obstructive pulmonary 

disease; Vol.-C Vent. volume-controlled ventilation; P-C Vent. pressure-
controlled ventilation; ESLD end-stage lung disease
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Since there is an element of capillary injury in ALI it is 
important to consider and avoid other factors, besides intravenous 
volume overload, that may increase pulmonary vascular pres-
sure. Such factors include hypoxemia, hypercarbia, and pain.

Therapy for Acute Lung Injury

A number of therapies have been suggested to treat ALI. Ran-
domized placebo-controlled trials of several different therapies 
including surfactant, prone positioning, inhaled nitric oxide, 
and anti-inflammatories have not shown significant clinical 
benefits in patients with established ALI [57]. -Adrenergic 
agents are generating much interest as a potential treatment 
for ALI [58]. -Agonists increase the rate of alveolar fluid 
clearance by increasing cellular cyclic adenosine monophos-
phate (cAMP) in the epithelium, also -agonists have anti-
inflammatory properties. In a randomized placebo-controlled 
study in 40 patients with ALI, Perkins et al. [59] found that 
the use of intravenous salbutamol decreased lung water and 
plateau airway pressure, although there were no significant 
differences in outcome. A randomized study of inhaled sal-
meterol has shown that it can reduce the incidence of high-
altitude pulmonary edema in subjects at risk [60].

Extra-pulmonary ventilation has been reported for ARDS 
after pulmonary resection [61]. Seven patients (five pneumo-
nectomy, two lobectomy) were treated for severe ARDS post-
pulmonary resection, refractory to conventional therapy, with 
an interventional lung-assist device (Novalung Gmbh, Hech-
ingen, Germany) (see also Chap. 43). During the period of 
lung-assist (mean duration 4 days), the conventional mechani-
cal ventilation was decreased to extremely low levels (mean 
FiO

2
 0.5, tidal volume 3 mL/kg, respiratory rate 6 breaths/min) 

and six of seven (86%) of the patients survived. Although this 
is a very small series, the results are encouraging in a patient 
population that has a mortality that usually approaches 50%.

Clinical Case Discussion

A 55-year-old 70 kg male presents with bronchogenic carci-
noma of the right middle and lower lobes. The patient is a 
smoker (30 pack-year) with good exercise tolerance. Preoper-
ative FEV

1
 = 80% predicted and DLCO = 70% predicted. V/Q 

scan shows 50% ventilation and perfusion to the right lung. 
The patient has an uncomplicated 3 h right pneumonectomy. 
During the procedure he receives 1.5 L of crystalloid and is 
ventilated with a tidal volume of 700 mL, FiO

2
 1.0, during 

both two- and one-LV. Postoperatively, the patient is stable in 
the recovery room (see Fig. 10.9) with thoracic epidural anal-
gesia and is discharged to the thoracic surgical floor.

On postoperative day 3, the patient complains of increas-
ing dyspnea. The patient’s oxymetric saturation is 85% on air 
and 93% with FiO

2
 0.4 mask. His pulse is sinus rhythm at 104 

and blood pressure 130/80. A repeat chest X-ray is taken (see 
Fig. 10.10)

Fig. 10.10. Chest X-ray on postoperative day 3 of the same patient as 
Fig. 10.9. The patient has gradually become more dyspneic and has 
significant arterial oxygen desaturation breathing air. Chest X-ray 
shows signs of increased lung interstitial markings suggestive of pul-
monary edema.

Fig. 10.9. Immediate postoperative chest X-ray of a 55-year-old male 
following a right pneumonectomy. This is normal postpneumonec-
tomy film.
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What is the differential diagnosis?
How can the diagnosis be confirmed?

The differential should include postthoracotomy ALI, pul-
monary embolus, congestive heart failure and/or myocardial 
ischemia, aspiration and pneumonia. ALI in this setting is 
a diagnosis of exclusion. A perfusion lung scan should be 
obtained to rule-out emboli and an electrocardiogram to rule 
out subclinical ischemia, which is unlikely in the absence of a 
prior history of coronary heart disease or diabetes. A transtho-
racic echocardiogram should be performed to rule out myocar-
dial dysfunction. Major aspiration is unlikely without a history 
of a decreased level of consciousness. Pneumonia is a possi-
bility, but unlikely without signs of sepsis or an elevated white 
blood cell count, sputum for culture and sensitivity should be 
obtained. If other common possibilities of postoperative respi-
ratory failure are ruled out, the provisional diagnosis is ALI.

What therapy is indicated?

The patient should be transferred to an intensive care unit. 
All therapy is basically palliative with the aim to support respi-
ratory function and minimize any exacerbation of the lung 
injury pending spontaneous resolution. Initially respiratory 
support should begin with noninvasive ventilation and mini-
mizing the FiO

2
 to maintain normal physiologic oxygen satu-

rations. Attempts to reduce the pulmonary vascular pressures 
with inhaled nitric oxide or prostacyclin are logical although 
not proven and are unlikely to cause harm. The same applies to 
inhaled -adrenergic agents. The benefit of corticosteroids is 
uncertain. If gas exchange deteriorates, then mechanical ven-
tilation using the principles of lung protection will need to be 
added. In severe ALI, unresponsive to conventional therapy, 
the use of extra-pulmonary ventilation should be considered.
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11
Bronchoscopic Procedures
Gordon N. Finlayson and Bevan G. Hughes

Key Points

Diagnostic flexible bronchoscopy is safely performed out-
side of the operating room with light to moderate sedation 
and topical anesthesia.
Rigid bronchoscopy is typically performed in patients with 
central airway obstruction and major comorbidities. Pri-
mary concerns include the risk of complete airway obstruc-
tion and inability to ventilate or dynamic hyperventilation 
with hemodynamic compromise.
A fluid transition between novel ventilation strategies is 
often required for these procedures.
Multimodal techniques employed by interventional bron-
choscopists to acutely re-establish patency of obstructed 
central airways include: stenting, laser, endobronchial elec-
trosurgery, argon plasma coagulation, and balloon bron-
choplasty.
Major intraoperative complications associated with these 
techniques include hemorrhage, airway trauma, perfora-
tion, fire, systemic gas embolism, and dissemination of 
postobstructive pneumonia.
Alternative indications for these procedures include treat-
ment of low-grade malignancies and carcinoma in situ. 
These lesions may also respond to brachytherapy, cryother-
apy, or photodynamic therapy.
Interventional bronchoscopy is an evolving field with 
expanding applications. Future indications may include 
endobronchial valve insertion for persistent air leaks and 
COPD as well as bronchial thermoplasty for treatment-
resistant asthma.

Introduction

Routine diagnostic flexible bronchoscopy is a well-established, 
safe procedure that rarely demands the presence of an anesthe-
siologist. Interventional bronchoscopy is an evolving, specialized 
discipline that has a pivotal role in the strategic relief of cen-
tral airway obstruction and the anastamotic complications of 
lung transplantation. Many of these procedures require general 
anesthesia and provide significant challenges in establishing 
a patent airway and maintaining adequate ventilation. There 
are a number of newer interventions adopted by bronchosco-
pists for management of precancerous lesions and early-stage 
malignancies. Emerging roles for interventional pulmonolo-
gists include minimally invasive lung volume reduction with 
placement of endobronchial valves and bronchial thermoplasty 
for severe asthma.

Anesthetic Considerations

Therapeutic bronchoscopic interventions have historically 
been aimed at the relief of airway obstruction using a rigid 
endoscope. The first reported use of bronchoscopy by Gustav 
Killian in 1897 was for the removal of a right mainstem for-
eign body. Soon thereafter, attempts were aimed at resection 
of tumor, dilation of infectious strictures, and drainage of 
obstructive secretions [1].

Rigid bronchoscopy involves the placement of a noncuffed, 
straight metal endoscope directly into the trachea, preclud-
ing the placement of an endotracheal tube. This is a key 
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 distinction when compared to flexible bronchoscopy which 
can be  performed on an intubated patient with a secured air-
way. Rigid rather than flexible bronchoscopy is most com-
monly used for interventional procedures, as it allows for the 
passage of large instruments, removal of bulky objects while 
simultaneously providing a patent airway for provision of 
positive pressure ventilation (Table 11.1).

During rigid bronchoscopy gas exchange is most com-
monly maintained by jet ventilation as the open-circuit design 
renders conventional positive pressure ventilation prone to 
gas leak. Using a handheld injector or high-frequency jet ven-
tilator, high-flow oxygen at variable concentrations can be 
delivered to the lungs. The precise fraction of inspired oxygen 
achieved is somewhat less than that selected on the injector 
because entrainment of room air ultimately dilutes the deliv-
ered oxygen content. Similarly, the use of volatile agents is 
unreliable because its delivery and measurement cannot be 
guaranteed. Since the breathing circuit is not sealed, leakage 
of anesthetic gas also contaminates the operating room. Jet 
injection of a blended oxygen/air mixture is typically deliv-
ered through high-pressure tubing connected either directly to 
an intraluminal port incorporated in the bronchoscope, or to a 
catheter placed within the airway.

Various other ventilation strategies are also available during 
rigid bronchoscopy though these may be more challenging to 
perform effectively. Spontaneous breathing is an option [2], 
however many bronchoscopists insist on paralysis as unantici-
pated coughing or straining may lead to increased technical 
challenges and complications. Placement of a rigid bron-
choscope requires considerable neck extension and exten-
sive manipulation of the airway such that most patients are 
intolerant without inducing apnea. There are ventilating bron-
choscopes available that are designed to allow the use of an 
anesthetic breathing circuit, however these mandate closely 
matching the size of the bronchoscope with the trachea, to 
prevent gas leakage [87]. Theoretically it is possible to pro-
vide conventional ventilation in this circumstance, but any 
significant leak would reduce the efficacy of this technique. 
Finally, with judicious preoxygenation and passive insuf-
flation of oxygen, short periods of apnea are generally well 

 tolerated in select patients. For procedures requiring extended 
airway manipulation, this strategy may be interrupted inter-
mittently to provide positive pressure ventilation.

Anesthetic considerations for interventional bronchoscopy 
include the operative indication, patient comorbidities, and 
appreciation of procedure-specific complications. Airway 
obstruction remains the most common indication requiring 
bronchoscopic intervention and these procedures are typi-
cally performed urgently or emergently on physiologically 
distressed patients [3]. Ultimately, this may lead to conflicting 
anesthetic goals including balancing a full stomach with an 
unsecured airway, high oxygen requirements with the risk of 
fire ignition, and jet ventilation through obstructing stenoses 
with the risk of air trapping and barotrauma (Table 11.2).

Total intravenous anesthesia (TIVA) avoids operating room 
contamination with inhalational agents during interventional 
bronchoscopy [4] (see Chap. 12). Another advantage of intra-
venous agents is avoiding the dependence of anesthetic deliv-
ery on ventilation – an important consideration when novel 
ventilation strategies are anticipated. Standard monitors rec-
ommended by the American Society of Anesthesiologists are 
mandatory for interventional procedures. Arterial cannula-
tion or transcutaneous pCO

2
 monitoring is useful for assess-

ing the adequacy of gas exchange because of the frequent 
interruption to end-tidal carbon dioxide sampling. Patients 
receiving TIVA and muscle relaxants are at higher risk for 
awareness, therefore extended monitoring (e.g., BIS) and the 
addition of benzodiazepines may be considered. As the pres-
ence of an intratracheal instrument is a strong stimulator of 
cough, patients almost invariably require paralysis. Including 
a potent, short-acting opioid (e.g., remifentanil) in the TIVA 
regimen can help suppress this powerful and disruptive reflex. 
Given the unique and potentially unanticipated technical chal-
lenges presented by these cases, an extended procedural dura-
tion may require ongoing neuromuscular blockade with close 
monitoring of depth of paralysis.

Table 11.1. Comparison of flexible and rigid bronchoscopy.

Flexible bronchoscopy Rigid bronchoscopy

Minimal sedation Requires general anesthesia
May be used through endotracheal 

tube
Difficult with endotracheal tube  

in situ
No absolute contraindications Cervical spine pathology contrain-

dicated
Minimal risk of trauma Significant risk of trauma
Inability to ventilate through scope 

(?excluding HFJV)
Provides airway for ventilation

Requires small instruments May use larger instruments
May need to remove scope when 

extracting specimen
Able to remove large objects through 

scope
Can access distal airways Limited to central airways
Technically straightforward Specialized training required

Table 11.2. Anesthetic considerations of rigid bronchoscopy.

1. Stimulating
– Likely require general anesthesia
– ± Neuromuscular blockade

2. Unprotected airway
– Aspiration risk
– Potentially challenging ventilation
– Potential for loss of airway access

3. Considerations of jet ventilation
– Potential for barotrauma
– Inability to measure end-tidal CO

2
 and hypercapnea

4. Technical considerations
– Shared airway with bronchoscopist
– Open circuit: room contamination with volatile anesthetic
– Need for total intravenous anesthesia

5. Potential for procedure specific complications
– Airway fire
– Hemorrhage
– Gas embolism
– Traumatic injuries
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Complications of rigid bronchoscopy including airway and 
dental trauma usually occur during placement of the scope. 
The potential for difficulties in tracheal intubation must be kept 
in mind as this may result in a catastrophic inability to venti-
late the patient, specifically in those with difficult anatomy or 
supraglottic distortion. Often these procedures are performed 
in nonoperative settings; these unfamiliar surroundings have 
been shown to be a factor in increasing the risk of adverse 
events [5]. Emergency equipment should include alternatives 
to direct laryngoscopy and possibly setup for invasive or sur-
gical airway access. Other complications associated with spe-
cific interventional bronchoscopic procedures include airway 
fire, air embolism, and severe hemorrhage; these are discussed 
in more detail in the remainder of the chapter.

Central Airway Obstruction

Central airway obstruction may originate from intrinsic, 
extrinsic, or mixed lesions (Fig. 11.1) [6]. These lesions are 
further characterized by location (intrathoracic vs. extratho-
racic), etiology (malignant vs. nonmalignant) (Table 11.3), and 
presence of fixed or dynamic airflow obstruction [7]. Specific 
interventional strategies for alleviating an obstruction are dic-
tated by these features and considered within the context of 
the patient’s appropriate level of care. Generally speaking, the 
comorbidities of these patients reflect the predisposing risks of 
the underlying malignancy, extrapulmonary features of an asso-
ciated systemic inflammatory disease or post-transplant status. 
Because central airway obstructions often progress insidi-
ously, symptoms of dyspnea, wheeze or stridor only manifest 
with advanced (5–8 mm) lesions [8]. Still, lesions that rapidly 
encroach upon the airway or involve long segments may prove 
symptomatic with lesser degrees of obstruction.

Owing to its relative infancy, the perioperative risks of 
therapeutic bronchoscopy for the relief of central airway 
obstruction are not clearly defined. Although interven-
tional bronchoscopy may efficiently re-establish patency 

of an obstructed airway, data from high volume centers 
underscore the vigilance demanded in caring for these 
patients. Approximately 20% of patients will experience 
perioperative complications with an overall 30-day mor-
tality of 7.8% (primarily attributed to underlying disease 
progression) [3].

Evaluation of patients with central airway obstruction is 
largely determined by clinical status and degree of physio-
logic compromise. Excluding those with impending respira-
tory arrest, the nature and extent of obstruction must be clearly 
defined [9]. Traditionally, evaluation with flow volume loops 
has been advocated. While considered crucial in the assess-
ment of patients suspected of central airway obstruction, their 
value in preoperative planning is limited [10]. Furthermore, 
performance of spirometry may provoke respiratory failure 
in advanced obstructions [11]. Reconstructed, multislice, CT 
scans of the airway convey crucial information regarding 
location, extent, dynamic collapse and invasion of adjacent 
structures that is paramount for safe preoperative planning 
[12–15]. If demanded by the patient’s symptoms, CT scan-
ning may be performed in the prone position.

Owing to the clinical urgency of these cases, the opportunity 
for optimization of medical comorbidities is limited. Depend-
ing upon the indication for intervention, several comorbidi-
ties including tobacco use, hypertension, moderate to severe 
COPD, and diabetes have been associated with increasing the 
likelihood of complications including bleeding and hypox-
emia [3]. Although yet unproven to influence perioperative 
outcomes for these types of cases, attentive management of 
co-existing illnesses seems prudent. Preoperatively, selective 
use of antisialogogues [16] is beneficial for facilitating airway 
topicalization and fibreoptic examination. Steroids are advo-
cated when repeated instrumentation of the airway threatens 
postoperative glottic edema [17]. In patients with respiratory 
distress, heliox (gas mixtures of helium and oxygen, usually 
with an FiO

2
 approximately 30%) can temporarily reduce work 

of breathing and improve gas exchange when the obstruction 
causes turbulent airflow [18].

Fig. 11.1. CT demonstrating severe intrinsic central airway obstruction involving the tracheal carina and left main bronchus.
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Of foremost concern in managing patients with central air-
way lesions is the threat of precipitating complete obstruction 
with routine induction of general anesthesia. Critical central 
obstructions may also contribute to dynamic hyperinflation 
and cardiovascular compromise [16]. Because there is a pau-
city of literature to guide critical decisions in these challeng-
ing patients, strategies for the provision of safe anesthesia 
depend heavily on experience and judgment.

Traditional teaching advocates anesthetic techniques that 
maintain spontaneous ventilation during acute obstruction in 
order to avoid airway collapse after paralysis of respiratory 
musculature [19]. However, experienced centers have docu-
mented successful management with intravenous induction and 
neuromuscular blockade in patients with stridor at rest [20]. 
Similarly, case series attest to the safe application of innova-
tive ventilation strategies during interventional bronchoscopy 
[21]. Effective ventilation may be maintained with intermit-
tent, assisted, positive pressure delivered through the side-
arm adapter of a rigid bronchoscope. The Sanders technique 
of manual jet ventilation also provides uninterrupted venti-
lation delivered through the rigid bronchoscope [22]. High-
frequency jet ventilation demonstrates reliable gas exchange 
and operative conditions without relying on the presence of 
a rigid bronchoscope [21]. Finally, for those patients with 
reversible illnesses and critically obstructive lesions, selected 
use of extracorporeal membrane oxygenation may be justified 

[23, 24]. Unfortunately, there are limited data comparing the 
effectiveness and safety of these ventilation techniques during 
therapeutic endoscopy [25]. Whichever technique is employed, 
attention should be dedicated to reassessing the adequacy of 
ventilation and presence of dynamic hyperinflation throughout 
the procedure. Oftentimes these cases demand dynamic deci-
sion making and flexible transition between various modes of 
ventilation – preparation is crucial.

The fundamental components to the safe relief of a cen-
tral airway obstruction include a wide selection of rigid bron-
choscopes and a veteran endoscopist to immediately access 
the airway. Although few general respirologists maintain 
competency in rigid bronchoscopy [26], many interventional 
pulmonologists are highly qualified [27]. If there is an antici-
pated potential for an emergent thoracotomy, the presence of 
a thoracic surgeon is mandatory. Blind tracheal intubation in 
patients with central airway lesions should be avoided as it 
risks precipitating hemorrhage or airway obstruction from 
unnecessary trauma. Routine use of flexible bronchoscopy 
will help minimize these complications.

Successful bronchoscopic management of central airway 
lesions often mandates multimodal techniques. The follow-
ing sections will highlight these techniques and specific anes-
thetic considerations.

Airway Stents

Montgomery pioneered the application of airway stents for the 
management of subglottic stenosis in the 1960s [28]. In 1990, 
Dumon introduced a silicone stent positioned completely 
within the tracheal lumen [29]. Today, the armamentarium of 
interventional bronchoscopists includes a wide selection of 
stents aimed at restoring the patency of obstructed airways. 
Generally speaking, modern stents are composed of silicone, 
metal or combination thereof. Ideally, an airway stent should 
demonstrate: easy insertion and removal; stability within 
the airway limiting the tendency for migration; durability to 
compressive forces and sufficient elasticity to conform to the 
airway; resistance to granuloma formation and infection and 
preservation of mucociliary transport [17, 30].

Currently there are no manufactured stents that satisfy these 
demanding design properties, though innovations in stent 
technology continue to progress (Fig. 11.2) [31]. Silicone 
stents are suitable for benign diseases of the central airways 
because of their ease of removal. Limitations of silicone stents 
include migration, obstruction with secretions, flammability 
and reduced inner diameter [32]. Both bare metal stents and 
covered metal stents are available (Fig. 11.3) (Table 11.4). 
Advantages of metal stents include preservation of mucocili-
ary transport, large inner diameter, and relatively easier place-
ment. The Achilles’ heel of metal stents remains their tendency 
towards granuloma formation. Additionally, bare metal stents 
can transmit laser energy and injury surrounding tissue, while 
covered versions may pose a fire risk during laser procedures 
[33, 34]. Because of concerns surrounding in-stent obstruc-
tion and complicated removal, experts suggest that metal stent 

Table 11.3. Causes of central airway obstruction.

Benign
Traumatic: post intubation; blunt, penetrating or inhalational injury
Inflammatory: Wegener’s; amyloidosis; SLE
Infectious: papillomas; tuberculosis; rhinoscleroma; viral tracheobronchi-

tis; bacterial tracheitis; diphtheria
Vascular: rings; aneurysms; post pneumonectomy syndrome; anomalies 

(e.g., right innominate artery; double aortic arch)
Neoplastic: neurofibroma, chondroma, chrondroblastoma, hemangioma, 

pleomorphic adenoma
Anastamotic: lung transplant; sleeve resection
Other: tracheomalacia; relapsing polychondritis; sarcoidosis; foreign body

Malignant
Primary malignancy intraluminal
Adenoid cystic
Carcinoid
Mucoepidermoid
Bronchogenic

Primary malignancy extraluminal
Esophageal
Mediastinal (thymus, thyroid, germ cell)
Lymphoma
Sarcoma

Metastatic malignancy
Bronchogenic
Renal Cell
Breast
Thyroid
Melanoma
Colon

Reprinted from Finlayson and Brodsky [32]. With permission
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insertion should be reserved for malignant or palliative situa-
tions [35, 36]. Despite this consideration, other authors report 
successful management of benign conditions with application 
of metal stents, though thoughtful patient selection is crucial 
[37, 38].

Deployment of silicone stents requires the use of rigid bron-
choscopy. Metal stents can be positioned in the airway using 
flexible bronchoscopy or fluoroscopy (Fig. 11.4). Primary 

anesthetic considerations for airway stenting overlap with 
the guiding principles of managing central airway lesions. 
During stent placement, maintenance of an immobile surgi-
cal field is preferred. Strategies to avoid coughing, including 
judicious airway topicalization, are advocated to minimize the 
risk of stent dislodgment. Specific intraoperative complica-
tions include airway hemorrhage, obstruction, and perforation 
with resultant pneumothorax or pneumomediastinum. When 
relieving a chronic airway obstruction, positioning maneuvers 
to minimize dissemination of a postobstructive pneumonia are 
recommended [12, 39]. Major chronic complications of airway 

Fig. 11.2. This AERO stent represents the most contemporary design integrating the best features of silicone and metal (image courtesy of 
Alveolus).

Fig. 11.3. Example of covered and uncovered varieties of expandable 
metal stents (image courtesy of Boston Scientific).

Table 11.4. Stent properties.

Metal
Advantages
Large inner to outer diameter ratio
Resistant to migration
Preserved mucociliary clearance
May be placed under local anesthesia

Disadvantages
Prone to granulation and restenosis
Transmission of laser energy
Flammable when covered
Risk of long-term airway perforation
Difficult removal (considered permanent)

Silicone
Advantages
Easily repositioned and extracted

Disadvantages
Requires rigid bronchoscopy
Reduced inner to outer diameter ratio
Prone to migration
Inhibition of mucociliary clearance
Secretion impaction
Flammable

Reprinted from Finlayson and Brodsky [32]. With permission
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stents include fistula formation to adjacent structures, which 
may lead to massive hemoptysis as a result of a bronchovascu-
lar fistula or aspiration pneumonia due to an esophagorespira-
tory fistula [40].

In instances where anesthesia may be required in patients 
with remote airway stenting, preoperative evaluation should 
consider the possibility of stent migration or obstruction from 
secretions, granuloma formation or tumor invasion. Generally 
speaking, airway instrumentation should be avoided in these 
patients, with preference given to regional anesthesia if fea-
sible. For general anesthesia, use of a laryngeal mask avoids 
stent disruption [41]. When tracheal intubation is indicated, 
fibreoptic inspection of the airway should guide tube place-
ment proximal to (preferred) or within the stent lumen and 
should be repeated upon extubation [29, 42].

Other Modalities

Since the advent of flexible bronchoscopy as a diagnostic tool in 
the 1960s, there has been a push to use this versatile instrument 
for therapeutic purposes as well. Contemporary indications for 
therapeutic bronchoscopy extend beyond providing relief of 
acute central airway obstruction. The innovative techniques of 
interventional bronchoscopists have facilitated new opportuni-
ties for palliation of intraluminal obstructing lesions and curative 
resection of early-staged cancers. Often these bronchoscopic 
interventions are used in concert with external beam radiation or 
chemotherapy to facilitate surgical debulking (Fig. 11.5).

Laser

Laser technology involves the focused synchronization of light 
at a specific wavelength to induce thermal changes leading first 
to photocoagulation and ultimately to vaporization of tissue 
[43]. The term is an acronym for Light Amplification by Stim-
ulated Emission of Radiation. At shorter wavelengths, the 
beam coagulates vascular structures and prevents bleeding.  
At longer wavelengths, the energy delivered can be used to 

resect tissue as it induces vaporization. The application of laser 
can be accomplished by contact or noncontact probes (usually 
<1 cm). There are a variety of lasers available, however for 
medical purposes the Nd:YAG (neodynium:yttrium aluminum 
garnet, wavelength 1,064 nm) and CO

2
 ( wavelength 10 m) 

types are most widely used [44]. The former is preferred by 
bronchoscopists as it offers a better coagulation profile and can 
be used through either a flexible or rigid bronchoscope, though 
incisions are less precise. CO

2
 laser equipment is cumbersome 

and its articulated arm cannot deliver the beam around corners, 
beyond the trachea. As such, its use is better suited for otolar-
yngologists working above the carina and around the larynx.

Surgical laser can be applied by interventionalists through 
flexible or rigid bronchoscopes. Experienced practitioners pre-
fer rigid bronchoscopy because of the improved airway access 
and control [45]. In addition to isolated laser  vaporization of 
the tumor, an alternate strategy is to devascularize and core out 

Fig. 11.4. Illustration demonstrates flexible bronchoscopic deployment of expandable metal stent (images courtesy of Boston Scientific).

Fig. 11.5. Example of tumor dubulking (image courtesy of Dr. Tawimas 
Shaipanich BC Cancer Agency).
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the bulk of the mass in combination with physical resection 
using forceps or a scalpel [46]. Beyond the general anesthetic 
considerations of bronchoscopy, the use of laser confers the 
rare but catastrophic risk of airway fire. For this reason, it is 
prudent to minimize the inspired oxygen concentration (<40% 
FiO

2
) as tolerated. Should an endotracheal tube be required 

during fibreoptic laser use, specialized tubes and/or reflective 
wrap may be utilized to minimize the risk of plastic combus-
tion with the CO

2
 laser [47]. However, no material used in an 

airway device, except metal, is completely safe from combus-
tion if struck by a Nd:YAG laser.

Overall, complication rates are low with laser (~1%) [48] 
and include the aforementioned risk of endobronchial burns, 
hemorrhage, airway perforation, hypoxemia, arrhythmia, and 
even stroke. The remote possibility of cerebral air embolism 
is caused by the use of air for coaxial cooling of the laser and 
is greatly reduced by substituting CO

2
 for this purpose [49]. 

Extra care must be taken when using laser on highly vascular 
posterior structures for this reason. Also, laser light can lead to 
retinal damage in the case of inadvertent exposure; protective 
eyewear is recommended for all operating room occupants. 
Similarly, smoke evacuation systems have been advocated 
in response to reports that viral particles are present in laser 
plume [50]. In fact, transmission of HPV to physicians during 
laser vaporization of papillomas has been documented [51], 
though others have shown that HIV particles isolated from 
laser exhaust are not viable in vitro [52].

Endobronchial Electrosurgery

Endobronchial electrosurgery (EBES) refers to therapeutic 
interventions using the direct application of electric current to 
tissue in a patient who is electrically grounded with an adhesive 
grounding pad. The delivery of thermal energy by this method 
will either induce coagulation or incision (“cut”) depending on 
the precise levels of amperage and voltage [53]. Practitioners 
can blend these two parameters to induce the type of tissue 
changes they are seeking (e.g., arrest of bleeding or resec-
tion of tissue). Using a wire loop, pedunculated lesions can 
be cleanly excised by circumferential cutting of the support-
ing stalk, while sessile lesions can be debulked with dissecting 
probes. Essentially, the technology can be employed in virtu-
ally the same scenarios as those where laser is applied [54]. 
The main difference between the two is that EBES is much less 
expensive, requires less sophisticated equipment and technical 
expertise to perform [55]. Complications are also largely the 
same as those for laser with a significant risk of airway fire 
during cauterization of tissue. Electromagnetic interference 
during EBES may lead to malfunction of implanted electrical 
devices including pacemakers and AICDs [56].

Argon Plasma Cautery

Argon plasma cautery (APC) also uses electrical current to 
induce thermal destruction of endobronchial tissues for resec-
tion and coagulation. However, rather than using direct contact 

with an electrically grounded patient to conduct current, ionized 
argon gas released from the tip of the probe acts as the con-
ductor allowing for a noncontact technique [57]. The nature of 
the gas flow allows for energy to be directed in multiple planes 
from the probe tip and for targeting lesions that would other-
wise be inaccessible by other modalities [58].

The depth of penetration using APC is less than that of 
laser or EBES, so it is most useful for superficial lesions (e.g., 
hemorrhagic foci) and may be used more safely near endo-
bronchial stents [59]. Along with the usual complications of 
interventional bronchoscopy, APC confers both the risk of 
electromagnetic interference and air embolus (thought to be 
related to entrainment of argon gas) [60].

Balloon Bronchoplasty

Balloon bronchoplasty involves navigating a silicone balloon 
into a stenotic region using fibreoptic bronchoscopy alone or 
in combination with fluoroscopy then applying incremental, 
pressurized inflation. Oftentimes the airway patency achieved 
with isolated balloon bronchoplasty is not sustained and 
either demands repeated attempts or combined intervention 
(e.g., stenting). Malignant strictures are at notable risk for 
rapid re-stenosis. Although mucosal damage associated with 
balloon bronchoplasty is limited when compared with laser 
photoresection or bougie dilation, airway rupture and hemor-
rhage remain a risk. Other reported complications with this 
technique include bronchospasm, tracheitis, fever, atalectasis, 
and pneumomediastinum [61].

Delayed Resection Techniques

A major advantage of laser, EBES, APC, and balloon broncho-
plasty is the immediate effective relief of airway obstruction 
and return of airway patency. There are a number of other tech-
niques (Table 11.5) whose mode of action is delayed includ-
ing photodynamic therapy, cryotherapy, and brachytherapy 
(Fig. 11.6). They are most often employed for nonsurgical can-
didates with nonobstructing lesions, for palliation of advanced 
malignancy, and potential cure of early staged cancer, such as 
carcinoma in situ [62]. They can all be performed via fibre-
optic bronchoscopy and therefore rarely require the service of 
an anesthesiologist. Acute decompensation due to procedural 
complications with these techniques is less frequent than with 
the more invasive techniques described above.

Foreign Body Extraction and Emerging  
Techniques

In the absence of history, the diagnosis of foreign body aspi-
ration may be allusive. The classic “penetration syndrome” 
of choke, cough, and wheeze is present only in a fraction of 
patients. Patients at extremes of ages are at greatest risk for 
aspiration owing to immature or blunted airway and swallow-
ing reflexes [93]. In adults, the foreign body tends to impact 
in the distal airway, whereas in children, the material often 
settles in the mainstem bronchi (R>L).
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The host response and complications of foreign body 
 aspiration are primarily dependent upon the physical properties 
of the aspirated object (organic vs. inorganic; sharp vs. dull), 
location, and duration of involvement. Organic material elic-
its a robust local inflammatory response culminating in tissue 
granulation. Prolonged impaction may cause atalectasis, pos-
tobstructive pneumonia, bronchiectasis, and bronchial stenosis. 
Perforation or erosion of the airway may be associated with 
pneumothorax, pneumomediastinum, or hemoptysis [93].

Traditionally, the rigid bronchoscope has been the instrument 
of choice for foreign body extraction. Contemporary strategies 
for managing foreign body aspiration in adults primarily employ 
flexible bronchoscopy [94]. Diagnostic imaging (e.g., CXR and 
CT scan) has a limited role in evaluating foreign body aspiration; 
flexible bronchoscopy remains the gold standard for diagnosis. 
Further, the armamentarium of devices deployed through the 
working channel of a flexible bronchoscope typically obviates 
the need for rigid bronchoscopy. These tools include a selection 

Fig. 11.6. Series depicts tumor regression in response to bronchoscopic brachytherapy (images courtesy Dr. Annette McWilliams BC Cancer 
Agency).

Table 11.5. Nonoperative tumor resection techniques.

Modality Description Complications

Photodynamic therapy Injection of photo-sensitive agent (dihemato-porphyrin ester) 
which is activated by direct exposure to light

Prolonged susceptibility to burn from sunlight
Requires bronchial lavage due to pronounced tissue sloughing

Cryotherapy Tissue destruction by rapid freezing using decompressed gas Requires bronchial lavage due to pronounced tissue sloughing
Transient fever

Brachytherapy Radioactive beads (iridium 192) placed directly in tumor Hemorrhage
Fistula formation
Bronchial stenosis
Radiation exposure
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of grasping forceps, balloon catheters, baskets, snares, magnets 
as well as laser and cryotherapy probes.

Extraction in adults is often performed with airway topicaliza-
tion, light sedation, and spontaneous ventilation. If clinical sta-
tus permits, an appropriate period of fasting should be respected 
to minimize the risk of aspiration. Tracheal intubation and 
mechanical ventilation may be required in the subset of patients 
with respiratory distress preoperatively or in those at high risk 
of aspiration. In either case, experts advocate strategies to avoid 
distal dislodgement of the foreign body during the procedure. 
Assuming a low risk of airway perforation or laceration, this 
typically will involve placement of a balloon catheter beyond 
the object and pulling it proximal to the tracheal carina. Once in 
the trachea, the foreign body can then be secured with a grasping 
device that is then removed from the patient’s airway in tandem 
with the bronchoscope. For ventilated patients, temporary tra-
cheal extubation during the final stage of removal may avoid the 
need to navigate the object through an endotracheal tube and the 
attendant risk of dislodgement or airway obstruction.

Pediatric foreign body removal is typically performed in 
the operating room under general anesthesia with rigid bron-
choscopy. Owing to the reduced airway diameter, there is a 
greater perceived risk of obstruction and asphyxiation as well 
as air trapping from a ball valve mechanism. Gas exchange 
is supported with either spontaneous ventilation or intermit-
tent positive pressure ventilation. Theoretical advantages of a 

spontaneous breathing technique include fewer interruptions to 
ventilation, as well as a reduced risk of distal dislodgement and 
dynamic hyperinflation. Advocates of positive pressure venti-
lation cite a quite operative field as advantageous. Evidence 
supporting the superiority of either technique is lacking [95].

Endobronchial Valves

Newly defined roles for interventional bronchoscopists continue 
to emerge. Specifically, innovative interventional techniques are 
evolving in the management of severe emphysema and asthma. 
Unlike interventional strategies designed to relieve acute cen-
tral airway obstruction, the role of bronchoscopy in these areas 
is suited for evaluation in well-designed clinical trials.

Lung volume reduction surgery (LVRS) improves pulmonary 
function, exercise capacity, and quality of life in selected patients 
at the expense of high perioperative morbidity [63]. Patients with 
a heterogeneous pattern of emphysema most predictably ben-
efit from LVRS. Bronchoscopic lung volume reduction surgery 
(bLVRS) arose in response to the excessive morbidity associated 
with LVRS (see Chap. 36) and may target a wider population to 
include those with homogenous emphysema.

Bronchoscopic management of severe heterogeneous 
emphysema involves insertion of one-way endobronchial 
valves (Fig. 11.7) in segmental or subsegmental bronchi 
thereby restricting flow during inspiration and allowing 

Fig. 11.7. (a, b) Spiration endobronchial valve and schematic representation of device deployment. (c, d) Endobronchial valve delivery sys-
tem and insertion of valve in vitro (images a and b – courtesy of Dr S. Springmeyer, Spiration) (images c and b – courtesy of Dr. Tawimas 
Shaipanich BC Cancer Agency).
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 passive exhalation and secretion clearance. Ultimately, the 
physiologic intent is to minimize dynamic hyperinflation 
through atalectasis (Fig. 11.8). Although completion of a 
multicenter randomized controlled trial evaluating bLVRS 
is pending (VENT), the early experience with endobronchial 
valve insertion described so far has been informative. Radio-
graphic documentation of atalectasis in targeted lung seg-
ments is infrequently achieved, though clinical improvement 
often persists [64]. Distal collateral ventilation is cited as the 
mechanism for failure to achieve the intended atalectasis. 
Improvement in cardiac function, diaphragm and inspiratory 
muscle performance as well as recruitment of compressed 
alveoli may account for the clinical response [64].

Insertion may be performed under local or general anes-
thesia using flexible bronchoscopy. Relatively common 
complications include bronchospasm, COPD exacerbation, 
and pneumothorax (~10%). Valve migration and obstructing 
pneumonia is less frequent (~5%); fortunately, device extrac-
tion is easily performed [63]. Interestingly, compassionate use 
of endobronchial valves has aided in the successful manage-
ment of persistent postoperative air leaks (Fig. 11.9) [65]. 
In all likelihood this will materialize as a new indication for 
device insertion.

bLVRS may also benefit patients with homogenous emphy-
sema where hyperinflation occurs from closure of small 
airways. An airway bypass system that establishes a shunt 
between a central airway and targeted region of hyperinflated 
lung theoretically allows for more efficient lung emptying. 
This technique involves endobronchial ultrasound for vas-
cular mapping, followed by targeted radiofrequency ablation 
and drug eluting stent insertion [66]. Clinical data for this pro-
cedure are limited.

Bronchial Thermoplasty

Difficult to control asthma has also received attention from bron-
choscopists. Bronchial thermoplasty is a technique of applying 
radiofrequency energy to the airway wall, generating a tissue 
temperature of ~65°C. This thermal injury reduces smooth 

muscle mass but avoids tissue destruction and scarring [67]. 
 Reduction in smooth muscle mass should theoretically improve 
airflow in asthmatics with airway hyperresponsiveness [68].

Diagnostic Bronchoscopy

Diagnostic bronchoscopy is almost exclusively practiced in 
nonoperative settings, using a flexible bronchoscope with topi-
calized local anesthesia and intravenous sedation. The presence 
of an anesthesiologist is generally reserved for patients who 
have tenuous cardiopulmonary reserve, impending airway com-
promise or for procedures which are likely to require rigid bron-
choscopy or immediately before or after other thoracic surgical 

Fig. 11.8. Endobronchial valve mechanism of action: passive expiratory flow and restriction of inspiratory flow (image courtesy of Pulmonox).

Fig. 11.9. Endobronchial valve placement was considered in this 
young patient with a massive air leak associated with tumor necrosis 
following induction chemotherapy for lymphoma.
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procedures. Flexible bronchoscopy can be supplemented by a 
variety of modalities to aid in the diagnosis and staging of lung 
cancer, as well as a host of other pulmonary diseases. Aside 
from endobronchial assessment of the large airways via direct 
visualization, the addition of bronchial brushing, lavage and 
sampling expands the diagnostic yield significantly [69]. Sam-
pling submucosal and peribronchial lesions, which cannot be 
directly visualized, is aided with CT, fluoroscopy or ultrasound 
imaging to improve diagnostic yield and limit complications. 
Complications attributable to these procedures are reported as 
less than 0.3% and include hypoxemia and cardiac arrhythmias, 
which are generally transient and rarely life-threatening [70].

Noninvasive Techniques

Bronchial washing involves the use of small amounts (10–
15 mL) of fluid instilled in the bronchial tree to be suctioned 
through the bronchoscope and then sent for culture, stain, and 
cytology. Broncheoalveolar lavage (BAL) is the same process 
using larger volumes of fluid (100–200 mL) which may have 
greater sensitivity for the diagnosis of pneumocystis jerovecii 
(formerly carinii), legionella, tuberculosis and respiratory 
viruses such as influenza and respiratory synctytial virus. 
Additionally, BAL may establish a diagnosis for other nonin-
fectious pulmonary pathologies including malignancies, alve-
olar proteinosis (where it can also be used therapeutically) and 
histiocytosis, for example [71].

Complications encountered during these procedures are gen-
erally the same as those for fibreoptic bronchoscopy, though 
hypoxemia may be more profound depending on the amount of 
fluid administered and the number of lung segments involved 
[72]. It seems that temperature of the lavage fluid can also have an 
impact on respiratory mechanics – room temperature fluids have 
been shown to lead to impaired TLC, FEF 25–75, and increased 
RV [73]. These changes do not occur with fluids at body tem-
perature. Lavage can precipitate bronchospasm in patients with 
reactive airways and thus pretreatment with B-agonists and ste-
roids, as well as the use of warmed fluid, has been advocated 
[74]. The release of cytokines resulting from inflamed tissues 
may lead to transient fevers and chills. Hemorrhage is rare and 

self-limiting, occurring mainly in patients with bleeding dyscra-
sias or uremia. Alveolar infiltrates may remain present on chest 
X-ray for up to 24 h [75].

Invasive Techniques

Bronchoscopic lung biopsy (BLB) and transbronchial needle 
aspiration (TBNA) are nonsurgical approaches for the procure-
ment of tissue samples required for diagnosing and staging 
lung pathology. The main issue with these techniques is the 
difficulty in delineating the location of pathologic tissue and 
avoiding important intrathoracic and mediastinal structures. 
This is problematic for two reasons: firstly, diagnostic yields 
are low using a blind technique and secondly, the opportunity 
for iatrogenic misadventure resulting in hemorrhage or air 
leak is heightened. The use of high-resolution CT and real-
time fluoroscopy goes a long way to resolving these issues; 
however, these strategies are cumbersome and require a higher 
level of technical skill and resources. Due to the increased risk 
of serious complications, these approaches have fallen out of 
favor with many bronchoscopists and surgeons [76].

In recent years, the advent of endobroncial ultrasound 
(EBUS) has led to a resurgence in the interest in transbron-
chial tissue sampling [77]. EBUS uses a small radial or convex 
ultrasound probe on the end of a regular fibreoptic broncho-
scope, which can be used to scan the endobronchial and peri-
bronchial tissues of the lungs in order to directly pinpoint the 
structures being sought (and those sought to avoid). In partic-
ular, the use of doppler sampling allows for easy identification 
of vascular structures (Fig. 11.10).

Accurate sampling with EBUS is cited to exceed 90% [78, 79]. 
The same technology has been applied to esophagoscopy (EUS); 
the combination of the two approaches allows for a complete 
assessment of the mediastinum including all nodes accessible 
via traditional mediastinoscopy [80]. Both EBUS and EUS can 
be done under local anesthetic with sedation; however, in some 
centers they are conducted in the operating room under general 
anesthesia in conjunction with other surgical procedures.

Serious complications associated with endobronchial tis-
sue sampling result primarily from bleeding or pneumothorax 

Fig. 11.10. Series of EBUS images displaying RUL mass; needle biopsy; LPA Doppler flow (image courtesy of Dr. Tawimas Shaipanich BC 
Cancer Agency).
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[81]. Rarer issues include transient fever, purulent pericardi-
tis, or hemomediastinum [82]. Overall, complication rates for 
BLB are the highest among these techniques with as many as 
3% of cases reported to have an adverse event of some kind, 
and associated mortality of up to 0.1% [83]. Contraindications 
to BLB include coagulopathy, extensive bullous disease, vas-
cular malformations, severe asthma, uncontrollable cough, or 
inability to cooperate during the procedure. Work-up should 
include an assessment of coagulation profile, including plate-
let count and kidney function. Pretreatment may include the 
use of DDAVP, cough-suppressant, and bronchodilators. Ces-
sation of antiplatelet agents for 5–7 days before the procedure 
reduces the incidence of bleeding significantly [84].

Mechanical ventilation is not a contraindication to BLB, how-
ever, the risk of pneumothorax is three times higher in this popu-
lation than in spontaneously breathing patients [85]. Reduction 
of PEEP below 5 cmH

2
O, adequate sedation, and prophylactic 

neuromuscular blockade may reduce the risk of barotrauma. In 
anticipation of potential cardiopulmonary collapse due to ten-
sion pneumothorax, the availability of thoracostomy tube and 
personnel facile in rapid insertion are recommended [86].

Airway bleeding can usually be efficiently handled by the 
interventionalist using equipment available in the bronchos-
copy suite. Standard techniques include wedging the broncho-
scope into the involved segment to tamponade bleeding, or 
instilling 10–15 mL of iced saline (with or without epineph-
rine) to induce vasoconstriction [69]. Should bleeding prove 
more severe and unresponsive to these simple interventions, 
isolation of the affected lung with either a double lumen endo-
bronchial tube or bronchial blocker may be required to prevent 
widespread aspiration of blood. Ultimately, urgent emboliza-
tion of bronchial arteries or even surgical resection may be 
necessary in severe cases.

Awake Fiberoptic Intubation

Fiberoptic bronchoscopy is often employed by anesthesiolo-
gists to facilitate safe tracheal intubation in situations where 
conventional larnygoscopy is difficult or contraindicated. 
Difficult laryngoscopy may be encountered in patients with 
distorted anatomy or limited neck or soft tissue mobility that 
impedes the direct visualization of the larynx. Mask ventila-
tion may also be a challenge in these patients, culminating 
in a potentially catastrophic “can’t intubate, can’t ventilate” 
scenario if spontaneous ventilation is compromised. Relative 
contraindications to direct laryngoscopy include situations 
where manipulation of the cervical spine may be harmful, as 
with ligamentous instability or unstable fractures.

The advantage of a fiberoptic bronchoscopic intubation 
(FOBI) is that excessive movement of the patient’s neck or 
mouth is not required to enable visualization of the upper airway 
and trachea. The bronchoscope can be guided through relatively 
small openings (either orally or nasally) and its maneuverability 
allows the operator to achieve excellent visualization without 
necessitating the same anatomic alignment required with direct 

laryngoscopy. Once the bronchoscope has been positioned 
beyond the vocal cords into the trachea, it can serve as a guide 
over which an endotracheal tube can be passed. Some advocate 
approaching FOBI through the nose, as the natural curvature of 
the nasopharynx often results in the bronchoscope being aligned 
directly at the laryngeal inlet. However, nasal intubation may be 
less tolerated by patients, demands the use of a smaller tube and 
can precipitate epistaxis. The decision as to which approach is 
used depends on the circumstances of the individual case.

When access to the larynx is likely to be difficult, maintenance 
of spontaneous ventilation during intubation is the safest method 
of securing the airway. Often described as an awake intubation, 
the technique is best performed with an appropriately sedated 
(ideally cooperative) and reasonably comfortable patient. The 
type of sedation used is preferably short acting or quickly revers-
ible, to allow for rapid return of spontaneous ventilation should 
the patient become apneic. Used judiciously, short-acting opi-
oids such as fentanyl or remifentanil provide excellent sedation 
though they can easily lead to apnea if overdosed. Midazolam is 
a rapid onset intravenous benzodiazepine with amnestic prop-
erties that has a higher threshold for suppressing respiration. It 
should be kept in mind that the combined use of sedatives may 
have synergistic effects resulting in an unconscious or apneic 
patient at lower than anticipated doses. Reversal agents includ-
ing as naloxone and flumazenil should be available in case of 
accidental overdose. Other adjuvant medications to consider 
are antisialogogues to reduce airway secretions. Anticholinergic 
agents used for this purpose include atropine, glycopyrrolate and 
scopolamine, each of which has a characteristic side-effect pro-
file, including tachycardia (atropine > glycopyrrolate) and seda-
tion (scopolamine > atropine) [88].

As previously described, awake patients often poorly toler-
ate the placement of a bronchoscope and endotracheal tube in 
the oropharynx and trachea. Even with effective sedation, the 
cough and gag reflexes are difficult to suppress and remain 
disruptive to the bronchoscopist. These powerful reflexes are 
key defenses in protecting the lungs from aspiration and are 
rudimentary indicators of intact brainstem function. An under-
standing of the basic innervation of the pharynx and larynx 
allows one to interrupt the afferent and efferent neural limbs 
to facilitate instrumentation of the airway. Basically, there 
are three nerves responsible for sensation in the airway: the 
trigeminal nerve supplies the nasopharynx, the glossopharyn-
geal supplies the oropharynx, and the vagus supplies the larynx 
and the trachea. [89]. In the upper airway, the gag response 
includes afferent input from the glossopharyngeal and an effer-
ent motor arc from branches of the vagus nerve. In the lower 
airway, innervation above the vocal cords is primarily provided 
by the supralaryngeal nerve (SNL) and below the cords by the 
recurrent laryngeal and external SNL, all of which are vagal 
branches. As such the SNL controls the glottic closure reflex 
(which leads to laryngospasm if hyper stimulated) while the 
remaining vagal inputs control the cough reflex.

The application of topical anesthetic to the mucosal sur-
faces of the airway is the simplest way to minimize sensory 
stimulation and thus interrupt the afferent arm of the airway 
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reflexes before attempting an awake intubation [90]. These 
can be administered either by inhalation of a nebulized  liquid 
(via facemask), direct application using an atomized spray 
(either blindly or through the bronchoscope itself), place-
ment of gauze soaked in local anesthetic solution (intrana-
sally or at the tonsilar bases) or gargling [91]. The ideal agent 
for topicalization is one that is quick in onset, has few side 
effects, with limited risk of toxicity. Absorption of these drugs 
through the mucous membranes of the oropharynx and lungs 
is unpredictable; it is possible to achieve toxic plasma  levels 
with excessive topicalization [92]. Table 11.6 outlines the 
most commonly used topical agents.

Through effective topicalization, practitioners are able to 
achieve excellent conditions for awake intubation. Despite this, 
some advocate the use of nerve blocks to enhance the blunt-
ing of airway reflexes by selectively targeting the three nerves 
described above. These blocks are useful in clinical  scenarios 
when local infection, blood, or secretions hinder effective 
 topicalization. Lidocaine is usually the agent of choice for 
airway blocks. If nerve blocks are used in addition to topical 
agents, be wary of exceeding toxic levels. Obviously, these 
techniques involve a higher level of skill and risk the compli-
cations of intravascular injection, hematoma, and nerve injury. 
Further, as they require insertion of needles in the patient’s 
neck, the performance of these blocks may themselves add to 
an already anxiety provoking procedure. Table 11.7 outlines 
the main approaches to airway nerve blocks.

Clinical Case Discussion

A 59-year-old woman presents with increasing cough, dysp-
nea, and oxygen requirements following a right single lung 
transplant for COPD (Fig. 11.11). Following a thorough 
clinical evaluation, a high-resolution chest CT is obtained 
and demonstrates a long stenotic segment distal to the bron-
chial anastamosis and features suggestive of an anastamotic 

dehiscence. The surgeon intends to perform flexible and rigid 
bronchoscopy as well as balloon bronchoplasty and stenting.

Questions

Outline the anesthetic considerations for patients with previ-
ous lung transplantation

Allograft physiology (heterogeneous compliance/impaired 
cough/disrupted lymphatics)
Allograft rejection
Vascular and bronchial anastamotic complications
Extrapulmonary features of underlying disease requiring 
transplant (e.g., sarcoid)
Septic complications of immunosuppression
Complications/side effect of immunosuppressants

Outline the considerations of providing anesthesia for patients 
with a central airway obstruction

Risk of complete airway obstruction and impossible ven-
tilation
Potential for dynamic hyperinflation resulting in hemody-
namic compromise or barotrauma
Considerations and complications of rigid and interven-
tional bronchoscopy

Describe the ventilation techniques applied during rigid bron-
choscopy

Spontaneous
Assisted
Sanders jet ventilation
HFJV

Describe the acute complications of balloon bronchoplasty 
and airway stenting

Tracheitis
Fever
Atalectasis

Table 11.6. Topical airway anesthetic agents.

Agent Speed of onset Duration (min) Maximum dose Toxicity

Cocaine Slow 30–60 1.5 mg/kg Hypertension, myocardial 
ischemia

Lidocaine Moderate 30–60 3 mg/kg (7 mg/kg  
with epinephrine)

Tinnitus, seizures, arrhythmia

Benzocaine Fast 5–10 200 mg Methemoglobinemia

Table 11.7. Airway nerve blocks.

Nerve Approach Considerations

Glossopharyngeal Intra-oral: injection at base  
of posterior tonsilar pillar

Requires adequate mouth opening
Risk of carotid injection

Peri-styloid: injection between  
the mastoid process and angle of jaw

Requires palpable landmarks
Risk of carotid injection

Superior laryngeal Injection between the greater cornu of hyoid bone  
and superior cornu of thyroid cartilage

Requires palpable landmarks and neck extension
Risk of intravascular injection

Vagus (infraglottic  
and upper tracheal)

Intratracheal injection through crycothyroid  
membrane

Requires palpable landmarks
Risk of airway compromise from bleeding  

or trauma
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Bronchospasm
Airway disruption
Dissemination of obstructing pneumonia
Hemorrhage

Authors’ Management

Given the heterogenous lung compliance and risk of bron-
chopleural fistula from anastamotic dehiscence, spontaneous 
ventilation was preserved in this patient. Following pre-
medication with glycopyrrolate and aspiration prophylaxis, 
standard monitors were applied and arterial cannulation 
performed. General anesthesia was induced slowly by inha-
lation with sevoflurane. Fibreoptic inspection of the tracheo-
bronchial tree was carried out through a laryngeal mask after 
thorough topicalization of the upper airway. Careful inspec-
tion of the bronchial anastamosis revealed a long stenotic 
segment without evidence of dehiscence. The patient was 
safely transitioned to positive pressure ventilation without 
complication.  Subsequently, sevoflurane was discontinued 
and the anesthetic maintained with TIVA. Following balloon 
bronchoplasty, a rigid bronchoscope was then introduced into 
the airway to facilitate silicone stent insertion. Ventilation for 
this portion was supported with a Sanders jet injector. Given 
the repeated airway instrumentation during the procedure, 
dexamethasone was administered to mitigate glottic edema.

References

 1. Limper AH, Prakash UB. Tracheobronchial foreign bodies in 
adults. Ann Intern Med. 1990;112:604–9.

 2. Conacher ID, Curran E. Local anesthesia and sedation for rigid 
bronchoscopy for emergency relief of central airway obstruction. 
Anesthesia. 2004;59:290–2.

 3. Ernst A, Simoff M, Ost M, Goldman Y, Herth FJF. Prospective 
risk-adjusted morbidity and mortality outcome analysis after 
therapeutic bronchoscopy procedures. Chest. 2008;134:514–9.

 4. Perrin G, Colt HG, Mak MA, Dumon JF, Gorin F. Safety of 
interventional rigid bronchoscopy using intravenous anesthesia 
and spontaneous assisted ventilation. A prospective study. Chest. 
1992;102:1526–30.

 5. Metzner J, Posner KL, Domino KB. The risk and safety of anes-
thesia at remote locations: the US closed claims analysis. Curr 
Opin Anaesthesiol. 2009;22:502–8.

 6. Folch E, Mehta AC. Airway interventions in the tracheobron-
chial tree. Semin Respir Crit Care Med. 2008;29:441–52.

 7. Benumof JL. Anesthesia for thoracic surgery. 1st ed. Philidelphia: 
W.B. Saunders; 1987.

 8. Pinsonneault C, Fortier J, Donati F. Tracheal resection and recon-
struction. Can J Anaesth. 1999;46(5):439–55.

 9. Mason RA, Fielder CP. The obstructed airway in head and neck 
surgery. Anaesthesia. 1999;54(7):625–8.

 10. Hnatiuk OW, Corcoran PC, Sierra A. Spirometry for surgery in 
anterior mediastinal masses. Chest. 2001;120(4):1152–6.

 11. Ernst A, Feller-Kopman D, Becker HD, Mehta AC. Central  
airway obstruction. Am J Respir Crit Care Med. 2004;169: 
1278–97.

 12. Walser EM. Stent placement for tracheobronchial disease. Eur J 
Radiol. 2005;55(3):321–30.

 13. Lee KS, Lunn W, Feller-Kopman D, et al. Multislice CT evalua-
tion of airway stents. J Thorac Imaging. 2005;20(2):81–8.

 14. Burke AJ, Vining DJ, McGuirt WF, et al. Evaluation of upper 
airway obstruction using virtual endoscopy. Laryngoscope. 
2000;110(1):23–9.

 15. Baroni RH, Ashiku S, Boiselle PM. Dynamic evaluation of the 
central airways in patients undergoing tracheoplasty for trache-
omalacia. AJR Am J Roentgenol. 2005;184(5):1444–9.

 16. Conacher ID. Anaesthesia and tracheobronchial stenting for central 
airway obstruction in adults. Br J Anaesth. 2003;90(3):367–74.

 17. Wood DE. Airway stenting. Chest Surg Clin N Am. 2003;13(2): 
221–9.

 18. Ho AM, Dion PW, Karmakar MK, et al. Use of heliox in  critical 
upper airway obstruction. Physical and physiologic consider-
ations in choosing the optimal helium:oxygen mix. Resuscita-
tion. 2002;52(3):297–300.

 19. Stephens K, Wood DE. Bronchoscopic management of cen-
tral airway obstruction. J Thorac Cardiovasc Surg. 2000;119: 
289–96.

Fig. 11.11. HRCT chest demonstrating stenosis of the bronchial anastamosis following a single right lung transplant for COPD.



16911. Bronchoscopic Procedures

 20. Vonk-Noordegraaf A, Postmus PE, Sutedja TG. Tracheobron-
chial stenting in the terminal care of cancer patients with central 
airways obstruction. Chest. 2001;120(6):1811–4.

 21. Hautmann H, Gammara F, Henke M, Diehm S, Huber RM. High 
frequeuncy jet ventilation in interventional fibreoptic bronchos-
copy. Anesth Analg. 2000;90:136–40.

 22. Brodsky JB. Bronchoscopic procedures for central airway 
obstruction. J Cardiothorac Vasc Anesth. 2003;17(5):638–46.

 23. Smith I, Sidebotham D, McGeorge AD, Dorman EB, Wilsher ML, 
Kolbe J. Use of extracorporeal membrane oxygenation during resec-
tion of tracheal papillomatosis. Anesthesiology. 2009;110:427–9.

 24. Zhou YF, Zhu SJ, Zhu SM, An XX. Anesthetic management 
of emergent critical tracheal stenosis. J Zhejiang Univ Sci B. 
2007;8(7):522–5.

 25. Vourch G, Fischler M, Michon F, Melchoir JC, Seigneur F. High 
frequency jet ventilation V manual jet ventilation during bron-
choscopy in patients with tracheo-bronchial stenosis. B J Anesth. 
1983;55(10):969–72.

 26. Vaitkeviciute I, Ehrenwerth J. Con: bronchial stenting and laser 
airway surgery should not take place outside the operating room. 
J Cardiothorac Vasc Anesth. 2005;19(1):121–2.

 27. Wahidi MM, Herth FJF, Ernst A. Interventional pulmonology. 
Chest. 2007;131:261–74.

 28. Guha A, Mostafa M, Kendall JB. The Montgomery T-tube: anaes-
thetic problems and solutions. Br J Anaesth. 2001;87(5):787–90.

 29. Dumon JF. A dedicated tracheobronchial stent. Chest. 
1990;97(2):328–32.

 30. Saito Y. Endobronchial stents: past, present, and future. Semin 
Respir Crit Care Med. 2004;25(4):375–80.

 31. Mehta AC. AERO Self expanding hybrid stent for airway steno-
sis. Expert Rev Med Devices. 2008;5(5):553–7.

 32. Finlayson GN, Brodsky JB. Anesthetic considerations for airway 
stenting in adult patients. Anesthesiol Clin. 2008;26(2):281–91.

 33. Zakaluzny SA, Lane JD, Mair EA. Complications of tra-
cheobronchial airway stents. Otolaryngol Head Neck Surg. 
2003;128(4):478–88.

 34. Bolliger CT, Sutedja TG, Strausz J, et al. Therapeutic bronchos-
copy with immediate effect: laser, electrocautery, argon plasma 
coagulation and stents. Eur Respir J. 2006;27(6):1258–71.

 35. Grillo HC. Stents and sense. Ann Thorac Surg. 2000;70(4):1142.
 36. Grewe PH, Muller KM, Lindstaedt M, et al. Reaction patterns 

of tracheobronchial wall to implanted noncovered metal stents. 
Chest. 2005;128(2):986–90.

 37. Thornton RH, Gordon RL, Kerlan RK, et al. Outcomes of tra-
cheobronchial stent placement for benign disease. Radiology. 
2006;240(1):273–82.

 38. Ehller RL, Livingston WJ, Morgan CE. Expandable tracheal 
stenting for benign disease: worth the complications? Ann Otol 
Rhinol Laryngol. 2006;115(4):247–52.

 39. Makris D, Marquette CH. Tracheobronchial stenting and central 
airway replacement. Curr Opin Pulm Med. 2007;13(4):278–83.

 40. Urschel JD. Delayed massive hemoptysis after expandable 
bronchial stent placement. J Laparoendosc Adv Surg Tech A. 
1999;9(2):155–8.

 41. Hung WT, Liao SM, Su JM. Laryngeal mask airway in 
patients with tracheal stents who are undergoing non-airway 
related interventions: report of three cases. J Clin Anesth. 
2004;16(3):214–6.

 42. Davis N, Madden BP, Sheth A, et al. Airway manage-
ment in patients with tracheobronchial stents. Br J Anaesth. 
2006;96(1):132–5.

 43. Simoff MJ, Sterman DH, Ernst A. Thoracic endoscopy: advances 
in interventional pulmonology. Malden, MA: Blackwell Futura; 
2006. p. xiii, 361.

 44. Van Der Spek AF, Spargo PM, Norton ML. The physics of 
lasers and implications for their use during airway surgery. Br J 
Anaesth. 1988;60:709–29.

 45. Cortese DA. Rigid versus flexible bronchoscope in laser bron-
choscopy. J Bronchol. 1994;1:72–5.

 46. Moghissi K, Dixon K, Hudson E, Stringer M, Brown S.  
Endoscopic laser therapy in malignant tracheobronchial obstruc-
tion using sequential Nd YAG laser and photo-dynamic therapy. 
Thorax. 1997;52:281–3.

 47. Geffin B, Shapshay SM, Bellack GS, Hobin K, Setzer SE. Flam-
mability of endotracheal tubes during Nd-YAG laser application 
in the airway. Anesthesiology. 1986;65:511–5.

 48. Wang KP, Mehta AC, Turner JF. Flexible bronchoscopy. 2nd ed. 
Malden, MA: Blackwell; 2004. p. xi, 287.

 49. Tellides G, Ugurlu BS, Kim RW, Hammond GL. Pathogenesis 
of systemic air embolism during bronchoscopic Nd:YAG laser 
operations. Ann Thorac Surg. 1998;65:930–4.

 50. Lobraico RV, Schifano MJ, Brader KR. A retrospective study 
on the hazards if the carbon dioxide laser plume. J Laser Appl. 
1988;1:6–8.

 51. Garden JM, O’Banion MK, Shelnitz LS, Pinski KS, Bakus AD, 
et al. Papillomavirus in the vapor of carbon dioxide laser-treated 
verrucae. JAMA. 1988;259:1199–202.

 52. Baggish MS, Poiesz BJ, Joret D, Williamson P, Refai A.  
Presence of human immunodeficiency virus DNA in laser smoke. 
Lasers Surg Med. 1991;11:197–203.

 53. Barlow DE. Endoscopic applications of electrosurgery: a review 
of basic principles. Gastrointest Endoscop. 1982;28:73–6.

 54. Coulter TD, Mehta AC. The heat is on: impact of endobronchial 
electrosurgery on the need for Nd-YAG laser photoresection. 
Chest. 2000;118:516–21.

 55. van Boxem T, Muller M, Venmans B, Postmus P, Sutedja G. 
Nd-YAG laser vs bronchoscopic electrocautery for palliation 
of symptomatic airway obstruction: a cost-effectiveness study. 
Chest. 1999;116:1108–12.

 56. Ernst A, Gerard A, Silvestri GA, Johnstone D. Interventional 
pulmonary procedures guidelines from the American College of 
Chest Physicians. Chest. 2003;123:1693–717.

 57. Grund KE, Storek D, Farin G. Endoscopic argon plasma coagu-
lation (APC) first clinical experiences in flexible endoscopy. 
Endosc Surg Allied Technol. 1994;2:42–6.

 58. Sheski FD, Mathur PN. Endobronchial electrosurgery: argon 
plasma coagulation and electrocautery. Semin Respir Crit Care 
Med. 2004;25:367–74.

 59. Morice RC, Ece T, Ece F, Keus L. Endobronchial argon plasma 
coagulation for treatment of hemoptysis and neoplastic airway 
obstruction. Chest. 2001;119:781–7.

 60. Reddy C, Majid A, Michaud G, Feller-Kopman D, Eberhardt 
R, et al. Gas embolism following bronchoscopic argon plasma 
coagulation: a case series. Chest. 2008;134:1066–9.

 61. McArdle JR, Gildea TR, Mehta AC. Balloon bronchop-
lasty its indications, benefits and complications. J Bronchol. 
2005;12:123–7.

 62. Vergnon JM, Huber RM, Moghissi K. Place of cryotherapy, 
brachytherapy and photodynamic therapy in therapeutic bron-
choscopy of lung cancers. Eur Respir J. 2006;28:200–18.

 63. Mckenna RJ. Endobronchial valves in the treatment of emphy-
sema. Semin Thorac Cardiovasc Surg. 2008;20(4):285–9.



170 G.N. Finlayson and B.G. Hughes

 64. Hopkinson NS. Bronchoscopic lung volume reduction: indi-
cations, effects and prospects. Curr Opin Pulm Med. 2007;13: 
125–30.

 65. Travaline JM, McKenna RJ, Giacomo TD, Venuta F, Hazelrigg 
SR, Boomer M, et al. Treatment of persistent pulmonary air leaks 
using endobronchial valves. Chest. 2009;136:355–60.

 66. Ingenito EP, Wood DE, Utz JP. Bronchoscopic lung vol-
ume reduction in severe emphysema. Proc Am Thorac Soc. 
2008;5:454–60.

 67. Bel EH. “Hot Stuff” bronchial thermoplasty for asthma. Am J 
Resp Crit Care Med. 2006;173:941–2.

 68. Cox G. New interventions in asthma including bronchial thermo-
plasty. Curr Opin Pulm Med. 2008;14:77–81.

 69. Lee P, Mehta AC, Mathur PN. Management of complications 
from diagnostic and interventional bronchoscopy. Respirology. 
2009;14:940–53.

 70. Burns DM, Shure D, Francoz R, Kalafer M, Harrell J, et al. The 
physiological consequences of saline lobar lavage in healthy 
human adults. Am Rev Respir Dis. 1983;127:695–701.

 71. Strumpf IJ, Feld MK, Cornelius MJ, Keogh BA, Crystal RG. 
Safety of fiberoptic bronchoalveolar lavage in evaluation of 
interstitial lung disease. Chest. 1981;80:268–71.

 72. Pingleton SK, Harrison GF, Stechschulte DJ, Wesselius LJ, 
Kerby GR, et al. Effect of location, pH and temperature of instil-
late in bronchoalveolar lavage in normal volunteers. Am Rev 
Respir Dis. 1983;128:1035–7.

 73. Wardlaw AJ, Collins JV, Kay AB. Mechanisms in asthma using 
the technique of bronchoalveolar lavage. Int Arch Allergy Immu-
nol. 1987;82:518–25.

 74. European Pneumology Task Group. Technical recommenda-
tion and guidelines for bronchoalveolar lavage. Eur Respir J. 
1989;2:561–85.

 75. Schreiber G, McCrory DC. Performance characteristics of differ-
ent modalities for diagnosis of suspected lung cancer: summary 
of published evidence. Chest. 2003;123:115S–28.

 76. Colt HG, Prakash UBS, Offord KP. Bronchoscopy in North 
America: survey by the American Association for Bronchology. 
J Bronchol. 2000;7:8–25.

 77. Sheski FD, Praveen NM. Endobronchial ultrasound. Chest. 
2008;133:264–70.

 78. Krasnik M, Vilmann P, Larsen SS, Jacobsen GK. Preliminary 
experience with a new method of endoscopic transbronchial real 
time ultrasound guided biopsy for diagnosis of mediastinal and 
hilar lesions. Thorax. 2003;58:1083–6.

 79. Herth FJ, Lunn W, Eberhardt R, Becker HD, Ernst A. Transbron-
chial versus transesophageal ultrasound-guided aspiration of 

enlarged mediastinal lymph nodes. Am J Respir Crit Care Med. 
2005;171:1164–7.

 80. Kennedy MP, Jimenez CA, Morice RC, Eapen GA. Ultrasound-
guided endobronchial, endoscopic, and transthoracic biopsy. 
Semin Respir Crit Care Med. 2008;29:453–64.

 81. Kucera F, Wolfe GK, Perry ME. Hemomediastinum after trans-
bronchial needle aspiration. Chest. 1990;3:466.

 82. Epstein SK, Winslow CJ, Brecher SM, Faling LJ. Polymicro-
bial bacterial pericarditis after transbronchial needle aspiration: 
case report with an investigation on the risk of bacterial con-
tamination during fiberoptic bronchoscopy. Am Rev Respir Dis. 
1992;146:523–5.

 83. Simpson FG, Arnold AG, Purvis A, Belfield PW, Muers MF, 
et al. Postal survey of bronchoscopic practice by physicians in 
the United Kingdom. Thorax. 1986;41:311–7.

 84. Ernst A, Eberhardt R, Wahidi M, Becker HD, Herth FJ. Effect 
of routine clopidogrel use on bleeding complications after trans-
bronchial biopsy in humans. Chest. 2006;129:734–7.

 85. Papin TA, Grum CM, Weg JG. Transbronchial biopsy during 
mechanical ventilation. Chest. 1986;89:168–70.

 86. O’Brien JD, Ettinger NA, Shevlin D, Kollef MH. Safety and 
yield of transbronchial lung biopsy in mechanically ventilated 
patients. Crit Care Med. 1997;25:440–6.

 87. Slinger PD, Campos JH. Anesthesia for thoracic surgery. In 
Miller RD, editor. Anesthesia Volume 2. 7th ed. Amsterdam: 
Elsevier; 2009.

 88. Anticholinergic drugs. In Stoelting RK, editor. Pharmacology 
and physiology in anesthetic practice, 2nd ed. Philadelphia: Lip-
pincott; 1991. p. 244–45.

 89. Simmons ST, Schleich AR. Airway regional anesthesia for awake 
fiberoptic intubation. Reg Anesth Pain Med. 2002;27(2):180–92.

 90. Kunda P, Kutralam S, Ravishankar M. Local anesthesia for 
awake fiberoptic nasotracheal intubation. Acta Anaesthesiol 
Scand. 2000;44:511–6.

 91. Mostafa SM, Murthy BVS, Hodgson CA, Beese E. Nebulized 
10% lignocaine for awake fiberoptic intubation. Anaesth Inten-
sive Care. 1998;26:222–3.

 92. Chung DC, Mainland PA, Kong AS. Anesthesia of the airway by 
aspiration of lidocaine. Can J Anaesth. 1999;46:215–9.

 93. Rafanan AL, Mehta AC. Adult airway foreign body removal. 
What’s new? Clin Chest Med. 2001;22(2):319–30.

 94. Swanson KL. Airway foreign bodies. What’s new? Semin Respir 
Crit Care Med. 2004;25(4):405–11.

 95. Zur KB, Litman RS. Pediatric airway foreign body retrieval: 
surgical and anesthetic perspectives. Paediatr Anaesth. 2009;19 
Suppl 1:109–17.



171P. Slinger (ed.), Principles and Practice of Anesthesia for Thoracic Surgery,
DOI 10.1007/978-1-4419-0184-2_12, © Springer Science+Business Media, LLC 2011

12
Intravenous Anesthesia for Thoracic Procedures
Ron V. Purugganan

Key Points

Total intravenous anesthesia (TIVA) is indicated for proce-
dures in which inhalational anesthetics may not be safely 
or effectively delivered, including endobronchial proce-
dures using flexible or rigid bronchoscopy and proximal 
airway-disrupting surgeries. TIVA may also be beneficial 
in lung volume reduction surgery, lung transplantation, and 
thymectomy.
TIVA is safer and more practical for thoracic procedures 
performed outside of the operating room, such as offsite 
locations, military field, or impoverished areas of the 
world.
Target-controlled infusion (TCI) is a relatively new delivery 
system for TIVA that is based on pharmacokinetic models 
to optimize intravenous anesthetic delivery. TCI has many 
advantages over conventional calculator pumps, but is not 
currently available in the United States.
Because well-established MAC-type systems for intrave-
nous anesthetics are not available, anesthetic depth moni-
tors are useful in monitoring patients undergoing TIVA.
Propofol, dexmedetomidine, ketamine, and remifentanil 
may be used in combination with anesthetic depth monitor-
ing to execute an effective TIVA regimen.

This chapter reviews the balanced TIVA technique currently 
used at the University of Texas MD Anderson Cancer 
Center.

Introduction

Over the last century and a half, thoracic surgery has evolved 
from hurried operations with high mortality to relatively safe 
and controlled procedures with a good chance of survival. In 
early procedures, anesthetic agents and their delivery were 
crude, resulting in suboptimal surgical conditions in which 
anesthetic depth was questionable, hemodynamics were 
unstable, and ventilation/oxygenation subpar. The develop-
ment of endotracheal intubation, lung isolation techniques, 
and modern anesthetic drugs was instrumental in the evolution 
of thoracic surgery. Modern anesthetics can reliably render a 
patient unconscious and immobile while maintaining hemody-
namic and respiratory stability. Through these improvements 
of surgical conditions, more complex and time-consuming 
operations became possible. Furthermore, the continued evo-
lution of intravenous anesthetic agents has made it possible 
for thoracic anesthesiologists to better adapt their techniques 
to suit specific surgical scenarios. This chapter reviews the 
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rationale for using intravenous anesthesia for thoracic opera-
tions, the drugs and equipment required, and the methodology 
involved.

Rationale for Total Intravenous Anesthesia

Traditional inhalational anesthetics have been associated (at 
least in animal studies) with a direct inhibition of hypoxic 
pulmonary vasoconstriction (HPV), the reflex arteriolar con-
striction that diverts blood from hypoxic segments of lung to 
normal areas of lung, thereby decreasing shunt fraction. In 
thoracic procedures, this inhibition of HPV may be detrimen-
tal to patient oxygenation levels during one-lung ventilation. 
In contrast, intravenous anesthetics do not appear to directly 
inhibit HPV, in vitro or in patients. Consequently, interest 
has focused on whether total intravenous anesthesia (TIVA) 
might provide better oxygenation and lesser shunt fraction 
than inhaled anesthetics in thoracic procedures. As little work 
has been done to answer this question more recently, research 
published in the last decade is summarized here.

Several studies have shown an advantage to using TIVA. 
Abe et al. studied patients receiving either isoflurane or sevo-
flurane followed by TIVA (propofol). PaO

2
 increased sig-

nificantly and shunt fraction decreased significantly after the 
initiation of TIVA [1]. In another study, PaO

2
 was also signifi-

cantly higher in patients who received TIVA for pulmonary 
resection than in those who received volatile anesthetics [2]. 
Özcan et al. compared oxygenation and shunt fraction in 100 
patients undergoing one of four anesthesia techniques during 
one-lung ventilation: TIVA with or without thoracic epidural 
anesthesia (TEA) and isoflurane with or without TEA. Patient 
oxygenation was significantly higher and shunt was signifi-
cantly lower in the two groups receiving TIVA; the addition of 
TEA in either study group had no significant effect [3].

Alternatively, a few studies fail to support any advantage 
of TIVA. Beck et al. studied 40 patients who received either 
propofol or sevoflurane during one-lung ventilation for thoracic 
surgery. They found no significant difference in shunt fraction 
between the two groups. Hemodynamic variables known to 
influence HPV (cardiac index, mixed venous oxygen tension, 
and arterial carbon dioxide partial pressure) were also simi-
lar between the two groups [4]. Pruszkowski et al. compared 
oxygenation levels in patients undergoing lung lobectomy. The 
patients received a thoracic epidural and either sevoflurane or 
propofol at levels required to maintain a bispectral index (BIS) 
between 40 and 60. The authors found no difference in PaO

2
 

levels between the sevoflurane and propofol groups. They sug-
gest that the titration of anesthetics to appropriate BIS levels 
(which distinguished their study) could avoid potential negative 
effects of inhalational anesthetics on hemodynamics that affect 
shunt [5]. Lastly, Von Dossow et al. divided 50 patients under-
going pulmonary surgery into two groups – isoflurane with 
TEA or TIVA (propofol) – and measured shunt fraction, PaO

2
, 

and cardiac output. They found that the decrease in PaO
2
 level 

following the conversion from two- to one-lung ventilation was 
less in the isoflurane group. Shunt fraction remained the same 
in both groups. Cardiac output was greater in the TIVA group, 
which may have contributed to the effect on PaO

2
 [6].

Most likely, even though inhalational anesthetics suppress 
HPV, other factors such as surgical manipulation, cardiac out-
put, mixed venous oxygen tension, and positive end-expiratory 
pressure may have a greater influence on shunt fraction than 
the influence of inhalational agents on HPV. Therefore, further 
studies are required to define the clinical significance of 
inhaled anesthetics on HPV in thoracic surgery.

Immunomodulatory effects of inhaled vs. TIVA techniques 
on the lung are another area of ongoing investigation. Animal 
studies have shown that propofol may have a protective effect 
on the lungs, especially in acute lung injury resulting from 
endotoxin exposure [7]. In patients undergoing cardiopulmo-
nary bypass (CPB), propofol has been shown to regulate the 
pulmonary inflammatory response [8]. However, studies of 
thoracic surgery patients undergoing one-lung ventilation may 
favor the use of volatile anesthetics to decrease the inflamma-
tory response to lung isolation [9–11]. These small studies are 
promising in that they show not only a significant reduction in 
measured inflammatory response, but also an improvement in 
clinical outcome. Further studies are warranted.

Although neither TIVA nor inhaled anesthetic agents pro-
vides a clear physiologic advantage over the other for thoracic 
surgery, there is solid rationale for the use of TIVA in certain 
circumstances (Table 12.1):

When the delivery of inhaled anesthetics is impossible or 
disadvantageous, due to the nature of the operation.
In scenarios where traditional anesthetic delivery systems 
may be unavailable or impractical.

TIVA in Special Thoracic Surgical Conditions

Procedures or trauma that disrupts the trachea and carina com-
plicate the delivery of inhaled anesthesia. When the proximal 
airways are breached, volatile agents may escape and the 
quantity of anesthesia reaching the patient is uncertain. Also, 
the operating room is at risk of pollution from the escaped 
anesthetics, posing a hazard to personnel. This situation is 
most likely during cross-field ventilation, a technique in 
which the distal airways (main bronchi) are directly intubated 
in the surgical field to facilitate ventilation and oxygenation. 

Table 12.1. Situations in which TIVA may be indicated.
Special surgical conditions
Tracheal/carinal surgery
Lung volume reduction surgery
Lung transplantation
Endobronchial procedures
Thymectomy

Nonideal environments
Offsite locations requiring anesthesia
Austere environments (military, developing countries, etc.)
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Intubation and extubation are often repeated, and airway seals 
are frequently compromised. In addition, certain cases may 
require high-frequency jet ventilation or other specialized 
modes of ventilation incompatible with the delivery of inhala-
tional anesthetics [12].

Patients undergoing lung volume reduction surgery (LVRS) 
also benefit from a TIVA approach. Because these patients 
suffer from chronic obstructive pulmonary disease (COPD) 
and have increased dead space, end-tidal volatile anesthetic 
concentration is inaccurate and anesthetic levels questionable 
[13]. In addition, air trapping is common and the elimination 
of volatile anesthetic may be hindered, delaying awakening 
and extubation.

In the case of lung transplantation, volatile anesthetics have 
several drawbacks. During lung transplantation, the right ven-
tricle is subject to increased afterload and potential failure, 
and the cardiodepressant effects of volatile anesthetics could 
be detrimental. In addition, significant intrapulmonary shunt 
and dead space in the transplanted lung interfere with the accu-
racy of end-tidal anesthetic measurements. Consequently, nar-
cotic-based anesthetic regimens are usually administered for 
lung transplantation surgery. However, this is not always an 
ideal solution, because narcotic levels may decline unpredict-
ably during the procedure. This decline has several possible 
causes: (1) narcotics may be sequestered in the CPB circuit 
in cases using CPB; (2) narcotics tend to accumulate in lung 
tissue during first pass, and a considerable amount of drug 
might be removed when the diseased, native lung is resected; 
and (3) when the donor lung is transplanted, first pass uptake 
is repeated and systemic narcotic levels may again drop [14]. 
When narcotic levels drop, more volatile anesthetics and/or 
narcotics must be given – but with older anesthetics, over-
accumulation and delayed awakening may occur. Newer, rap-
idly metabolized intravenous anesthetics, on the other hand, 
are able to rapidly counter changes in anesthetic depth without 
significant risk of over-accumulation. Furthermore, in pulmo-
nary transplant surgery requiring CPB (i.e., double-lung or 
heart-lung transplant), TIVA allows an uninterrupted transi-
tion to the CPB phase and back to native circulation.

Endobronchial procedures that use flexible or rigid bron-
choscopy (e.g., stent placement, dilatation, biopsy, and laser 
procedures) also benefit from a TIVA approach. These pro-
cedures are frequently complicated by periods of apnea, the 
need for special ventilatory techniques such as high-frequency 
jet ventilation, and compromised airway seals. Thus, the deliv-
ery of volatile anesthetics may be problematical. Furthermore, 
these procedures frequently involve repeated alternating peri-
ods of high and low stimulation, and intravenous anesthetics 
can be more rapidly titrated to meet fluctuating demands. 
Lastly, accurate measurements of volatile anesthetics by stan-
dard mass spectrometry are hindered in procedures where 
helium/oxygen will be used [15].

Lastly, patients with myasthenia gravis (MG) undergo-
ing thymectomy may benefit from a TIVA approach. MG 
is associated with autoimmune damage to the acetylcholine 

(ACH) receptors; therefore, patients exhibit baseline muscle 
weakness. The thymus gland is implicated in the autoimmune 
response against the ACH receptors; in a select population 
of those with MG, symptoms improve postthymectomy. MG 
patients are exquisitely sensitive to neuromuscular blocking 
agents and volatile anesthetics, which may cause prolonged 
paralysis or residual muscle weakness [16]. The ideal anes-
thetic for such patients would avoid neuromuscular blocking 
agents and volatile anesthetics. Successful thymectomies have 
been performed without neuromuscular blocking agents using 
TIVA ± high thoracic epidurals. Conditions for intubation and 
surgery were excellent [17, 18].

Scenarios that Benefit from TIVA

TIVA is the anesthetic administration system of choice in sce-
narios where the logistics of having fully functional anesthesia 
machines may be impractical or impossible. For example, off-
site anesthesia has recently become more commonplace. Many 
minimally invasive thoracic procedures are being carried out in 
nonoperating room “procedure suites.” In these circumstances, 
TIVA is more versatile because (1) its administration does not 
require a full anesthesia machine setup, and (2) it can provide 
different levels of anesthesia (from MAC/sedation to general).

TIVA also offers several advantages in austere environ-
ments such as battlefields, disaster zones, and developing 
nations. For example, volatile anesthetics are considered haz-
ardous materials – they are difficult to store and transport, and 
they generate waste gases that must be properly scavenged. In 
contrast, TIVA agents are more easily stored, transported, and 
disposed. A second advantage is the reduced logistical foot-
print – basic TIVA equipment (infusion pump and ventilator) 
eliminates the traditional anesthesia machine. Additionally, 
TIVA equipment is more robust than traditional anesthesia 
machines and is more likely to perform reliably in less-than-
ideal conditions. Although specialized anesthesia machines 
developed for military applications are available, they are 
more costly and complex than a simple ventilator and infu-
sion pump setup. In fact, in its most basic form, TIVA can be 
administered with only a syringe and ambu-bag, which is even 
simpler than a basic draw-over (volatile) system. Hospitals in 
developed countries are routinely set up for inhalational anes-
thetics; thus, TIVA is usually more costly, due to the price of 
the agents. In developing nations, however, the cost of hard-
ware and its maintenance usually outweighs the cost of drug, 
making TIVA a more economical option.

Intravenous Anesthetic Agents

Several intravenous anesthetic agents may be used in com-
bination to execute an effective TIVA regimen. Propofol, the 
model drug for TIVA, and useful adjuncts for TIVA – dex-
medetomidine, ketamine, and remifentanil – are reviewed 
below.
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Propofol

Propofol remains the mainstay drug for TIVA. In addition to 
its favorable pharmacodynamic and pharmacokinetic profile, 
propofol offers distinct benefits over inhaled anesthetics. In 
studies comparing propofol with inhaled anesthetics in tho-
racic procedures, propofol reduced the postoperative decline 
of lung function after lung resection [19] and inhibited the cat-
echolamine surge and adrenocorticotropic hormone (ACTH) 
response during lung lobectomy [20]. Studies of propofol in 
nonthoracic operations have also shown advantages that may 
be applied to thoracic procedures; propofol reduced cough-
ing during emergence from anesthesia [21] and the depression 
in bronchial mucus transport velocity associated with general 
anesthesia [22]. In addition, the stress hormone response [23] 
and the expression of proinflammatory cytokines in alveolar 
macrophages [24] were lower in patients receiving propofol 
than in those receiving inhaled anesthetics.

Dexmedetomidine

Dexmedetomidine is an alpha-2 agonist sedative–analgesic 
that inhibits endogenous norepinephrine release. Dexmedeto-
midine is eight times more selective for the alpha-2 recep-
tor than clonidine, with an alpha-2: alpha-1 receptor ratio of 
1,600:1 [25]. Evidence suggests that its main effector sites are 
the locus cereleus for sedative action and the spinal cord for 
analgesic action. Interestingly, sedation with dexmedetomi-
dine has been observed to mimic natural sleep in that hyper-
capneic arousal phenomena upon exposure to a CO

2
 challenge 

is preserved [26]. In addition to its direct sedative–analgesic 
properties, dexmedetomidine also reduces opioid require-
ments [27–34] and minimum alveolar concentration levels for 
inhalational anesthetics [35–37].

In thoracic surgery, dexmedetomidine may offer several 
physiologic benefits. It reduces perioperative oxygen con-
sumption [38] and the sympathetic response to surgical stimu-
lus [27, 39, 40], which may confer cardioprotective benefits. 
In studies of thoracic surgery patients, the use of dexmedeto-
midine as an adjunct to epidural analgesia reduced the need 
for epidural fentanyl [34] and resulted in postoperative diure-
sis and favorable indices of glomerular filtration, suggesting 
enhanced renal function [41]. In patients with pulmonary 
hypertension undergoing mitral valve replacement, dex-
medetomidine lessened the rise in systemic and pulmonary 
vascular resistance poststernotomy and decreased mean arte-
rial, mean pulmonary artery, and pulmonary capillary wedge 
pressures [42]. Lastly, patients recovering from thoracic sur-
gery may benefit from the reduced occurrence of respiratory 
depression [43–45] and postoperative shivering [46, 47] asso-
ciated with dexmedetomidine.

Remifentanil

Remifentanil is an ultra short-acting fentanyl derivative that is 
particularly suited to thoracic procedures. Remifentanil’s rapid 

onset time (1 min) and short duration of action (3–10 min) [48] 
are ideal for managing the fluctuating periods of high and low 
surgical stimulation that characterize most thoracic proce-
dures. Because TEA is the main modality for pain relief in 
most thoracic surgeries, there is little need for long-acting IV 
narcotics that may prolong extubation and cause postopera-
tive respiratory depression. Some situations, however, (e.g., 
multiple surgical sites) require supplemental longer-acting 
narcotics for adequate postoperative analgesia. In these cases, 
remifentanil may be coadministered with longer-acting nar-
cotics to provide intraoperative analgesia for periods of high 
surgical stimuli without risk of over-accumulation of the 
accompanying narcotics.

Ketamine

Ketamine is an N-methyl-d-aspartate receptor antagonist that 
induces a “dissociative state” in which sensory input (sight, 
hearing, touch) normally perceived by the patient is blocked 
from reaching consciousness. Because of its profound anal-
gesic, sedative, and amnestic properties, it is occasionally 
used as an adjunct to propofol in TIVA regimens. Ketamine 
is particularly valuable for thoracic surgery because it (1) has 
bronchodilating properties; (2) does not depress respiration; 
(3) may reduce pain for up to three months postoperatively 
when used in conjunction with TEA for thoracotomy [49]; 
(4) reduces narcotic requirement; and (5) exerts sympathomi-
metic effects, which may be beneficial in thoracic trauma and 
in situations where perfusion pressure must be maintained in 
the presence of volume restriction.

Infusion Systems

Delivery of TIVA is more complicated than that of volatile 
anesthetics via the lung. While concentrations of volatile 
anesthetics may be approximated intraoperatively by MAC, 
the “MAC equivalent” for IV agents, Cp50 – the plasma con-
centration that will prevent a response to a given stimulus in 
50% of patients – has not been fully developed for the wide 
range of IV anesthetics and specific clinical conditions in 
which they are used.

Traditionally, TIVA has been administered through calcu-
lator pumps that deliver a preset dose per unit of time. Dos-
ages are based on recommended minimum infusion rates 
determined by the drug’s manufacturer, and titrated to clinical 
effect through measurement of hemodynamics and subjec-
tive patient assessment. However, intravenous agents have a 
narrow therapeutic window that may be difficult to target and 
maintain [50]. Additionally, calculator pumps are not capable 
of adjusting infusion rates in response to the dynamic real-
time changes in pharmacodynamics and pharmacokinetics, 
which can lead to under- or overdosage of the anesthetic. 
Therefore, computer-controlled IV drug delivery systems, or 
target-controlled infusion (TCI) systems, have been developed 
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to address the shortcomings of traditional calculator pumps 
and mimic the convenience, advantages and familiarity of 
vaporizers [51].

TCI systems (Fig. 12.1) administer intravenous anesthesia 
based on real-time pharmacokinetic models, derived from 
population studies specific for each intravenous agent. These 
studies consider multiple factors – demographics, altered 
physiology, or comorbidities – that may influence drug phar-
macokinetics. Appropriate administration is accomplished by 
incorporating a computer program coded with pharmacoki-
netic models of the selected agent to drive its rate of delivery –  
a more sensitive and accurate method of controlling concen-
trations than the constant rate of infusions provided by cal-
culator pumps to achieve steady state. In other words, the 
practitioner focuses on target concentration, not infusion rate. 
The computer adjusts infusion rate constantly based on phar-
macokinetic simulation of the current serum concentration of 
anesthetic agent in a particular patient. TCI systems reduce 
the subjective estimation of TIVA delivery, may deliver more 
consistent levels of anesthesia, and can automatically tailor 
the dose of anesthetic to specific phases of the surgery.

While pharmacokinetic models serve as the computa-
tional basis for TCI drug delivery, the regimen is based on 
the method of bolus-elimination-transfer (BET) [52, 53]. 
The system delivers a bolus (B) to achieve target concentra-
tion, compensates for elimination (E) by continuous infu-
sion, and corrects for transfer (T) to peripheral tissues with 
an exponentially decreasing infusion. The software allows 
the fine-tuning of anesthetic delivery to target the steep slope 
of the concentration-effect curve, in which small changes in 

anesthetic concentration have a relatively large effect. This 
tuning is accomplished through three approaches: pharmaco-
dynamic, pharmacokinetic, and pharmaceutical [54].

The pharmacodynamic approach examines the response 
of the body to the anesthetic agent and adjusts delivery as 
needed to achieve the desired effect. This approach is usu-
ally linked with some sort of monitoring device. In contrast, 
the pharmacokinetic approach focuses on achieving absolute 
target concentrations, based on known therapeutic windows 
appropriate for specific anesthetic applications. Drug effect 
in this approach is not considered. Lastly, the pharmaceuti-
cal approach is tied to the short action (favorable pharma-
cokinetics) of the newer anesthetic agents. Because these 
agents are short-acting, it is easier to maintain a patient in the 
steep slope of the concentration-effect curve. If the patient is 
over-anesthetized, a rapid titration down of anesthetic agent 
results in a quick correction; if under-anesthetized, a rapid 
titration up is better controlled and the patient is unlikely to 
experience the adverse effects of “overshooting” for a pro-
longed period.

Because TCI systems work by estimating drug concentra-
tion in the bloodstream, concerns arise over the accuracy of 
this estimation and overall performance of TCI. Evaluation of 
TCI performance depends on four parameters [55]:

Median absolute performance error (MDAPE): a measure 
of the accuracy of the TCI system – the median value for 
how close each estimate is to actual concentration.
Median prediction error (MDPE): a measure of the direc-
tion of error of the estimates – whether the system tends to 
over-administer or under-administer.

Fig. 12.1. Delivery of intravenous anesthetic 
agents via target-controlled infusion (TCI). The 
practitioner sets a target for anesthetic concen-
tration based on three pieces of information: 
knowledge of therapeutic windows for a partic-
ular drug, assessment of patient response, and 
predicted current concentration in the blood-
stream (Cpredicted). The TCI computer calcu-
lates an infusion rate based on the input target 
concentration and pharmacokinetic models for 
the drug. The pump delivers the anesthetic at 
the calculated rate and reports this rate back 
to the computer, which uses pharmacokinetic 
simulation to update Cpredicted (reprinted 
from Egan [51] with permission).
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Divergence: fluctuation in the difference between estimated 
and actual concentrations (accuracy) over time.
Wobble: failure to maintain a stable plasma concentration 
over time.

Typical MDAPE for TCI systems ranges from about 15 to 
30%, while typical MDPE ranges from 3 to 20% (reviewed 
in [51]). MDPE has been called “clinically acceptable” in the 
10–20% range [56].

Research and development for TCI currently focuses on 
several areas. Among the greatest of these is the fact that TCI 
targets plasma (not effect site) concentration. To address this 
discrepancy, research is focused on further modifying and 
refining the pharmacokinetic models to take into account 
effect site concentration instead of plasma concentration, and 
achieving effect site control via closed loop systems (e.g., 
anesthetic depth monitoring) [50, 57]. In the pain management 
of postthoracotomy patients, newly developed pharmacoki-
netic models for TCI patient-controlled analgesia may be an 
alternative to the standard method of postoperative pain man-
agement – thoracic epidural – when it is contraindicated or not 
feasible [58]. In fact, the greater control offered by TCI may 
be advantageous in these patients, who are more susceptible to 
the adverse effects of inadequate or excessive narcotic dosing. 
Another area of investigation is the use of simulation of drug 
delivery to compare context-sensitive half times (CSHTs) – 
that is, the time required to reduce by half the drug concentra-
tion after terminating an infusion at steady state [59].

Although TCI systems are widely available throughout the 
world, they have yet to be introduced commercially in the 
United States. Because TCI systems inherently fuse drug and 
device, the US Food and Drug Administration is uncertain 
whether to regulate TCI as a drug or a device and has stalled 
TCI system approval; this regulatory roadblock has, unfortu-
nately, hindered commercial interest in furthering TCI tech-
nology for the US market [51].

Anesthetic Depth Monitors

Anesthetic depth monitors analyze and process a patient’s 
spontaneous electroencephalogram (EEG) and/or mid-latency 
auditory-evoked potentials (MLAEP) to gauge hypnotic 
depth [60]. To date, however, studies have failed to show that 
anesthetic depth monitors are consistently capable of either 
detecting intraoperative awareness or distinguishing between 
consciousness states [61], although anecdotal reports are 
encouraging. This may be of concern to anesthesia providers 
who consider TIVA more difficult to administer and worry that 
the risk of intraoperative awareness may be increased. Many 
of these providers are less familiar with TIVA administration 
than volatile anesthetic administration; for instance, they may 
be less familiar with the concept of Cp50 than with the analo-
gous minimum alveolar concentration for volatile anesthetics. 
And even with advanced delivery systems such as TCI, direct 
control of effect site concentrations is currently not available.

However, an increased risk of intraoperative recall in TIVA 
has never been documented using the Brice interview [62] 
(the primary diagnostic structured interview for the assess-
ment of intraoperative recall). Furthermore, the anesthetic 
depth monitor is more properly used as part of a larger overall 
clinical assessment scheme. Certainly, in combination with 
other clinical signs of inadequate hypnosis (themselves non-
specific) anesthetic depth monitors may help in the titration of 
intravenous anesthesia. This may be particularly important for 
unstable patients susceptible to the cardiovascular depressant 
effects associated with moderate to high doses of anesthetic 
agents [63]. In fact, in a study on patients who underwent 
noncardiac surgery, mortality was correlated with cumulative 
deep hypnotic time as measured by BIS <45 [64].

Methodology

At the University of Texas MD Anderson Cancer Center, our 
TIVA technique for special thoracic procedures is a balanced 
technique, which allows for reduced dosages of medications. 
Our regimen consists of midazolam for amnesia, propofol 
and dexmedetomidine for hypnosis, remifentanil and TEA 
for analgesia, and muscle relaxants for immobilization. Anes-
thetic depth monitors are used routinely. Our protocol is 
detailed below; drug dosages are typical (and may be adjusted 
according to patient variability).

Premedication and Thoracic Epidural Placement

In the holding area, supplemental oxygen and IV midazolam 
(0.5–2 mg) are administered. Immediately prior to transport to 
the operating room by the anesthesia team, a dexmedetomi-
dine infusion (0.2–0.4 g/kg/h) is begun. A small bolus of 
dexmedetomidine (0.1–0.2 g/kg) is administered rather than the 
manufacturer’s recommended bolus-loading dose (1 g/kg) 
to minimize the adverse effects associated with dexmedetomi-
dine loading – hypo/hypertension, bradycardia, and atrial 
fibrillation [65]. During transport, pulse oximetry and con-
stant communication are used to monitor the patient.

In the operating room, additional monitors (BP cuff and 
ECG) are applied, and the patient is positioned for thoracic 
epidural placement. Remifentanil infusion is begun at reduced 
doses (0.025–0.04 g/kg/min) and boluses (10–25 g) may be 
given to minimize the pain of local anesthesia infiltration and 
epidural placement. Upon completion of the epidural place-
ment, anesthetic depth monitoring is initiated and a smooth 
transition to induction is accomplished by adding a propofol 
infusion (20–50 g/kg/min) and gradually increasing the infu-
sions of remifentanil (to 0.05–0.1 g/kg/min) and dexmedeto-
midine (to 0.5–0.7 g/kg/h).

Induction

Infusions are continued through induction. Hemodynamics, 
anesthetic depth monitoring, and subjective assessment guide 
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the induction dosing of propofol (10–30 mg) and muscle 
relaxant to achieve adequate conditions for intubation.

Once the airway is secured, preoperative fiberoptic bron-
choscopy is performed to assess airway anatomy. This poten-
tially stimulating time for the patient may be remedied with 
small boluses of remifentanil (50–100 g) and/or propofol 
(20–40 mg). In addition, laryngotracheal anesthesia (2% lido-
caine) administered prior to bronchoscopy may lessen this 
response.

Invasive monitors and additional IV access may be placed 
pre- or postinduction as needed. A dedicated infusion line(s) 
ensures proper titration of IV anesthetics and prevents incom-
patibility issues that may arise between different medications.

Upon completion of the initial bronchoscopy, lung isolation 
devices are placed (if necessary) and the patient is positioned 
and prepped for surgery. Epidural narcotics are administered 
prior to skin incision, and dexmedetomidine, propofol, and 
remifentanil/narcotic infusions are adjusted to reflect changes 
in anesthetic depth monitoring and/or hemodynamics.

Maintenance

Anesthesia is maintained with propofol, dexmedetomidine, 
and remifentanil, titrated according to anesthetic depth moni-
toring and hemodynamics. Muscle relaxants are used if spon-
taneous ventilation is not required; they are administered by 
infusion to keep a train-of-four ratio of 0.4–0.5. If necessary, 
IV antihypertensives (rather than more anesthesia) may be 
used in situations where sympathetic stimulation is high, yet 

a sufficient amount of anesthesia is being administered and 
anesthetic depth monitoring shows an adequate depth of 
hypnosis. Administration of local anesthesia via the epidural 
is usually withheld or administered in dilute concentrations to 
avoid sympathectomy in patients where strict volume restric-
tion will be followed.

Emergence

In preparation for emergence, a bolus of local anesthesia fol-
lowed by a constant infusion is administered via the thoracic 
epidural. At the start of skin closure, propofol and remifentanil 
are discontinued and muscle relaxant reversal is administered. 
The patient is maintained on dexmedetomidine (0.1–0.2 g/
kg/h) until extubation in order to impart the cardioprotective 
benefits of alpha-2 agonism: stable hemodynamics and rapid 
awakening/extubation.

Clinical Case Discussion

Case: A 52-year-old male smoker diagnosed with advanced 
pulmonary squamous cell carcinoma (stage IV) presents with 
progressive shortness of breath and orthopnea. Bronchoscopy 
reveals a distal tracheal mass causing moderate-to-severe 
airway obstruction (Fig. 12.2, left). He is scheduled for rigid 
bronchoscopy with stent placement to lessen tracheal obstruc-
tion (Fig. 12.2, right). This procedure will be performed in the 
pulmonary procedure suite.

Fig. 12.2. Left: Rigid bronchoscopy view of an 
intratracheal mass obstructing the airway. Right: 
Trachea after stent placement.
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Questions

What are the disadvantages of using volatile anesthetics in 
this operation?
For discussion, see Sect. “TIVA in special thoracic surgical 
conditions” and “Scenarios that benefit from TIVA.”
What are the advantages of using (1) propofol, (2) dexme-
detomidine, and (3) remifentinil in this patient?
For discussion, see Sect. “Intravenous anesthetic agents.”
What is the basic concept of target-controlled infusion, and 
how it is advantageous over manually controlled infusion?
For discussion, see Sect. “Infusion systems.”
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Tracheal Resection and Reconstruction
Karen McRae

Key Points

The tracheal imaging (CT scan and/or MRI) must be  
examined by the anesthesiologist to plan the anesthetic 
management.
Patients with tracheal stenosis may not become symptom-
atic until the tracheal diameter is narrowed to <50% of 
 normal.
Initial surgical management for tracheal stenosis will com-
monly involve rigid bronchoscopy and dilation.
The two major methods of distal airway management for 
resection of tracheal stenosis are cross-field ventilation 
with an endotracheal tube or jet ventilation with a tracheal 
catheter.
Maintenance of anesthesia during the period of tracheal 
resection is commonly managed with an intravenous infu-
sion technique.

Historical Note

Surgery of the conducting airway requires diagnostic and ther-
apeutic manipulation of the respiratory tree despite ongoing 
ventilation. From the very beginning of tracheal surgery, the 
greatest challenge facing the anesthesiologist has been how 
to ventilate the patient adequately before and during airway 
resection. Close collaboration between anesthesia and surgi-
cal colleagues was required. Early reports of tracheal tumor 
resection by Belsey [1] described reconstruction of the tra-
chea after the intratracheal tube was advanced by the surgeon 
beyond the tracheal defect. A wire coil was constructed over 
the cuff of the intratracheal tube, a free graft of fascia covered 
the wire skeleton and the intratracheal tube was withdrawn. 
In 1957, Barclay reported the resection of the carina for a low 
tracheal tumor with deliberate endobronchial intubation of the 
left side by the surgeon across the surgical field [2]. The right 
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mainstem bronchus was sutured to the remaining trachea while 
the left lung was ventilated. Ventilation was then resumed via 
the orotracheal tube and left mainstem bronchus was sutured 
to the right bronchus intermedius during intermittent periods 
of apnea. In 1963, Grillo and Bendixen described the perfor-
mance of a similar procedure under critical circumstances, in 
a patient whose tracheal obstruction had progressed to severe 
dyspnea and pulmonary hyperinflation [3]. During cross-field 
ventilation of the left lung, the right pulmonary artery was 
lightly clamped so that the unventilated lung was not perfused 
(Fig. 13.1). Elimination of shunt maintained “the best possible 
tissue oxygenation” permitting an unhurried reconstruction. 
“The operative requirement for complete anesthetic control 
during all phases of tracheal surgery is met by the technique 
of transitory physiologic pneumonectomy.” The same group 
reported the anesthetic management of 31 patients who under-
went tracheal resection and reconstruction in 1969 [4]. The 
problems of anesthetic induction and control of the airway 
were fully described in this chapter first presented at the 
International Anesthesia Research Society in March 1969. 
The upper and lower airway management strategies used dur-
ing a pivotal period of the development of tracheal resection 
and reconstruction at the Massachusetts General Hospital 
were elegantly presented. The discussion of the chapter at the 
meeting reveals the increasing appreciation of the etiology of 
postintubation stenoses and the clinical dilemmas that these 
injuries presented.

Prolonged incision and complex reconstruction of the air-
way in patients with compromised pulmonary function has 
demanded further innovation on the part of anesthesiologists 
and surgeons. A spectrum of ventilation strategies has been 
used, not only to maintain ventilation but to optimize oper-
ating conditions. Evidence of the success of this evolving 
collaboration lies in the large series of successful procedures 
reported.

Etiology of Tracheal Lesions

The trachea, carina, and major bronchi may be affected by a 
variety of conditions that are amenable to surgical resection 
and reconstruction. Airway lesions can be a result of benign 
or malignant etiologies (see Table 13.1), and may or may not 
result in significant stenosis. Congenital stenosis is typically 
resected during infancy, after presentation in the first few 
months of life. In adults, many cases of subglottic stenosis 
are idiopathic; frequently patients have increasing respira-
tory symptoms for many years, often incorrectly attributed to 
asthma. Postintubation injury is the most common cause of 
benign tracheal stenosis despite the widespread use of high-
volume, low-pressure cuffs. Posterior glottic stenosis and cir-
cumferential subglottic stenosis are the result of direct trauma 
from the tube and the cuff, respectively. Mucosal injury lead-
ing to ulceration can occur in as little as 4 h after overinflation 
of a floppy cuff; subsequently, the exposed tracheal cartilage 
is devitalized and disappears. After extubation, most lesions 
heal as a fibrous scar; however, some lesions develop malacic 
components. Postintubation strictures typically show con-
centric narrowing whereas posttracheotomy stomal strictures 
tend to result in more side-to-side rather than antero-posterior 
narrowing. Penetrating or blunt trauma may cause life-threat-
ening tracheal disruption, or if less severe and unrecognized, 
may present later as stenosis [5]. A variety of inflammatory 
diseases can cause airway stenosis; however, due to wide-
spread involvement of the airway, few are considered suitable 
for surgical resection. Most inflammatory lesions are there-
fore treated with chronic tracheostomy, intermittent dilation, 
or stenting. A notable exception is Wegener’s granulomato-
sis, which can produce focal stenosis amenable to resection. 
Postinfectious stenotic lesions may be resected after treatment 
of the underlying infection. Tracheal resection is performed 
for primary malignancies unless metastases preclude curative 

Fig. 13.1. Cross-field ventilation for carinal resection. (a) The tumor is at the carina, the patient is intubated with an orotracheal tube (not 
shown). (b) A sterile endobronchial tube is placed across the surgical field after the left mainstem bronchus is incised. (c) After anastomosis 
of the right mainstem bronchus to the remaining trachea, the cross-field endobronchial tube is removed, the orotracheal tube is advanced into 
a right endobronchial position, during anastomosis of the left mainstem bronchus to the trachea. Early descriptions of this technique included 
snaring of the right pulmonary artery during (b) to minimize shunt during one-lung ventilation (as shown here), this was later deemed unnec-
essary in most cases (adapted from Ref. [3]).
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surgery, secondary neoplasms invading the trachea typically 
arise from the adjacent structures, and are less often amenable 
to surgical resection. When curative resection is not possible, 
many patients are treated with palliative endocopic debride-
ment. Similarly, endoluminal metastases which are the result 
of hematogenous spread from distant malignancies (including 
breast, colon and renal cell carcinomas, and melanoma) are 
typically debrided or stented.

Planning Tracheal Surgery

Planning is essential in these challenging and varied procedures 
(see Table 13.2). A number of elements are required, starting 
with a clear understanding of the patient’s tracheal anatomy 
and the resection proposed. A detailed plan for ventilation 
throughout induction, during the period of open airway and on 
emergence must be clear to the anesthesia and surgical teams. 
Appropriate airway equipment should be assembled and tested 
to ensure that it is in good working order: rigid bronchoscopes 
of a variety of diameters, endotracheal tubes also of a range 
of sizes, to be placed orotracheally or into the distal airway 
by the surgeon. If cross-field intubation is anticipated, sterile 

endotracheal tubes and a sterile breathing circuit are needed. 
Fundamental questions in planning a case include: whether 
there is airway stenosis, where it lies within the airway, and 
how small is the residual airway. Glottic and subglottic lesions 
almost always require dilation by the surgeon at the beginning 
of the procedure usually with rigid bronchoscopes of increas-
ing diameter, although some centers use smooth round dilators. 
An endotracheal tube may then be placed, although often of a 
smaller size than would usually be used. If the lesion is in the 
mid-trachea or lower, and the lumen is adequate, an endotra-
cheal tube may be placed above the lesion, without prior dila-
tation. The anesthetic technique is influenced by the chosen 
mode of ventilation. Anesthetic agents with rapid onset and 
short duration permit a deep plane of general anesthesia with 
the prompt recovery and resumption of spontaneous ventilation 
necessary to successful extubation of patients with compro-
mised airway anatomy. A crucial decision is: when is it appro-
priate to suppress the patient’s spontaneous breathing and to 
convert to controlled ventilation techniques? In some centers it 
is preferred to secure the airway each time with an inhalational 
induction, maintenance of spontaneous ventilation, and avoid-
ance of muscle relaxants until the initial airway is established. 
Most airway resections are performed in centers with experi-
enced surgical and anesthesia teams. In many circumstances, if 
is suitable to induce general anesthesia with intravenous agents 
and give muscle relaxant prior to rigid bronchoscopy, dilation 
or laser resection of the airway is performed in preparation for 
definitive resection. This is particularly true of patients who 
have had a recent, uneventful rigid bronchoscopy as part of 
their preoperative care.

Many experienced clinical groups recommend a staged 
approach which starts with cautious fiberoptic bronchoscopy, 
after airway topicalization in the awake, spontaneously breath-
ing patient. This permits evaluation of vocal cord function and 
for any malacic segments. This is often followed by rigid bron-
choscopy under general anesthesia to dilate stenosis or debride 
obstructing tumor from the airway. The rigid bronchoscope is 
also the best tool to measure the position and length of the 
lesion in the trachea. The following measurements are made 
relative to the patient’s upper incisors: the carina, the distal and 
proximal ends of the lesion, and the vocal cords. This permits 
an estimate of both the length of the lesion and the remaining 
trachea available for reconstruction. The airway can be tem-
porarily improved by dilation in the vast majority of patients 

Table 13.2. Planning for tracheal surgery.

Tracheal anatomy, resection proposed
Incision required, and patient position
Preoperative assessment
Patient monitoring
Ventilation
 Transition from spontaneous to controlled ventilation
 Apparatus required for ventilation
 Mode of ventilation
Anesthetic drug regimen
Analgesia
Emergence, airway configuration at the end of the case

Table 13.1. Etiology of tracheal lesions amenable to  
resection and reconstruction.

Benign lesions
 Congenital
  Tracheal atresia
  Congenital stenosis
  Congenital chondromalacia
  Vascular rings
 Idiopathic
 Postintubation or posttracheotomy injury
  Posterior glottic stenosis
  Subglottic stenosis (including cuff injuries)
  Tracheoinnominate artery fistula (anterior trachea)
  Tracheoesophageal fistula (posterior trachea)
  Stomal stenosis (from tracheotomy)
 Trauma
 Inflammatory
  Wegeners granulomatosis
 Postinfection (after treatment)
  Tuberculosis
  Syphilis
  Diphtheria
  Typhoid
Malignant lesions
 Primary malignancies
  Squamous cell carcinoma
  Adenoid cystic carcinoma (cylindroma)
  Mucoepidermoid carcinoma
  Carcinoid adenoma
  Sarcoma
  Mesenchymal tumors
 Secondary malignancies
  Bronchogenic carcinorma
  Thyroid carcinoma
  Laryngeal carcinoma
  Esophageal carcinoma
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allowing patient optimization for the definitive resection, to 
ensure that any bronchospasm, and pulmonary infections are 
treated, and for weaning of steroids if needed.

Excellent analgesia is required to optimize the chances of 
prompt extubation, and is planned according to the incision 
required by the resection. Postoperative positive-pressure 
ventilation is undesirable as positive pressure on a new anas-
tamosis increases the risk of airway dehiscence.

Tracheal Anatomy and Surgical  
Management

The position of the lesion within the trachea will determine 
the site of incision and the extent of trachea requiring resec-
tion. This is often described by the number of tracheal rings 
removed. Using cadaver studies, Grillo investigated how 
much of the trachea could be removed with end-to-end recon-
struction without causing undue tension or compromise of the 
blood supply. He determined that a median length of 4.5 cm 
was achievable, equivalent to seven rings [6]. The blood sup-
ply to the upper trachea is predominantly from the inferior 
thyroid artery, whereas the lower trachea and carina are sup-
plied by the bronchial arteries. These studies revealed that the 
blood supply enters the lateral walls of the trachea in a seg-
mental fashion; therefore the trachea is best mobilized with 
anterior and posterior dissection to prevent devascularization. 
Knowledge of the location of the tracheal lesion and the pro-
posed extent of the airway resection are essential for planning 
the induction of anesthesia and the maintenance of oxygen-
ation and ventilation. Additionally, the position of the lesion 
will determine the incision required and the patient position.

The Subglottis and Upper Trachea

Resection of the subglottis and upper third of the trachea 
may be accomplished via a collar (cervical) incision with the 
neck fully extended and a bolster placed behind the scapu-
lae. The subglottic airway extends from just below the vocal 
cords to the lower border of the cricoid cartilage. Postintuba-
tion stenosis is the most common cause of subglottic stenosis. 
Complete transection of the subglottic airway will divide the 
recurrent laryngeal nerves, and resection is therefore modified 
to preserve the posterior shell of the cricoid cartilage in order 
to protect the entry point of these nerves. Most postintuba-
tion strictures involve relatively short segments, between 1 
and 4 cm, and can be managed by segmental resection and 
reconstruction with a primary anastomosis. Malignancies may 
require more extensive resection including concomitant laryn-
gectomy.

Prolonged translaryngeal intubation frequently results in 
synchronous laryngotracheal injury. The most common glot-
tic injury is a posterior interarytenoid stenosis, which restricts 
vocal cord movement. These combined injuries require 
simultaneous high tracheal resection and laryngofissure, with 

excision of the interarytenoid scar. When the subglottic anas-
tomosis lies within a few millimeters of the vocal cords, there 
is significant risk of glottic edema. A Montgomery T-tube 
(see Fig. 13.2) is placed to support the airway and left in 
place several months to minimize restenosis. The T-tube is a 
cylindrical silicone stent with a perpendicular limb which is 
positioned in a small tracheostomy which makes it unlikely to 
become dislodged or migrate. Following laryngo-tracheoplasty 
the upper limb of the silicone stent lies 0.5–1.0 cm above the 
cords. In cases of stenotic or malacic segments of the cervical 
trachea without laryngeal injury, a T-tube may be left in place 
with the upper limb of the T-tube positioned below the cords, 
allowing for voice preservation.

Head flexion during primary anastomosis delivers the cer-
vical trachea into the mediastinum to facilitate reapproxima-
tion of the edges of the trachea, and if the anastomosis appears 
to be at risk of being under tension, a guardian (“chin”) stitch 
is placed after skin closure, between the skin of the chin and 
the anterior chest and maintained for approximately a week 
(Fig. 13.2).

Mid-trachea

As with all tracheal lesions, it is important to view the imaging 
preoperatively in order to plan the anesthetic (see Fig. 13.3). 
A cervico-mediastinal incision is used for tumors of the mid-
trachea and most benign lesions throughout the trachea. The 
upper trachea is explored through a cervical incision, which 
is extended via a partial sternotomy to just below the ster-
nal angle, and separated with a pediatric chest spreader. 
Through this incision, the anterior carina and the right and left  
tracheobronchial angles can be exposed without sacrifice of 
the innominate vein, artery, or other great vessels. The trachea 
is then mobilized and incised and distal ventilation is secured. 
Many surgeons will request for the patient’s neck to tempo-
rarily be flexed to test the ease with which the tracheal ends 
will come together. The length of trachea that can be safely 
incised is influenced by the patient’s age, body habitus, their 
pathology, and prior treatment. If it is clear that the anasto-
mosis will be under excessive tension, or a long segment of 
trachea requires resection, a release maneuver is performed, 
most often a supra-hyoid release. Muscle attachments to the 
superior surface of the hyoid bone and the hyoid bone itself 
are divided allowing the larynx to drop, adding between 1 and 
2 cm of additional mobility to the trachea [7].

The resection of long segments of trachea which cannot be 
repaired with a primary anastomosis presents a formidable 
problem, and underscores the fact that the trachea is not sim-
ply a tube but is an armored structure capable of sustaining 
cyclical intrathoracic pressures. Historically, prosthetic grafts 
fail in the long term due to the formation of granulation tis-
sue and fistulas. While devascularized aortic grafts have been 
used, they tend to develop malacic components. More prom-
ising reconstructive techniques such as fasciocutaneous fore-
arm flaps stiffened with C-shaped segments of rib cartilage 
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and decellularized tracheal allograft repopulated with the 
recipient’s own chondrocytes and airway epithelial cells have 
recently been used to replace the trachea [8].

Carinal Resection

The incision depends on the type of carinal resection. Cari-
nal resection without pulmonary parenchymal resection is 
approached through a full sternotomy. The pericardium is 
opened anteriorly and the exposure is facilitated by mobiliza-
tion of the aorta and both main pulmonary arteries (Fig. 13.4). 
Tracheal resection is usually limited to less than 4 cm at 
the carinal level. When there is anastomotic tension, a hilar 
release is performed with a U-shaped incision of the peri-
cardium, which allows hilar structures to advance by about 
2 cm. Laryngeal release is not deemed helpful for carinal 
resection and a chin stitch is not routinely used. Resection 
of the carina may be combined with a right or left pneumo-
nectomy, or right upper lobe bronchial sleeve resection. Left 
carinal pneumonectomy may be performed via a sternotomy, 
a left postero-lateral thoractomy, or a “Clamshell” (bilateral 
trans-sternal thoracotomy) incision. When all or part of the 
right lung requires resection, a right postero-lateral approach 
is used. Careful patient selection and optimization is essential 
to the success of these technically demanding and high-risk 
surgeries [9].

Fig. 13.2. Airway management for high tracheal resection. (a) Mobilization of the trachea, the patient’s head is to the left of the photograph. 
(b) A sterile cross-field endotracheal tube has been placed in the distal trachea. A Montgomery T-tube will be placed, the balloon of a Foga-
rty catheter will be inflated to obstruct the proximal limb, to allow ventilation via the distal limb. The Fogarty catheter is passed retrograde 
through the patient’s mouth. (c) Ventilation via the Montgomery T-tube external limb during closure of the incision. A standard endotracheal 
tube connector has been inserted into the external limb of the T-tube. (d) Head flexion and the guardian (“chin”) stitch. The Fogarty catheter 
is deflated and removed when spontaneous ventilation is reestablished. The guardian stitch is removed after a week (photos courtesy of Dr. 
Andrew Pierre, Division of Thoracic Surgery, Department of Surgery, Toronto General Hospital).

Fig. 13.3. A three-dimensional CT reconstruction of a mid-tracheal 
tumor. This patient was managed with rigid bronchoscopy and debri-
dement prior to tracheal resection.



186 K. McRae

Patient Characteristics

Idiopathic tracheal stenosis is a diagnosis found almost 
 exclusively in females, often presenting for resection in their 
fifth decade of life, many have had progressive symptoms for 
up to 10 years. At least one third report clinically significant 
reflux, and at least as many are obese which may be due to 
their exercise limitation. Patients with postintubation and post-
tracheotomy stenoses have a mean age in their forties at the 
time of presentation and not infrequently have diabetes mel-
litus, cardiovascular disease, asthma, or chronic obstructive 
pulmonary disease, all conditions that may have required prior 
intubation. These comorbidities increase the likelihood of peri-
operative complications. Patients with tracheal tumors tend to 
be a decade older, tend less to be diabetic or obese, and are 
more likely to smoke, with the associated risk of vascular dis-
ease. It must be noted that some primary tracheal tumors are 
not associated with smoking and can present at any age [10].

Most patients are symptomatic, the most common being dys-
pnea on exertion, but a careful history may reveal orthopnea, 
a brassy cough, difficulty clearing secretions, and wheezing. 
Malignant tumors may produce hemoptysis. Patients should 
be examined for evidence of airway obstruction, the use of 
accessory muscles of respiration, or stridor. In adults, narrow-
ing of the lumen to less than 50% of its normal cross-section 
(i.e., approximately <10 mm) results in dyspnea with sig-
nificant exertion, narrowing to less than 25% of its normal 
cross-section will usually produce dypsnea and stridor at rest. 
Stridor at rest is a sign of significant airway obstruction, likely 
the tracheal diameter is 6 mm or less [11]. These patients are 

at risk of acute airway obstruction with a mucus plug. Stridor 
is classically more pronounced in inspiration when stenosis is 
extrathoracic, if the lesion is intrathoracic the stridor may be 
predominantly in expiration, particularly if there is significant 
malacia. In addition to auscultation of the lungs and trachea, 
the patient’s neck mobility should be evaluated.

Preoperative Assessment

The anesthesiologist should review all available information 
delineating the patient’s airway pathology. The chest X-ray 
may be deceptively normal. A CT scan of the neck and thorax 
should be performed with thin cuts along the entire airway. 
Increasingly, three-dimensional images are being constructed 
from helical CT data. This imaging is helpful in defining the 
relationship of the lesion to the vocal cords and carina, and 
as a complement to prior endoscopy helps in planning airway 
management.

Pulmonary function tests, including spirometry, are usu-
ally performed unless the patient is at risk of imminent airway 
obstruction. Fixed airway stenoses cause limits both inspira-
tory and expiratory flow at similar flow rates. A variable extra-
thoracic airway obstruction limits inspiration much more than 
exhalation. Conversely, with a variable intrathoracic lesion 
the patient is able to inhale reasonably well, but expiratory 
flow limitation is produced. It should be noted that the qual-
ity of flow volume loops are very much dependant on patient 
effort. The characteristic findings of expiratory flow limita-
tion may be obscured by small airways disease such as asthma 
or COPD [12]. The absence of classic spirometric patterns 
does not predict the absence of pathology and the presence of 
findings does not reliably indicate the degree of obstruction. 
Imaging of the airway is far more useful in planning surgery.

Manipulation of airway and mediastinal structures intraop-
eratively may provoke a significant sympatho-adrenal stress 
response [13]. Increases in heart rate and both systemic and 
pulmonary artery pressures are seen and may be prolonged. 
Myocardial oxygen consumption rises and dysrhythmias may 
occur. The incidence of myocardial ischemia in older smok-
ers during and after rigid bronchoscopy alone may be as 
high as 10–15% of patients [14]. Preoperative ECG should 
be obtained in all patients to assess cardiac rhythm. Patients 
over 40 with symptoms or significant risk factors for coro-
nary artery disease should be investigated with echocardiog-
raphy, myocardial perfusion imaging, and with coronary 
angiography if indicated. Risk stratification is then possible, 
with appropriate institution of treatment. Cardiac assessment 
is recommended when carinal resection is required espe-
cially when combined with pneumonectomy. If significant 
coronary artery lesions are identified, the decision to proceed  
with definitive surgery rather than palliation should be 
decided on a case-by-case basis. Quantitative ventilation  
and perfusion scans may be warranted when the resection 
of considerable lung parenchymal is anticipated [15]. In all 

Fig. 13.4. Exposure of the carina via a sternotomy.
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patients  considered for  tracheal resection, the identification 
and treatment of  reversible pulmonary disease is important. 
Repeated airway dilation or stenting may permit a period of 
medical optimization of the patient [16]. Smoking cessation 
is vital, particularly as patients who have undergone airway 
resection often struggle to mobilize secretions. Postopera-
tive mechanical ventilation is undesirable: the presence of an 
endotracheal tube may predispose new suture lines to necrosis 
and dehiscence. Severe respiratory compromise due to paren-
chymal lung disease or neuromuscular disorder is a serious 
concern and may preclude tracheal resection [17].

Patient Monitoring

In addition to secure peripheral intravenous access and stan-
dard anesthetic monitors, an arterial catheter is placed for 
continuous blood pressure measurement. When an intratho-
racic approach to the trachea is used, many anesthesiologists 
choose the left side for the radial arterial line. The innominate 
artery lies anterior to the trachea and compression or division 
of this vessel will render inaccurate arterial pressure mea-
surement in the right arm. Arterial cannulation also provides 
immediate access to blood gas analysis which is essential dur-
ing interrupted ventilation, during ventilation with techniques 
that preclude capnography, and in the event of postoperative 
respiratory distress. Central venous cannulation may be used 
if indicated by the proposed surgery (i.e., including a major 
pulmonary resection) and cardiopulmonary status of the 
patient. Avoidance of the area of incision must be considered 
in catheter placement; a jugular, subclavian, or antecubital 
approach may be used. A urinary catheter is placed, even if a 
simple resection is accomplished quickly, the patient’s mobil-
ity is often reduced for several days due to postoperative neck 
flexion. The patient’s temperature is monitored and normo-
thermia should be maintained. In the rare instance of cervical 
exenteration, where elective division of the innominate artery 
is contemplated, placement of EEG monitoring has been rec-
ommended [18].

Ventilation Strategies

Surgical intervention in the airway presents unique ventilation 
difficulties. Clinicians have devised creative solutions for 
these challenges and there has been a proliferation of ventila-
tion techniques applied to the open airway (see Table 13.3).

Distal Tracheal Intubation, Intermittent Positive 
Pressure Ventilation (IPPV)

Early reports of tracheal tumor resection described reconstruc-
tion of the trachea after an endotracheal tube was advanced 
by the surgeon beyond the tracheal defect [1]. Advancement 
of a full-sized orotracheal tube across the surgical field into 
the distal trachea or bronchus is an option currently seldom 
used, as the large diameter obstructs access to the surgical 
field. Endobronchial tubes are long single-lumen tubes of 
reduced diameter, with a small volume, shorter cuff posi-
tioned close to the tip. They are favored by some clinicians 
for certain tracheal resections. They can be positioned in the 
trachea beyond the lesion under bronchoscopic guidance past 
a mid-tracheal lesion or placed in the contralateral bronchus 
when a thoracotomy is required for carinal resection or cari-
nal pneumonectomy. The endobronchial tube’s slender pro-
file allows much of the surgery to be accomplished while the 
tube remains within the trachea, and distal ventilation is main-
tained. Alternatively, these tubes can be withdrawn when the 
airway is opened and distal ventilation provided across the 
surgical field. Drawbacks of these tubes include a possible air 
leak that occurs when the endobronchial tube is positioned in 
the trachea, as the balloon has a relatively small volume.

The cuffs are prone to rupture when the tracheal is being 
repaired in close proximity, requiring replacement [19]. A vari-
ety of endobronchial cuffs have been described although many 
are no longer available [20]. In our institution, the Phycon endo-
bronchial tube (Fuji Systems, Tokyo, Japan) is used (Fig. 13.5). 
The ideal endotracheal tube for tracheal reconstruction has 
been described as a long, flexible, reinforced tube with a short, 

Table 13.3. Characteristics of modes of ventilation during airway surgery.

Able to ventilate  
open airway

Immobility of  
operative field

Specialized  
equipment required

Airway pressure –  
pressure/monitoring

Potential for 
barotrauma Gas entrainment

Airway gas  
composition

IPPV No No No Pressure is dependent  
on ventilator settings/reliable

Minor No Stable, accurate  
monitoring

LFJV Yes No No Intermittently high/difficult Yes, high Yes Variable, difficult  
to monitor

HFJV Yes Yes Yes Can be high, gas trapping 
common/difficult, especially 
around jet nozzle

Yes Yes Variable, difficult  
to monitor

HFPPV Yes Yes Yes Low peak and mean  
transpulmonary  
pressure/difficult

Yes Minor Stable, accurate  
monitoring

IPPV intermediate positive pressure ventilation; LFJV low frequency jet ventilation; HFJV high-frequency jet ventilation; HFPPV high-frequency positive 
pressure ventilation
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 low-pressure, high-volume cuff and a short segment beyond the 
cuff, to allow the ventilation of both lungs through a short tracheal 
stump without encroachment on the operative site, unfortunately 
no ideal endotracheal tube is currently manufactured [21].

The use of cross-field intubation and ventilation of the 
distal airway were first described for the resection of a low 

tracheal tumor; the left bronchus was cannulated on the field 
by the surgeon, while the right mainstem bronchus was 
sutured to the remaining trachea. Ventilation was then 
resumed via the endotracheal tube and the left bronchial 
anastomosis was performed. Geffin described the variations 
of cross-field ventilation to be used for high and low tracheal 
lesions [4]. An orotracheal tube is placed, above the lesion. 
As the airway is divided, the surgeon advances a second, 
sterile endotracheal tube across the field into the distal trachea 
(Fig. 13.6). In our institution, when subglottic resection is 
performed, a sterile reinforced endotracheal tube is inserted 
in the distal trachea, and the proximal end of the tube is 
passed by the patient’s cheek, under the sterile drapes to be 
connected to the anesthetic circuit. Resection of the mid or 
lower trachea necessitates the use of a second, sterile anes-
thetic circuit originating from the surgical field, passed over 
the drapes. Typically a relatively small endotracheal tube is 
placed in the distal airway to permit the placement of poste-
rior sutures while the tube remains in the distal airway, held 
anterior by the surgeons. After reanastomosis of the poste-
rior trachea, the distal tube is withdrawn and the orotracheal 
tube is readvanced and is used for ventilation. Lower tra-
cheal and carinal resection requires some modification of 
the technique (Fig. 13.7). The distal tube is advanced into 
the left mainstem bronchus below the lesion. The resected 

Fig. 13.5. A 7.5-mm ID Phycon endobronchial tube (lower tube) (Fuji 
Systems, Tokyo, Japan) as compared to a 7.5-mm ID standard endo-
tracheal tube (above). The standard tube is 32 cm long, the armored 
endobronchial tube is 40 cm and is also available in 5.5 mm, 6.5 mm 
ID sizes. Note the small endobronchial cuff size, the lack of both 
bevel and Murphy eye on the distal end of the endobronchial tube.

Fig. 13.6. Airway management for resection of 
a high tracheal lesion. (a) Orotracheal intuba-
tion above the lesion. (b) With tracheal incision, 
a sterile cross-field endotracheal tube is placed 
distal to the lesion. (c) The posterior wall of 
the anastomosis is sutured. (d) The cross-field 
endotracheal tube is removed, the orotracheal 
tube is advanced across the anastomosis, and 
the anterior anastomosis is completed (this 
figure was published in [75]).

Fig. 13.7. Airway management for resection of 
a low tracheal lesion. (a) Orotracheal intuba-
tion above the lesion. (b) A sterile cross-field 
endotracheal tube is placed in the left main-
stem bronchus. (c) The posterior wall of the 
anastomosis is sutured. (d) The cross-field 
endotracheal tube is removed, the orotracheal 
tube is advanced across the anastomosis into 
an endobronchial position, and the anterior 
anastomosis is completed (this figure was pub-
lished in [75]).
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trachea and the right mainstem bronchus are anastamosed, 
the orotracheal tube is advanced through the suture line and 
one-lung ventilation to the right side is accomplished while 
the left mainstem bronchus is anastamosed to the side of the 
trachea. The orotracheal tube is then withdrawn above both 
suture lines until extubation. This technique necessitates 
intermittent periods of apnea as surgeons withdraw the distal 
tracheal tube for better exposure and placement of sutures. 
Increased oxygen concentration is used when ventilating 
(>70%) in order to delay desaturation. Periods of moderate 
hypercapnia are inevitable, but are usually well tolerated. 
Independent distal cannulation of both bronchi has been 
described, and a variety of endotracheal tubes of different 
sizes should be available for distal cannulation [22].

Low Frequency Jet Ventilation

Jet ventilation releases high gas flow through a small orifice, 
permitting ventilation via laryngoscopes, bronchoscopes, and 
the open airway with minimal obstruction of the surgical field. 
Low frequency jet ventilation (LFJV) is accomplished by the 
release of gas under high pressure (50–60 psi) through an ori-
fice (~1 mm) as described by Sanders [23]. A pressure regula-
tor is required to maintain constant flow and a handheld on–off 
valve is released intermittently; jet pulses are delivered at a rate 
of 10–20/min. A distinct advantage of this approach is its sim-
plicity and lack of specialized equipment. The use of lengthy 
catheters of small caliber, advanced through the  orotracheal 
tube, permits ventilation of distal airways. Physiologic tidal 
volumes are generated and chest or lung movement is clearly 
visible.

LFJV with intermittent apnea was first described in tra-
cheal resection in the 1970s [24, 25] and a variation of this 
technique is still favored by some groups [26]. The use of a 
narrow lengthy catheter permits ventilation of the distal air-
way using a device well away from the surgical field, their 
diameter is unlikely to obstruct surgical access to the airway. 
The ultimate catheter position varies with the procedure per-
formed. A high tracheal stenosis may not admit a regular size 
endotracheal tube, and jet ventilation via a long small oro-
tracheal tube has been used throughout resection [27]. More 
often an orotracheal tube is placed above the tracheal lesion 
and the narrow ventilation catheter is advanced into the distal 
airway after incision of the trachea. The use of independent, 
simultaneous catheter ventilation of each bronchus has been 
described in carinal resection [28]. Unpredictable tidal vol-
umes are generated using LFJV, they are however sufficiently 
large to cause disruption of the surgical field and intermit-
tent apnea is usually required. When high driving pressure 
(50–60 psi) is used through a narrow catheter, a high flow 
jet is produced (up to 100 L/min) entraining air, blood, and 
debris from the field into the distal airway. Blood may spray 
from the surgical field. When larger ventilation catheters are 
used, high flows can be maintained with lower driving pres-
sure, air entrainment is reduced, permitting less dilution of 

the oxygen jet as demonstrated by the high arterial oxygen 
tensions that can be achieved, longer periods of apnea are 
therefore possible [26].

High-Frequency Jet Ventilation

High-Frequency Jet Ventilation (HFJV) resembles its low 
frequency counterpart in that gas is delivered from a high-
pressure gas source via a stiff, small bore catheter positioned 
in the airway. Rather than a handheld switch, the jet stream 
is cut by a high-frequency pneumatic or electronically con-
trolled flow interrupter. As the high-velocity gas jet enters the 
airway, additional gas is entrained at the jet nozzle, contribut-
ing to the delivered tidal volumes which remain small com-
pared to conventional ventilation [29]. Variables that can be 
regulated during HFJV include driving pressure, frequency, 
and inspiratory time, usually set at 20–30% of the cycle. Ven-
tilation rates span 100–400 breaths/min, tidal volumes deliv-
ered are <1 mL/kg. The mechanical effects of the use of high 
frequencies are crucial to the understanding of gas transfer 
in high-frequency ventilation. Increasing the respiratory rate 
decreases the emptying time of the lung, moderate gas trap-
ping occurs and the lung is held in a distended state. Peripheral 
airway pressures have been shown to be continuously positive 
using all high-frequency techniques with low mean and peak 
pressures maintained [30–32]. An obvious advantage when 
ventilating the open airway is that lower peak pressures are 
generated as compared to conventional ventilation optimizing 
lung recruitment with much less air leak. The use of low tidal 
volumes at high respiratory rates produces minimal move-
ment of the operative field, and interruption of ventilation is 
not required during many procedures. The slender catheters 
used minimally obstruct the surgical field.

HFJV has been studied in experimental tracheal airway dis-
ruption; the gas driving pressure and size of the jet nozzle 
were shown to be crucial. When a constant driving pressure 
was used, increased nozzle size was required to maintain gas 
exchange with increasing air leak; however, a larger nozzle 
used with a smaller air leak resulted in lung overdistension 
and systemic hypotension [33]. Clinically, increased driving 
pressure and inspiratory time can result in impedance in expi-
ratory gas flow, gas trapping, development of auto-PEEP, and 
impaired CO

2
 elimination [34].

When HFJV is used in the intensive care unit, the ventilat-
ing catheter is advanced through an orotracheal tube, however 
the optimum position of the catheter tip is the subject of con-
siderable debate [35]. During airway surgery, the ventilating 
catheter is advanced across a stenosis or surgically created 
defect; catheter position is therefore dictated by the nature of 
the procedure. The use of a HFJV via a catheter placed through 
a laryngeal mask airway (LMA) has been described for the 
resection of a high tracheal stenosis [36]. Catheters may be 
advanced through an orotracheal tube into the mid or distal 
trachea for resection of tracheal segments [37], into the dis-
tal bronchus for carinal or sleeve resection [38], and bilateral 
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bronchial catheters have been reported in carinal resection in 
a patient with limited respiratory reserve, when desaturation 
occurred during HFJV of one lung [39]. These reports empha-
size that ventilator frequency and driving pressure must be 
adjusted to the patient’s respiratory compliance and the pro-
portion of lung segments being ventilated at any time.

“Whip motion” of the distal catheter tip causing possible 
tracheal laceration and pneumothorax is a concern with all 
catheter ventilation techniques. The Hunsaker jet ventilation 
catheter (MonJet, Medtronic Xomed, Jacksonville FL) has a 
distal, collapsible basket-like support to maintain the catheter 
tip in the center of the airway and to reduce whip injuries and is 
used in some centers for airway resection [40] (see Fig. 13.8).

High-Frequency Positive Pressure Ventilation

High-frequency positive pressure ventilation (HFPPV) of 
small tidal volumes (3–5 mL/kg breaths at 60 breaths/min) 
may be delivered using a conventional ventilator of low 
internal volume and negligible internal compliance; known 
volumes and gas mixtures are delivered. External PEEP 
may be added and there is little hemodynamic derangement 
described. HFPPV can be applied via an insufflation catheter 
placed at the tip of an endotracheal tube. An injection cath-
eter with multiple side holes is recommended to both increase 
turbulence thereby reducing catheter whip and to minimize 
gas entrainment. Eriksson et al. [41] first described tracheal 
resection using HFPPV with gas delivery via a rigid bron-
choscopic during examination of the lesion, and via a 5 mm 
diameter insufflation catheter threaded into the distal trachea 
during resection and anastomosis. El-Baz et al. [42] described 
the use of HFPPV during complex tracheal reconstruc-
tion using a 2-mm insufflation catheter via a Montgomery 
T-tube. The same type of catheter inserted down the endotra-
cheal tube and across the resected airway for HFPPV during 
sleeve resection and carinal resection was further reported 
[43, 44]. Excellent surgical conditions with minimal motion 
of the field and uninterrupted access to the circumference of 
the anastomosis were described, and continuous outflow of 
gas through the open bronchus was felt to minimize soiling 

with blood. Placement of a sterile ventilation catheter in the 
distal airway across the surgical field has also been used to 
deliver HFPPV [11]. It should be noted that the use of the 
high-frequency oscillation ventilation, which is increasingly 
used in intensive care units, is not useful for airway surgery 
due to excessive movement of the airways produced by this 
modality [33].

Disadvantages of the use of high-frequency techniques 
include requirement for specialized ventilator equipment and 
technical difficulty in monitoring ventilation parameters. The 
variable positioning of ventilation catheters during airway 
surgery precludes the use of optimal sites for airway pressure 
monitoring. Peripheral airway pressures may be markedly 
different from those in the large airways due to gas trapping 
inherent to the use of high respiratory rates, short expira-
tory times, and expiratory flow limitation. Delivered breath 
volumes are nearly impossible to quantify with an open air-
way, therefore serial blood gas analysis is essential to detect 
hypoventilation. Provision for humidification of gases must 
be made for longer procedures to avoid drying of the air-
way mucosa and desiccation of secretions; this is a particular 
problem when jet techniques are used. All modes of high-
frequency ventilation require that the delivery circuits have 
minimal compliance. Review of the HFV literature is notable 
for the variation in devices used in different clinical reports. 
Many ventilators and breathing circuits are institution spe-
cific, having been built in a hospital laboratory. A description 
of operating conditions is often lacking. Many devices are in 
fact hybrids, superimposing a high-frequency mode on con-
ventional IPPV or displaying features of two forms of high-
frequency ventilation. Similarly, many catheters used for the 
delivery of high frequency and jet ventilation are either insti-
tution specific or intended for other purposes such as urethral 
catheters or airway suction catheters, for example. There is 
inherent risk in the use of high flow, high pressure gas pulses 
in the airway, even more so when delivered at rapid rates. 
Catheter position and alignment within the tracheobronchial 
tree must be known at all times and is made more difficult 
by manipulation of the airway during surgery. Free egress of 
expired gas and adequate expiratory time must be maintained 
in order to avoid inadvertent hyperinflation and lung injury. 
Whereas continuous positive airway pressure is expected 
in HFV and is beneficial in maintaining lung recruitment, 
the use of higher ventilation rates and higher volumes may 
result in occult PEEP [31]. The resulting lung hyperinflation 
can lead to impedance of venous return and hemodynamic 
compromise, particularly if the chest is closed. Barotrauma 
and volotrauma in the form of pneumothorax, pneumomedi-
astinum, and subcutaneous emphysema have been reported 
with all forms of high-frequency ventilation and with LFJV. 
The use of not only distal airway pressure monitoring, but 
automatic shutoff mechanisms to prevent further gas flow 
into the lungs in the event of high airway pressure is recom-
mended [36].

Fig. 13.8. The basket tip of the Hunsaker MonJet ventilation cath-
eter (Xomed, Jacksonville, FL). The collapsible basket is designed to 
center the catheter in the airway and to reduce catheter-whip injuries 
to the walls of the airway during jet ventilation.
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While there are reports of the adaptation of volatile agent 
vaporizers for use with high-frequency ventilation [45], this is 
unnecessary as current practice offers satisfactory total intra-
venous anesthetic regimens (see Chap. 12). The use of short 
acting volatile agent using the high flows required of HFV is 
wasteful and difficult to scavenge.

Extraordinary Ventilation Strategies

Cardiopulmonary Bypass (CPB) and Extracorporael 
Oxygenation (ECMO)

CPB without circulatory arrest was first used for resection of 
a carinal tumor in 1959 followed by reports of small series in 
both adults and children [46]. Then as now, systemic antico-
agulation required for CPB may introduce formidable prob-
lems, notably intrapulmonary hemorrhage [4]. Currently, CPB 
is considered only under specific circumstances: tracheoplasty 
of long segments in small children in whom small airway cali-
ber precludes other options [47], combined cardiac and pulmo-
nary procedures for malignant disease in adults [48], the repair 
of complex tracheobronchial injuries [49], or when tracheal 
occlusion is imminent by a lesion unlikely to be bypassed by 
tracheotomy or rigid bronchoscopy [50]. More recent reports 
of tracheal reconstruction in pediatric [51] and adult patients 
[52] using extracorporeal membrane oxygenation (ECMO) 
have emphasized that this form of lung assist is amenable to 
peripheral rather than central vascular cannulation and reduced 
levels of anticoagulation. The practice of performing particu-
larly complex tracheal reconstruction only in centers where 
extracorporeal support is available can be justified.

Spontaneous Ventilation

A departure from the use of neuromuscular relaxants and posi-
tive pressure ventilation, are case reports of a small number of 
patients allowed to breathe spontaneously throughout tracheal 
resection [53] and tracheoesophageal (TE) fistula repair [54]. 
Total intravenous anesthesia was provided with endotracheal 
oxygen insufflation. Some aspiration of blood and debris from 
the surgical field was noted. The reported patients were well 
oxygenated and stable despite moderate respiratory acidosis; 
however, it is unlikely that patients with significant limitation 
of pulmonary reserve would tolerate this approach. A pilot 
study of the feasibility of patients undergoing tracheal resection 
using cervical epidural anesthesia and remifentanil sedation 
was recently reported. The authors reported that the surgery 
was facilitated by the absence of any tube or catheters within 
the airway. They did not discuss what they would have done if 
a patient has suffered complete airway obstruction [55].

Hyperbaric Oxygenation

The use of hyperbaric oxygenation has been reported to 
supplement differential lung ventilation by conventional and 

HFV modes when these methods failed in the repair of a large 
tracheal tear [56]. Hyperbaric conditions enhance oxygen 
delivery via increased oxygen dissolved in the plasma. This 
approach requires the performance of surgery within a hyper-
baric chamber with compression of the entire surgical team 
and must be considered experimental.

Anesthesia Induction and Maintenance

Careful questioning of the patient will reveal position-dependent 
increase in airway obstruction, particularly intolerance to lying 
supine. Anesthetic induction may be performed in a sitting or 
semisitting position. Any difficulty encountered at previous 
intubation or bronchoscopy should be known to the team. All 
team members should be present. A clear, coordinated plan is 
required and ongoing communication is essential. All equip-
ment anticipated for airway management should be ready and 
confirmed to be working.

When there is little or no tracheal obstruction, the induc-
tion of anesthesia, neuromuscular relaxation and intubation 
is performed as per the anesthesiologist’s usual practice. In 
the presence of significant airway obstruction or stenosis, 
induction is followed by rigid bronchoscopy, dilation of tra-
cheal stenosis, or debridement of tumor prior to placement 
of an orotracheal tube. A variety of anesthetic strategies have 
been described including airway topicalization and awake 
intubation, inhalational induction with volatile anesthetics, 
and intravenous induction agents with and without the use of 
neuromuscular relaxants [17]. Awake intubation is of ques-
tionable value in this circumstance, in patients with high 
stenosis, endotracheal tube placement is not possible and in 
those with lower lesions, the tube must shortly be removed 
for rigid bronchoscopy after the induction of general anes-
thesia. When an inhalation induction is chosen, currently 
sevoflurane is most often used. Complete preoxygenation/de-
nitrogenation will take more than the usual time, often more 
than 5 min, due to restriction of spontaneous tidal volumes. In 
the setting of airway compromise, inhalation induction with 
a slowly increasing concentration of a volatile anesthetic in 
100% oxygen will also take increased time. Patients often 
require some ongoing continuous positive airway pressure via 
the anesthetic circuit to maintain even modest tidal volumes. 
When a deep plane of anesthesia is achieved, a local anes-
thetic (often lidocaine) is applied to the vocal cords and upper 
airway prior to instrumentation. While this approach attempts 
to maintain the ability to turn off the anesthetic and to wake 
up the patient if difficulties are encountered, it is not without 
drawbacks. The decision to attempt airway dilation without 
the use of relaxant may make placement of the rigid bron-
choscope considerably more difficult. If the patient breathes 
forcefully against a nearly obstructed airway as a very small 
bronchoscope fills the remaining lumen, the patient is put at 
risk of negative-pressure pulmonary edema. Another option 
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after inhalation induction is to use a short  acting muscle 
relaxant (such as succinylcholine) to facilitate the introduc-
tion of the bronchoscope. Intravenous induction of anesthesia 
with the use of short or intermediate acting muscle relaxant to 
facilitate rigid bronchoscopy is described in many reports and 
is particularly appropriate when prior rigid bronchoscopy has 
been uneventful. This is the approach most often used in our 
center. However, it is clear that the decision of what induction 
agent to use and when to give a muscle relaxant and control 
the patient’s ventilation must be made by the anesthesiologist 
and surgeon based on their assessment of the patient and their 
level of experience.

The sympathetic response to airway instrumentation may 
be reduced by the use of intravenous lidocaine (1–1.5 mg/kg) 
bolus prior to induction. For intravenous induction, a com-
bination of propofol and an opioid (fentanyl boluses or a 
remifentanil infusion) is frequently used. Another choice 
of induction agent is Ketamine, an N-methyl d-aspartate 
receptor antagonist that produces dissociative anesthe-
sia. Ketamine depresses ventilation less than many other 
sedative or general anesthetic drugs. It has the additional 
advantage of having bronchodilator and sympathomimetic 
effects and may contribute to the prevention of postinci-
sional pain. Dexmedetomidine is a relatively new induction 
agent which has been reported to be useful for the manage-
ment of the patient with a compromised airway [57]. After 
induction, the patient may be bag-mask ventilated until the 
introduction of the rigid bronchoscope, or a LMA may be 
placed. Once the tracheal obstruction is relieved, the tra-
chea is intubated and positive pressure ventilation insti-
tuted. A dose of an intermediate acting muscle relaxant is 
usually given and provision is made for ventilation during 
the period of open airway.

Anesthesia may be maintained with an inhalational agent 
while the trachea is intact, but during cross-field ventilation, 
where there are frequent periods where the endotracheal tube 
is out of the airway and the inhaled anesthetic is not delivered 
to the patient. Many anesthesiologists will convert to a total 
intravenous technique with propofol with an opioid, often 
a remifentanil infusion at this stage. Similarly, intravenous 
anesthesia is used when high frequency and jet ventilation 
techniques are required.

Reconstruction of the Airway

When the airway is open, the surgeon is able to manipulate 
the endotracheal tube within the trachea. During distal cross-
field ventilation, in order to easily retrieve the distal tip of the 
retracted orotracheal tube, the surgeon may affix a suture to 
the Murphy eye which remains in the surgical field and can 
be used to reposition the orotracheal tube when needed. If the 
orotracheal tube is damaged, specifically if the cuff is ruptured, 
it may be replaced if the trachea is still open. After removal 
of the connector of the new tube, the surgeon can insert the 

pilot balloon within the tube lumen and pass the tube retro-
grade up the trachea into the oropharynx where it is retrieved 
by the anesthesiologist. During airway reconstruction, the use 
of uncut endotracheal tubes is recommended, as positioning 
distal to surgical anastamoses is frequently required. When 
the airway is closed, conventional positive pressure ventila-
tion through the orotracheal tube is resumed.

When a Montgomery T-tube is left in the trachea, there are 
several ways to maintain ventilation. An inflated Fogarty cath-
eter can remain in the proximal limb while positive-pressure 
ventilation is provided by the tracheotomy limb. This can be 
facilitated by the use of a multiport airway connector of the 
type used for a bronchial blocker. The multiport adaptor is 
connected to the tracheal limb of the T-tube via an endotra-
cheal tube connector (from a 5.0 or 6.0 endotracheal tube) 
and the Fogarty catheter is placed in the proximal limb of the 
Montgomery T-tube via the side port [58]. Alternately, the 
surgeon will fit a small (usually 6.0 mm) endotracheal tube 
into the proximal limb. This press fit permits positive pressure 
ventilation via the proximal limb with the tracheotomy limb 
corked. With spontaneous ventilation reestablished, the endo-
tracheal tube is removed by steady traction while the surgeon 
maintains the position of the T-tube with a clamp.

In upper and mid-tracheal resections, the head is flexed as 
the anastomosis is created to reduce anastomotic tension. The 
guardian (“chin”) stitch is placed after skin closure, between 
the skin of the chin and the anterior chest (Fig. 13.2). Patients 
should be warned of this positioning (i.e., that their head will 
be flexed at the time of emergence) and all efforts should be 
made to maintain the flexed position during the postoperative 
period to avoid traction on the new repair.

Emergence After Airway Surgery

The resumption of sustained spontaneous ventilation is 
highly desirable. Prompt extubation is a priority after airway 
reconstruction to avoid positive pressure or endotracheal tube 
cuff trauma to the new anastomosis, which might predispose 
to dehiscence. Most patients breathe more comfortably in a 
sitting position, removing the weight of abdominal contents 
from the diaphragm and increasing the patient’s functional 
lung capacity. The oropharynx is thoroughly suctioned, neu-
romuscular blockade is fully reversed, and the patient is extu-
bated when awake, able to maintain patency of their upper 
airway and to mobilize secretions. A propofol infusion for the 
final stages of the procedure is useful, which permits rapid 
emergence to a wakeful state without agitation in most cases. 
It is important to avoid abrupt neck extension with pos-
sible traction injury to the anastomosis. The patient should 
be warned in advance of the need to maintain head flexion 
and the presence of the guardian stitch. Alternatively, the tra-
chea may be extubated while the patient is still anesthetized, 
breathing spontaneously, and a laryngeal mask placed. This 
permits fiberoptic bronchoscopy and assessment of both the 
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anastomosis and vocal cord function. Emergence with the 
laryngeal mask in place provokes minimal airway irritation 
and coughing, the patient will often atraumatically remove 
the device themselves. A drawback of this approach is that 
the laryngeal mask is not always easily seated in the supra-
glottis, this technique is best reserved for patients who were 
easy to bag-mask ventilate.

Maintenance of normothermia is important, shivering 
increases oxygen consumption, which is particularly problem-
atic if the patient’s airway is compromised. Humidification of 
inhaled gases minimizes the inspissated airway secretions.

Reintubation after tracheal reconstruction may be difficult. 
After subglottic resection the patient’s neck may be positioned 
in extreme flexion, the airway may be edematous and bloody, 
and there is potential for mechanical injury to the new anas-
tomosis. If required, endotracheal tube repositioning is best 
accomplished under direct vision with a fiberoptic broncho-
scope. When an airway stent is left in place, the trachea should 
not be blindly intubated from above. Telescoping of a small 
endotracheal tube into the stent may be possible using a bron-
choscope. This technique should be applied with great care 
when a self-expanding metal stent has been placed for airway 
stenosis; the stents require several hours to completely expand. 
Insertion of an endotracheal tube may distort or dislodge the 
stent, especially if the balloon cuff becomes snagged. An LMA 
may be positioned above the stented airway, particularly if a 
short period of ventilatory assistance is required or to facilitate 
emergence from anesthesia. The airway with a Montgomery 
T-tube can be ventilated in several ways. The side arm protrud-
ing via a tracheal stoma will accommodate an endotracheal tube 
connector (from a 5.0 to 6.0-mm ETT), permitting connection 
to standard ventilation circuits. If positive pressure is required, 
the open upper limb must be obstructed to prevent loss of venti-
lating gas. The patient’s mouth and nose may be manually held 
shut, packing may be placed in the pharynx, or an embolectomy 
catheter (Fogarty #14) may be directed into the upper limb via 
the side arm of the stent and the balloon inflated [59]. LFJV 
may also be initiated via the side arm [60].

Immediate Postoperative Complications 
Specific to Airway Surgery

In all surgical patients, residual anesthetics, analgesics, and 
neuromuscular blockade may contribute to hypoventilation, 
atelectasis, and poor mobilization of secretions, leading to 
postoperative respiratory compromise. Additional pulmonary 
complications may be a direct result of surgery to the airway. 
Airway obstruction should be suspected if the patient is in 
respiratory distress particularly if stridor is evident. Prior to 
emergence the tracheobronchial tree should be examined and 
any residual blood in the airway should be carefully removed; 
despite this, bleeding may be ongoing, or old clot may be 
mobilized from the lung periphery. Airway caliber may be 
further compromised by edema. Diuresis and corticosteroids 

are used empirically; however, controlled studies of their 
use in airway surgery are entirely lacking. Dexamethasone 
is frequently chosen for its long duration of action, however 
several hours may be required after dosing (4–10 mg intra-
venously) for edema to subside. For many years, nebulized 
racemic epinephrine has been recommended for treatment of 
postintubation edema. The racemic form, which is an equal 
mixture of the dextro- and levo-isomers of epinephrine, is 
increasingly unavailable. The more commonly available 1% 
levo-epinephrine is proposed to be equally effective [61]. 
In our institution, 5 mL of 1:1,000 epinephrine is adminis-
tered by nebulizer unless limited by tachycardia. Helium and 
oxygen mixtures provided by a nonrebreathing facemask 
may permit increased ventilation in patients with narrowed 
conducting airways and are useful as a supportive measure 
while definitive therapy is pursued. Breathing with airway 
obstruction may be viewed as breathing through an orifice, 
which creates turbulent flow. Under turbulent conditions, 
gas flow resistance varies inversely with density to the fifth 
power. The low density of helium permits a 1.5-fold increase 
in relative flow of the commercially available Heliox (70% 
helium/30% oxygen) over air and oxygen mixtures [62]. The 
high helium fraction required to significantly reduce the work 
of breathing precludes high delivered oxygen concentrations 
which may be undesirable if the patient has a low oxygen 
saturation. When airway compromise is refractory to medical 
therapy, reintubation may be required.

Pulmonary parenchymal injury may occur. In a review of 
cases of pulmonary edema associated with airway obstruc-
tion after surgery, more than 20% of cases were in adults being 
treated for airway tumor [63]. Spontaneous inspiratory efforts 
against an obstructed upper airway result in marked negative 
intrapleural and transpulmonary pressures, causing edema for-
mation, usually within minutes. Laryngospasm is a frequent pre-
cursor. Bronchoscopic findings include pink frothy secretions 
and punctate hemorrhagic lesions throughout tracheobronchial 
tree [64]. Treatment is supportive and includes reestablishment 
of airway patency, oxygen supplementation, and diuresis; 85% 
of patients require reintubation, usually of short duration.

Pulmonary aspiration of acidic stomach contents is a par-
ticular concern during and after airway surgery where the 
trachea is not consistently protected by an endotracheal tube. 
Aspiration may occur at the time of airway manipulation, or 
after completion of the airway procedure. Patients with newly 
placed T-tubes may occur have difficulty closing their glottis. 
Laryngeal dysfunction can occur after suprahyoid release but 
is less common than after previously used thyrohyoid release 
procedures [65]. Swallowing dysfunction usually improves 
after a few days. Recurrent laryngeal nerve paralysis is pos-
sible after tracheal surgery. Chemoprophylaxis with antacids, 
H

2
 blockers, and gastric prepulsants remains unproven in the 

prevention of the secondary lung injury of acid aspiration. 
Once aspiration has occurred, treatment is supportive; bron-
choscopy for removal of particulate matter, and ventilation 
with positive end-expiratory pressure if indicated.
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Tracheal Procedures with Specific  
Considerations

Two clinical scenarios present the challenge of a preexisting 
defect in the trachea prior to the induction of anesthesia: trau-
matic injury to the airway and TE fistula.

Airway Trauma

Iatrogenic airway injury may occur during airway instrumen-
tation, most often the posterior membranous portion of the 
trachea. This may occur during intubation with a single lumen 
endotracheal tube or advancement of a bougie, bronchoscope, 
or other inflexible device. Injury during placement of a dou-
ble-lumen tube is most frequently located in the membranous 
(posterior) trachea near the carina. If not noted intraopera-
tively, most injuries becoming apparent immediately after 
extubation. While small tears may be managed conservatively, 
urgent repair is required when significant clinical manifesta-
tions occur such as hemoptysis, dyspnea, or pneumomediasti-
num, or if bronchoscopic examination reveals gaping of the 
edges of the tear during respiration. Repair of injuries in the 
upper trachea may be possible via an extended cervicotomy, 
whereas thoracotomy is required for tears that extend lower 
in the airway [66]. Preoperative assessment is limited by the 
urgency of the procedure. Pulmonary function testing with 
spirometry is contraindicated as positive airway pressure will 
increase subcutaneous emphysema. Intubation of the patient 
for surgery is best accomplished under bronchoscopic guid-
ance while the patient is breathing spontaneously, either awake 
with upper airway topicalization or after inhalation induction, 
until the lesion is bypassed. When a transtracheal approach is 
used the surgeon will make an anterior tracheotomy and pass 
a small endotracheal tube distally to be used intermittently for 
ventilation. The repair is performed during periods of apnea 
when the cross-field tube is withdrawn. Repairs via thoraco-
tomy may be managed with a small diameter single-lumen 
endobronchial tube guided under direct vision to the side con-
tralateral to the tear. A double lumen tube may be used but has 
a larger diameter which may make placement more difficult 
and may impede the surgical repair.

Injury to the conducting airways may be a result of blunt 
or penetrating trauma, often other injuries are present. Respi-
ratory distress and subcutaneous emphysema are the most 
common physical findings [67]. Approximately, 6% of pen-
etrating neck injuries involve tracheal trauma as compared to 
less than 1% of patients with penetrating chest injuries. Most 
patients with blunt trauma severe enough to cause a tracheal 
tear do not survive long enough to present to hospital. But 
in those who do, cervical spine injury is common and must 
be  considered when securing the airway. The disruption of 
the trachea is most likely to occur within 2 cm of the carina. 
Airway control beyond the injury is required and intubation 
with the aid of fiberoptic bronchoscopy in the spontaneously 

ventilating awake patient is recommended both to inspect 
the injury to secure ventilation. When lower airway injury 
is identified endobronchial intubation of side contralateral 
to the injury may be desirable. Trauma cases are particularly 
fraught with technical difficulties, patient agitation, and com-
peting medical concerns. If the initial plan for securing the 
airway fails, an alternate plan should be identified. A surgical 
tracheostomy is useful in injuries of the cervical trachea. But 
if the tear is intrathoracic, tracheostomy is of no benefit. CPB 
via femoral cannulae has been described to provide lifesaving 
oxygenation and ventilation in such scenarios, but this is cer-
tainly not available in all trauma centers and has the signifi-
cant drawback of the requirement for full anticoagulation of a 
polytrauma patient [68].

Tracheoesophageal (TE) Fistula

Congenital TE fistula is recognized in the neonatal period. 
Adults may acquire such a lesion from trauma, neoplasia, or 
radiotherapy. In cases of TE fistula, contamination of the air-
way with gastric contents and preexisting pulmonary injury 
likely will have occurred, resulting in preoperative pneumoni-
tis. Positive pressure ventilation is avoided prior to secur-
ing the airway as gastric insufflation may result in increased 
intrathoracic pressure, difficult ventilation, and impaired 
venous return [69]. Placement of an endotracheal tube beyond 
the fistula while maintaining spontaneous ventilation is rec-
ommended. A novel variation of this strategy was described in 
an adult who presented for resection of a large carinal TE fis-
tula. To independently isolate each lung, two 5.0 mm micro-
laryngoscopy endotracheal tubes were place sequentially in 
each bronchus following inhalation induction of anesthesia 
using sevoflurane. Conventional IPPV was then initiated [70] 
(see Chap. 17, Fig. 17.10b)

Pediatrics

Congenital tracheal stenosis in infants and children typically 
occur in the presence of complete tracheal rings and may 
involve significant lengths of the trachea. Not infrequently 
these lesions are associated with cardiovascular anomalies 
which also require repair, most often a pulmonary artery sling. 
Surgical reconstruction of long-segment tracheal stenoses has 
been described with a number of techniques including simple 
resection, incision, and patching with pericardium, rib cartilage 
or tracheal autograft, and slide tracheoplasty all performed via 
median sternotomy [71]. Slide tracheoplasty is performed by 
dividing the stenotic trachea at midpoint, incising the proximal 
and distal narrowed segments vertically on opposite anterior 
and posterior surfaces and sliding these together. The advan-
tage of this approach is that only fully vascularized, cartilage 
supported tissue is used which permits early extubation of 
many patients. There remains some debate among surgeons 
which procedure should be performed, whether CPB is always 
required when only airway reconstruction is performed, and if 
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cardiovascular repair is required, should the procedures be 
staged or performed as a single operation. These surgeries 
are performed in highly specialized centers, and early  referral 
is recommended to avoid complications associated with 
lengthy preoperative periods of mechanical ventilation (see 
also Chap. 39).

Management of the Patient with a T-Tube

A T-tube may be placed for a finite period of time to allow an 
upper airway prone to malacia or scarring to heal and stabi-
lize, or in some cases becomes essentially permanent airway 
support. Patients with T-tubes may require airway examina-
tion, replacement, or adjustment of their T-tube or surgery 
unrelated to their airway. They present a significant challenge 
to the anesthesiologist. When a patient with a T-tube in situ 
requires a general anesthetic, the risk of aspiration should be 
considered. If the procedure is elective the upper airway can 
be controlled by a LMA either with spontaneous or controlled 
ventilation, with the external tracheostomy limb capped. 
Alternatively, the use of a well-seated laryngeal mask which 
was then capped to block the escape of from the proximal tra-
cheal limb, while ventilating the patient via the tracheostomy 
limb has been described [72]. Other methods of ventilation 
through the T-tube offer only partial airway protection from 
aspiration such as the placement of a Fogarty catheter through 
the tracheotomy limb into the proximal limb to block egress 
of gas into the upper airway, with simultaneous ventilation 
through the tracheotomy limb. Awake fiberoptic telescoping 
of a small endotracheal tube into the proximal tracheal limb 
of the T-tube has been described, but aspiration around the 
T-tube is still possible. In a full stomach situation, there is 
a report of awake fiberoptic placement of a 5-mm microlar-
yngoscopy tube completely through the trachea proximal and 
distal limbs of the T-tube then inflating the cuff in the distal 
trachea [73]. Adult T-tube sizes vary from 8 to 16 mm external 
diameter. This approach may only be possible with the larger 
sizes. Finally, the T-tube can be removed, ideally with the help 
of the patient’s surgeon, and replaced by a tracheotomy tube. 
If the tracheotomy is left for any length of time, the patient 
could suffer a recurrence of their airway compromise. They 
would also need another general anesthetic for replacement 
of the T-Tube.

Clinical Case Discussion

A 30-year-old-male is scheduled to have a thoraco-lumbar 
laminectomy in the prone position for a burst fracture of L1. 
The patient is obese (height. 170 cm, weight 93 kg, BMI 32). 
The patient’s past history is significant for a head injury in a 
motor vehicle accident at age 15 with prolonged (3 weeks) 
intubation and ventilation and full neurological recovery. The 
patient subsequently had multiple general anesthetics for rigid 

and flexible bronchoscopy for tracheal stenosis and a tracheal 
resection at age 17. He had no problems with anesthesia and 
has had no medical follow-up since that surgery. Other history 
is unremarkable.

The patient describes limitation of routine activities; he can 
only climb one flight of stairs without stopping to rest, and 
two-pillow orthopnea, which he attributes to his obesity. On 
physical examination, he has inspiratory and expiratory stri-
dor at rest. There are no other significant findings on physical 
examination. He does not appear to be a difficult intubation.

Question

Apart from routine laboratory examinations, what specific 
preoperative investigations should be requested?

Answer

The source of the patient’s dyspnea needs to be identified and 
managed if possible. The patient should have a chest X-ray, 
CT scan of his trachea, pulmonary function tests, arterial 
blood gases, ECG, and transthoracic echocardiography.

ECG, echocardiogram, and blood gases are normal. Pul-
monary function tests reveal a severe limitation of peak expi-
ratory and inspiratory flows (FEV1 = 50% predicted) with a 
normal DLCO and no response to bronchodilators. CT scan 
shows a mid-tracheal stenosis with a length of 3 cm and the 
narrowest cross-section area measures 5 × 15 mm (the CT 
image is similar to Fig. 17.3).

Question

What the optimal anesthetic management for the prone 
laminectomy?

Answer

A thoracic surgeon was consulted and agreed that a rigid bron-
choscopy and tracheal dilation was indicted for this patient 
and this could be performed during the same anesthetic.

After placement of routine monitors and a radial arterial 
line, anesthesia was induced with propofol and the ability to 
bag-mask ventilate the patient was confirmed with the tho-
racic surgeon present and prepared for rigid bronchoscopy. 
Remifentanil and succinylcholine were then administered and 
direct laryngoscopy was performed and the vocal cords and 
upper trachea sprayed with 3 mL of 4% lidocaine. Anesthesia 
was then maintained with propofol and remifentanil infusions 
and rocuronium boluses. The thoracic surgeon performed a 
rigid bronchoscopy, initially with a 4-mm diameter broncho-
scope, and the patient’s trachea was serially dilated until a 
9-mm rigid bronchoscope could be passed. Ventilation was 
maintained with LFJV during the bronchoscopy. Then the 
patient was intubated with a 7-mm armored ETTube during 
direct laryngoscopy and the position of the distal ETT tip 
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beyond the stenosis and above the carina confirmed with flex-
ible fiberoptic bronchoscopy (FOB).

The patient was then positioned prone for the laminectomy 
and the position of the ETT reconfirmed with FOB. Anes-
thesia was maintained with sevoflurane, and boluses of fen-
tanyl and rocuronium. Dexamethasone was administered to 
decrease airway edema.

Question

At the end of the 4 h laminectomy, how should the patient’s 
airway be managed?

Answer

The patient was returned the supine position with his head 
elevated 30°. Neuromuscular blockade was reversed and the 
patient allowed to resume spontaneous ventilation with 2 MAC 
sevoflurane. The ETT was then removed and replaced with 
a LMA. FOB via the LMA revealed minor tracheal mucosal 
trauma at the site of dilation but the airway caliber was main-
tained without tracheomalacia. The sevoflurane was then dis-
continued and the LMA removed in the operating room after 
the patient became responsive.

Question

What are the major anesthetic options in this case?

Answer

1. Regional anesthesia (e.g., spinal) is an option but the dura-
tion of surgery makes it a questionable choice in this case 
and the problems of managing the anesthetic in the prone 
position if the block wore off are considerable.

2. The use of an LMA for controlled ventilation for the entire 
procedure has been described for a similar case [74]. How-
ever, this does not address the underlying problem of the tra-
cheal stenosis and a prolonged general anesthetic in the prone 
position without a secure airway is not the best option.
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Anesthesia for Patients with Mediastinal Masses
Chih Min Ku

Key Points

Patients with anterior mediastinal masses can develop 
major airway and cardiovascular compression under gen-
eral anesthesia, which can be fatal.
Patients who are symptomatic or have significant compres-
sion of these vital structures on CT scans are likely at high 
risk.
Where possible, diagnostic procedures should be under-
taken under local anesthesia.
Understanding the relation of the mediastinal mass to 
vital cardiorespiratory structures, careful preoperative 
assessment of the patient, discussion with the surgeon, 
meticulous planning, and preparation for possible peri-
operative complications related to compression of the 
major airways and vascular structures are key to success-
ful management.
Useful strategies to consider include awake fiberoptic intu-
bation, maintenance of spontaneous ventilation, avoidance 
of muscle relaxants, intubation distal to the airway com-
pression, positioning changes, immediate availability of 
rigid bronchoscopy, and elective cardiopulmonary bypass 
in extreme cases.

A careful anesthetic plan that is not irreversible is likely to 
result in a good outcome.

Introduction

Mediastinal masses are an uncommon entity. They constitute 
a heterogeneous group of benign and malignant tumors. The 
anesthesiologist may provide perioperative care to patients 
undergoing diagnostic and therapeutic procedures. They can 
present formidable challenges as mediastinal masses, espe-
cially those located in the anterior mediastinum, can cause 
perioperative morbidity and mortality by causing major air-
way and vascular compression, which may be exacerbated 
under general anesthesia. There are numerous case reports of 
fatal or near fatal complications associated with anesthesia for 
patients with anterior mediastinal masses [1–5]. Understand-
ing the nature of the mediastinal mass in relation to vital struc-
tures, its pathophysiology, careful preoperative assessment of 
the patient, discussion with the surgeon, and being prepared 
for management of cardiorespiratory complications related to 
compression of the trachea and vascular structures are key to 
successful management.
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Anatomy and Pathology

The mediastinum can be divided into four compartments: supe-
rior, anterior, middle, and posterior (Fig. 14.1). The mediasti-
num is bound by the thoracic inlet superiorly, the diaphragm 
inferiorly, mediastinal pleura laterally, sternum anteriorly, and 
the vertebral column posteriorly. The superior mediastinum 
extends from the thoracic inlet to a plane extending from the 
sternomanubrial junction to the inferior aspect of the fourth 
thoracic vertebra. The anterior mediastinum is bound anteri-
orly by the sternum and posteriorly by the pericardium. The 
middle compartment is bound anteriorly and posteriorly by 
the pericardium. The posterior mediastinum extends from the 
posterior pericardium to the anterior longitudinal ligament 
[6]. Some authors divide the mediastinum into three compart-
ments [7, 8]. Table 14.1 shows the typical masses in the vari-
ous mediastinal compartments [6, 8]. Most masses are located 
in the anterior mediastinum. In adults, the common patholo-
gies include thymoma, lymphoma, and germ cell tumor. In the 
pediatric population, lymphoma, PNET, and neuroblastoma 
are more common [9].

Anterior mediastinal masses are more likely to cause 
severe cardiorespiratory problems due to their proximity and 
relation to the major airway and cardiovascular structures. 
Any compressive effects can be exacerbated under general 
anesthesia.

Clinical Presentation

Tracheobronchial obstruction, superior vena cava syndrome, 
right heart and pulmonary vascular compression, and sys-
temic syndromes, e.g., myasthenia gravis and thyroid disease 
are some of the common presentations of mediastinal masses 
[10]. The patient can also be asymptomatic.

Patients with tracheobronchial obstruction may complain 
of dyspnea, noisy breathing, nonspecific cough, and chest 
discomfort. These symptoms may be worse in certain posi-
tions, especially the supine position. They may find lying 
in certain positions more uncomfortable. Signs may include 
tachypnea, stridor, rhonchi, and decreased breath sounds, 
which may also be positional in nature. Physical examina-
tion is usually unremarkable. The severity of a patient’s 
respiratory symptoms may not correlate with the degree of 
airway obstruction. Patients with severe respiratory symp-
toms may have significant decreases in tracheal cross-sec-
tional area [11]. However, asymptomatic pediatric patients 
have developed airway obstruction during anesthesia [12–
14]. Children may present with symptoms of airway obstruc-
tion earlier than adults because they have a smaller tracheal 
diameter and small decreases in tracheal diameter result in 
large decreases in cross-sectional area and increases in air-
way resistance [10].

Superior vena cava syndrome, due to obstruction of venous 
drainage in the upper thorax, may present as dyspnea, CNS 
symptoms like headache, visual disturbance, altered menta-
tion, dilated collateral veins in the upper body and edema of 
the face, neck, and arms. Right heart and pulmonary vascular 
compression can present as dyspnea, syncope during a forced 
Valsalva maneuver [15], arrhythmias, and cardiac murmur. 
Symptoms may mimic those of tracheobronchial obstruction. 
Hence it is important to look for the relation of the mass to the 
tracheobronchial tree, right heart, and pulmonary vasculature 
in the radiology scans.

Fig. 14.1. Anatomic location of the four compartments of the medi-
astinum (reprinted from Warren [6] with permission).

Table 14.1. Masses in the mediastinal compartments.

Superior Retrosternal thyroid
Thymoma

Anterior Thymoma
Lymphoma
Germ cell tumor
Thymic cyst
Parathyroid adenoma

Middle Bronchogenic cyst
Cardiac/vascular structure
Benign adenopathy
Lymphoma
Metastases

Posterior Esophageal mass
Hiatal hernia
Neurogenic tumor
Spine lesions
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Preoperative Evaluation

The most important aim of preoperative investigation is to 
identify the size, the relations of the mediastinal mass to the 
tracheobronchial tree and vital vascular structures, and the 
location and extent of any compressive effects.

This is best done by radiological studies, mainly chest 
radiographs and CT scans. CT scans of the thorax provide 
accurate assessment of the tumor, its nature, size, extent, 
location, relations to the tracheobronchial tree and major 
cardiovascular structures, and airway diameters [16]. 
They are most useful for determining the precise level and 
extent of tracheobronchial or cardiovascular compression, 
and this information is essential for formulating the anes-
thetic plan.

MR imaging is not used routinely. However, it is useful in 
the diagnosis of neurogenic and vascular lesions, especially 
when the use of contrast material is contraindicated.

Transthoracic echocardiography can be considered if there 
is any suspicion of compression or invasion of cardiovascular 
structures [1], or if a significant pericardial effusion is identi-
fied on the CT scan.

Lung function tests and flow volume loops have been 
used, but their value in the assessment of mediastinal tumors 
is doubtful. Flow volume loops have been recommended in 
preoperative evaluation [17]. However, despite their pur-
ported ability to quantify the degree of impairment and dif-
ferentiate extrathoracic from intrathoracic obstruction [18, 19], 
studies have shown that they correlate poorly with the degree 
of airway obstruction [20] and do not alter the anesthetic 
technique [21].

Surgical Approaches

Surgical procedures may be diagnostic or therapeutic. Diag-
nostic procedures are for the procurement of tissue for 
biopsy, in order to establish a histological diagnosis and 
guide treatment. Percutaneous CT-guided needle biopsy, 
done under local anesthesia, is a safe and cost-effective way 
of obtaining adequate tissue for histological diagnosis [22]. 
Other diagnostic procedures that can be done under LA 
include biopsy of an extrathoracic mass, anterior mediasti-
notomy [23], anterior mediastinoscopy [24], and endobron-
chial ultrasound-guided transbronchial needle aspiration. 
Most mediastinal masses require surgical resection. This can 
be done safely even if they have invaded surrounding struc-
tures [25]. Chemotherapy or radiotherapy may be used for 
Hodgkin lymphomas. The main surgical approaches include 
sternotomy, thoracotomy, cervical mediastinoscopy, anterior 
mediastinoscopy, and video-assisted thoracoscopic surgery. 
Occasionally, the patient may present for a surgery unrelated 
to the mediastinal mass [23]. Patients with undiagnosed 
mediastinal masses undergoing unrelated surgery present 
extra challenges [26].

Preoperative Treatment

Patients with mediastinal masses causing significant respiratory 
or cardiovascular compression are at high risk of cardiopul-
monary collapse under general anesthesia. They may benefit 
from preoperative treatment of the mediastinal mass with ste-
roids, chemotherapy, or radiotherapy, in order to shrink the 
tumor and alleviate the obstruction [11, 27–30]. Preoperative 
radiation therapy due to severe clinical or radiological find-
ings has been associated with a decrease in postoperative 
respiratory complications [31]. However, tumor shrinkage 
can affect the accuracy of a histological diagnosis and cause 
diagnostic confusion. There is considerable controversy over 
the role of pretreatment. It has been reported that tissue diag-
nosis was not affected if biopsies were taken within 72 h of 
starting treatment [28]. Hack et al. found that a clear diagno-
sis was made in 95% of children considered high risk who 
were given steroids prior to diagnosis [29]. Ferrari et al. 
believe that pretreatment affects accuracy of histological 
diagnosis and prefer to acquire a tissue diagnosis before start-
ing treatment. In their series, which included high-risk 
patients, 9 of the 44 pediatric patients who required general 
anesthesia were symptomatic preoperatively. No pretreatment 
was given before general anesthesia. There was no periopera-
tive death or permanent injury, despite the occurrence of 
perioperative cardiorespiratory compromise, which was suc-
cessfully managed [32]. The risk of intraoperative cardiopul-
monary collapse during a diagnostic procedure, where general 
anesthesia is necessary, must be weighed carefully against the 
risk of diagnostic inaccuracy of preoperative treatment, in 
patients with large anterior mediastinal masses causing con-
siderable cardiopulmonary compromise.

Anesthetic Management

Options include local anesthesia or general anesthesia, 
depending on the nature of the surgery. Discussion with the 
surgeon regarding the type of tumor, presence and degree of 
tracheobronchial and cardiovascular compression, the surgi-
cal approach, type of anesthesia, and other options, is para-
mount.

Biopsy under local anesthesia is ideal for large anterior 
mediastinal masses, especially if the patient is symptom-
atic [11]. This may be difficult in children. Pretreatment of 
large tumors can be considered, bearing in mind the possible 
adverse effects of pretreatment on the accuracy of histological 
diagnosis.

The dangers of general anesthesia in patients with medi-
astinal masses have been emphasized by many authors [33–36]. 
Postulated reasons for the dangers of general anesthesia 
include the fact that lung volume is reduced under general 
anesthesia and relaxation of bronchial smooth muscle leads to 
greater compressibility of the airway from the overlying mass. 
Muscle relaxant-induced paralysis of the diaphragm reduces 
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the normal transpleural pressure gradient which dilates the 
airway. This decreases the caliber of the airways and enhances 
the effect of extrinsic compression [1].

For procedures under general anesthesia, standard monitors 
and good intravascular access are routine. Invasive monitor-
ing of blood pressure is preferably established preinduction, 
in view of possible hemodynamic instability. The necessity of 
insertion of central venous catheter and the use of transesoph-
ageal echocardiography depend on the patient’s comorbidities 
and nature of the mediastinal mass.

Induction and Intubation

In patients with tracheobronchial obstruction undergoing 
GA, the technique of induction and intubation depends on 
the site and extent of tracheobronchial obstruction. This 
can include awake fiberoptic intubation [37–39], inhala-
tional induction [12, 32], and routine intravenous induction. 
Awake fiberoptic intubation allows assessment of the level 
and degree of tracheobronchial compression [37–39]. The 
least obstructed bronchus can also be identified [38] to per-
mit planning of subsequent rescue procedures which may 
be necessary later. Awake fiberoptic intubation is likely the 
safest technique of airway management because the patient 
is breathing spontaneously without any of the deleterious 
effects of general anesthesia. It is the most reversible tech-
nique, can be aborted at any point, and can be done in pediat-
ric patients as well [37]. If CT scans suggest intubation distal 
to the obstruction is possible, awake fiberoptic intubation 
is probably the safest technique in patients who are symp-
tomatic from large anterior mediastinal masses causing sig-
nificant or distal tracheobronchial obstruction. Inhalational 
induction, if contemplated, should be used judiciously, as a 
partially obstructed respiration can generate large negative 
pressures which can further collapse a compressed trachea. 
An inhalational induction can actually precipitate airway 
obstruction [37]. Aborting a semi-obstructed inhalation 
induction midcourse is potentially difficult and hazardous. 
The likelihood of supraglottic upper airway obstruction, 
which may further compound the problem, should be care-
fully assessed before embarking on this technique. It may 
also have limitations in the obese patient. If a patient has 
no clinical or radiological evidence of airway or cardiovas-
cular compression from a small mediastinal mass, a rou-
tine intravenous induction with or without ketamine can be 
performed carefully. Extra care must be taken in children 
because asymptomatic or minimally symptomatic children 
have experienced severe complications during anesthesia 
[12–14, 27, 40].

Maintenance of spontaneous ventilation and avoidance of 
paralysis are advocated to avoid complete airway obstruction 
by preserving normal transpulmonary pressure and maintain-
ing airway patency [30, 41]. If paralysis is used, muscle relax-
ants with short duration should be given only when a definite 
airway and the ability to ventilate are certain. Problems with 

ventilation have often been encountered after paralysis [1, 38] 
despite the apparent prior ability to control ventilation [1].

If intubation is planned, the anesthesiologist aims to 
intubate distal to the level of tracheobronchial obstruction, 
which may occasionally entail endobronchial intubation 
[12]. Endotracheal tubes long enough to intubate a mainstem 
bronchus if necessary [37, 42], endobronchial tubes, and 
microlaryngeal tubes [12] should be immediately available. 
Occasionally, when intubation distal to the tracheobronchial 
obstruction is not possible, other measures which may be 
useful include distal jet ventilation catheter via a proximally 
intubated trachea and rigid bronchoscopy [1, 42]. Rigid 
bronchoscopy, which should always be on standby with a 
skilled surgeon, allows assessment of the most patent airway, 
provides a conduit for jet ventilation, and stenting of the air-
way, if feasible. The futility of controlling ventilation of a 
patient with distal tracheobronchial obstruction through a 
proximal airway has been described [1]. Occasionally, intu-
bation can precipitate or exacerbate obstruction, which may 
be relieved by the return of spontaneous respiration [13, 43]. 
The maintenance of spontaneous ventilation if one is uncer-
tain of the ability to intubate distal to the obstruction cannot 
be overemphasized.

Positioning changes may be necessary to alleviate airway 
obstruction after induction. Lateral, semierect, or prone posi-
tioning may be used [13, 44]. Occasionally, patients may 
require induction in a semierect or full sitting position [32]. 
Information regarding the patient’s most comfortable breath-
ing position will prove useful. Sufficient help in turning 
patients emergently should be immediately available.

Other techniques reported to manage airway obstruction 
include the use of direct laryngoscopy with the endotracheal 
tube in situ [14], percutaneous needle aspiration of the mass 
under LA preinduction [45], and bronchoscopic intubation 
with the aid of a laryngeal mask airway and intubation cath-
eter [46].

In cases of severe respiratory or hemodynamic compromise 
after induction not responding to ventilation attempts including 
rigid bronchoscopy or positional changes, the surgeon may 
have to proceed quickly to an emergent sternotomy to lift the 
anterior mediastinal mass to alleviate its compressive effects. 
Severe hypoxia refractory to treatment with oxygen and venti-
lation may indicate cardiac compression from the mediastinal 
mass [47].

Ventilation

Ventilation after intubation depends on whether intubation is 
distal to the tracheobronchial obstruction. If that is certain, 
one can gradually take over the ventilation manually, and 
if this is well tolerated, positive pressure ventilation with 
or without short-acting muscle relaxants can be employed.  
If there is doubt about certainty of distal intubation or ability 
to ventilate, maintenance of spontaneous ventilation [30, 32] 
seems reasonable, with occasional assisted ventilation.
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Other Issues

Specific issues pertaining to SVC obstruction include the 
possibility of excessive bleeding, the certainty of drug deliv-
ery to the effector site, and the possibility of airway swelling 
and stridor during emergence and after surgery. Large bore 
IV access established in the lower limbs [32], including pos-
sible central venous catheter in the femoral vein, immediate 
availability of blood, and postoperative ventilation may be 
necessary, especially if surgery is prolonged. Occasionally, 
the surgeons may need to clamp or resect the SVC.

Specific considerations for patients with myasthenia gravis 
will be dealt with in Chap. 15.

Cardiopulmonary bypass can be considered in situations 
when the ability to ventilate is unlikely or uncertain after 
induction, e.g., if the tumor compresses the distal third of the 
trachea, both mainstem bronchi or the carina. It can also be 
used when there is extensive tumor compression of the right 
heart or pulmonary artery, with significant risk of hemody-
namic collapse after induction. Cardiopulmonary bypass, 
if planned, should always be established electively before 
induction [48, 49], as its use in an emergent rescue situa-
tion is unlikely to result in a favorable outcome [50]. Even 
a planned preinduction cardiopulmonary bypass can be dif-
ficult to execute [51]. It therefore requires advance planning 
and discussion with the surgical and perfusion teams. Soon 
et al. described in their case report the preinduction establish-
ment of peripheral cardiopulmonary bypass for resection of a 
large thymoma causing severe tracheobronchial and superior 
vena cava compression. They instituted peripheral venoarte-
rial bypass under local anesthesia with light sedation, with the 
arterial inflow via the common femoral artery, and the venous 
cannula directed up the femoral vein to the right atrium. After 
the establishment of cardiopulmonary bypass, the patient 
underwent inhalational induction and was intubated without 
relaxant. Only after decompression of the cystic tumor, when 
mechanical ventilation was certain, was the patient weaned 
from bypass [49].

Emergence and Recovery

Emergence and recovery may be complicated by airway 
obstruction, especially in diagnostic surgeries when the anterior 
mediastinal mass is not removed [1]. There is also risk of glot-
tic edema and post-op stridor, in patients with SVC obstruction 
and prolonged surgeries. Complications involving the airway 
may be more common upon emergence and in the recovery 
period [52]. Extubation of the airway should only be done if 
the patient is completely awake and obeying commands, with 
full recovery of muscle strength. The use of short-acting anes-
thetic agents, narcotics, and muscle relaxants may be advanta-
geous. Even with apparently successful extubation, the patient 
should be carefully monitored in the postanesthetic care unit, 
with the anesthesiologist prepared to emergently reintubate the 
patient, because any deterioration may be rapid.

Complications and Risk Factors

Complete airway obstruction and cardiovascular collapse are 
the most-feared complications that can occur during general 
anesthesia in patients with mediastinal masses [2, 3, 53]. Exac-
erbation of the compressive effects on the major airways 
[27, 43, 53] and cardiovascular structures (heart, pulmonary 
artery, superior vena cava) [53, 54] can result in profound 
hypoxemia and hypotension. They can occur unexpectedly at 
any time during anesthesia including preinduction, induction, 
positioning, surgery, emergence and extubation, or postopera-
tively in the PACU [1–3, 11, 27, 37, 43, 51]. The incidence 
of complications has been reported to be between 7 and 20%, 
mainly in the pediatric population [11, 27, 32, 55]. Bechard 
et al., in their adult series, reported the incidence of intraop-
erative cardiorespiratory and postoperative respiratory com-
plications as 3.8 and 10.5%, respectively. The incidence of 
intraoperative airway obstruction was 0% in their series [52].

Various authors have attempted to identify risk factors 
predictive of perioperative cardiorespiratory complications. 
Studies were mainly performed in pediatric populations  
[11, 55–57]. In children, the anterior mediastinal masses asso-
ciated with anesthetic problems are rapidly growing hemato-
logical malignancies [58]. King et al. proposed that respiratory 
symptoms were accurate indicators of significance of airway 
compression and risk of general anesthesia [55]. Hack et al. 
reported a poor correlation between clinical signs and size of 
tumor or tracheal compression on CT scan. They found stri-
dor to be the only sign that predicted an anesthetic complica-
tion. Respiratory complications were found in patients with 
tracheal cross-sectional area less than 30% normal or less 
than 70% and associated with bronchial compression [29]. 
Azizkhan et al. reported a high rate of total airway obstruction 
during general anesthesia in children with tracheal compres-
sion greater than 50% [11]. Shamberger et al. concluded in 
their prospective study that general anesthesia could be given 
to children with tracheal area and peak expiratory flow rate 
greater than 50% of predicted [57]. Bechard et al. reported 
a high perioperative complication rate for adult patients with 
severe symptoms (stridor, orthopnea, cyanosis, jugular disten-
sion, SVC syndrome) in their univariate analysis. They found 
no perioperative complications in asymptomatic patients. 
Intraoperative complications were associated with pericardial 
effusion on CT scan. Postoperative respiratory complications 
were associated with tracheal compression of more than 50% 
on CT scan and combined obstructive and restrictive pattern 
on pulmonary function tests [52].

Anesthesia for Mediastinoscopy

Mediastinoscopy is a procedure widely used for staging of 
lung malignancy and for obtaining tissue for histological 
diagnosis of mediastinal masses. The two main approaches 
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are cervical mediastinoscopy and anterior mediastinoscopy. 
Far more common is cervical mediastinoscopy, where the 
scope is inserted beneath the manubrium and requires general 
anesthesia. Anterior mediastinoscopy is done via the second 
left interspace to inspect the lower left mediastinum. It can be 
done under local anesthesia [24].

Because the mediastinoscope is inserted near major blood ves-
sels like the innominate artery and azygos vein, there is a risk of 
massive hemorrhage which can be life-threatening (Fig. 14.2). 
In a retrospective review, Park et al. reported the incidence of 
major hemorrhage as 0.4% [59]. The most frequently injured 
vessels were the azygos vein and the innominate and pulmo-
nary arteries [59]. Other complications include compression of 
the trachea, compression of the innominate artery that can lead 
to cerebrovascular events and right upper limb ischemia, com-
pression of the aorta leading to reflex bradycardia, pneumotho-
rax, injury to the recurrent laryngeal nerve, and air embolism.

In addition to the anesthetic concerns for management of a 
mediastinal mass, the perioperative care of a patient undergo-
ing mediastinoscopy has some unique considerations. There 
should be monitoring of the right upper limb pulse, either by 
pulse oximetry placed on a right finger or by invasive blood 
pressure established in the right upper limb. The noninvasive 
blood pressure can be measured from the left arm to ascertain 
systemic pressures. As there is a potential for massive hemor-
rhage, large-bore venous access is ideal. Lower limb venous 
access can be considered and availability of blood ascertained. 
General anesthesia with positive pressure ventilation via a sin-
gle lumen endotracheal tube is usually used, with the patient 
in a supine position on a shoulder roll. The surgeon may have 

to be alerted to excessive compression of the innominate artery 
(hence compression of the right common carotid) or the trachea 
by the mediastinoscope. Attention to the right arm arterial 
waveform and the peak inspiratory pressure is necessary.

In the event of bleeding, immediate preparations for resus-
citation of massive hemorrhage should be undertaken, because 
patients can exsanguinate, while the surgeon tries to stop the 
bleeding. Initial control of the bleeding may be achieved 
through packing [59, 60]. There may be a necessity of conver-
sion to a sternotomy or a thoracotomy [60], depending on the 
site of bleeding. Lung isolation, if necessary, may be done via 
a change to a double-lumen tube [60] but a bronchial blocker 
may be more useful in such extraneous circumstances, espe-
cially in a patient with a difficult airway. Lower limb venous 
access and invasive blood pressure monitoring should be 
established quickly, if not done previously. There should be 
immediate availability of blood and equipment for massive 
blood transfusion, including rapid transfusion devices, blood 
warmers, and possibly cell savers.

Patients can usually be extubated immediately after uncom-
plicated mediastinoscopy and may be discharged on the same 
day after a postoperative chest radiograph done to rule out the 
infrequent pneumothorax.

Summary

Anesthesia for patients with anterior mediastinal masses 
remains a challenge for the anesthesiologist. Attempting 
to identify patients at high risk for airway occlusion and 

Fig. 14.2. Diagram of a mediastinoscope in the 
pretracheal fascia along with relevant sur-
rounding structures. Note the innominate artery 
immediately anterior to the mediastinoscope. 
The azygos vein drains into the superior vena 
cava, which has been omitted from the draw-
ing because it would cover the location of the 
mediastinoscope (reprinted from Slinger and 
Campos [61] with permission).
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cardiovascular collapse under general anesthesia continues 
to be difficult. Where possible, diagnostic procedures 
should be undertaken under local anesthesia. Understand-
ing the relation of the mediastinal mass to vital structures, 
careful preoperative assessment of the patient, discussion 
with the surgeon, and careful planning and preparation 
for perioperative complications related to compression 
of the major airways and vascular structures are key to 
successful management. A careful anesthetic plan that is 
not irreversible is likely to result in a good outcome (see 
Figs. 14.3–14.6).

Clinical Case Discussion

A middle-aged obese woman with a history of asthma pres-
ents with a large anterior mediastinal mass for sternotomy 
and resection. She has vague symptoms of orthopnea, requir-
ing two pillows to sleep. CT scan shows a 4 by 5-cm mass in 
the anterior mediastinum causing compression on the mid to 
distal trachea, with about 50% decrease in the cross-sectional 
area of the trachea in the narrowest portion.

Fig. 14.3. Flow chart showing the anesthetic considerations for patients 
with anterior mediastinal masses.

Fig. 14.5. CT scan of the same patient shows a large anterior medi-
astinal mass measuring 4.2 cm in its AP diameter. There is no obvi-
ous compression of the major airways or vascular structures. GA was 
uneventful and included a conventional intravenous induction with 
propofol and paralysis with succinylcholine for intubation. Biopsy 
eventually revealed a diagnosis of recurrent Hodgkin’s lymphoma.

Fig. 14.4. Chest X-ray of a middle-aged woman with a recurrent ante-
rior mediastinal mass and history of treated Hodgkin’s lymphoma 
presenting for biopsy of the mass under GA. Recent percutaneous 
CT-guided biopsies were nondiagnostic. She was asymptomatic.
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Question 1

What are your options for induction of anesthesia?

Answer

This lady likely falls in the high risk category, in view of her 
symptoms and CT scan findings. The options include awake 
fiberoptic intubation and inhalational induction. The safest 
option is likely to be the former, which permits inspection 
of level of obstruction, the diameter of the airway, the least 
obstructed bronchus, and the passage of an endotracheal tube 
long enough to intubate distal to the obstruction. In this obese 
patient, an inhalational induction may be difficult, with par-
tially obstructed respiration being a potential problem, and 
this technique may be difficult to abort midway.

Question 2

You successfully intubated the patient and gave a muscle 
relaxant. Soon after, the airway pressure rises to above 40 cm 
H

2
O. Auscultation reveals bilateral rhonchi. She starts to 

desaturate rapidly. What do you suspect?

Answer

The diagnosis to exclude urgently is intubation proximal to 
the trachea obstruction. A quick check with the bronchoscope 
will help verify this. Pushing the endotracheal tube further in 
may result in improvement if that were indeed the problem, 
if it is possible to bypass the obstruction. Occasionally, endo-
bronchial intubation may be necessary, but it may also cause 
hypoxemia, unless bilateral bronchi are intubated.

Fig. 14.6. (a) Chest X-ray of a 55-year-old female patient with mid-thoracic tracheal compression from an intrathoracic goiter. It shows tra-
chea compression and deviation to the right. (b) CT scan of the same patient with mid-thoracic tracheal compression from an intrathoracic 
goiter. It shows the mediastinal mass pushing the trachea to the right. (c) CT scan of the patient with mid-thoracic tracheal compression from 
an intrathoracic goiter. It shows the trachea compressed to almost a slit by the mass. (d) CT scan of the patient with mid-thoracic tracheal 
compression from an intrathoracic goiter. It shows right and left main stem bronchi, relatively free from compressive effects. This patient was 
intubated distal to the stenosis awake.
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One should suspect that the obstruction is more distal than 
initially thought if one cannot bypass the obstruction, e.g., 
bilateral bronchi are obstructed as well. Paralysis and loss 
of spontaneous ventilation will exacerbate the problem of a 
proximal intubation. One should be very careful with muscle 
relaxants, using them only when ventilation is certain. If there 
are any doubts, avoid them.

The presence of rhonchi may suggest bronchospasm but that 
is usually a red herring. The most likely and urgent diagnosis 
to exclude is major airway obstruction. Rhonchi and high air-
way pressures may be the only clues to airway obstruction and 
should not automatically be attributed to peripheral bronchos-
pasm in a patient with an anterior mediastinal mass.

The other important differential to consider in this patient is 
compression of major cardiovascular structures.

Question 3

The airway pressure continues to be high and the patient con-
tinues to desaturate despite your attempts at bronchoscopic 
adjustment of the endotracheal tube. The surgeons are scrub-
bing. What should you do?

Answer

Immediately alert the surgeon, who may want to do an urgent 
rigid bronchoscopy or proceed to immediate sternotomy 
to lift the medistinal mass to relieve its compressive effects. 
Equipment should be on standby and immediately available. 
Changing the position of the patient may help. Endobronchial 
intubation may be attempted if the tube is long enough. Jet ven-
tilation via a proximally intubated trachea may be considered.

The surgeons quickly performed a sternotomy and upon 
lifting the mass off the trachea and the right pulmonary artery, 
the airway pressure and saturation improved dramatically. 
That was the longest minute of your life!
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Thymic Surgery and Paraendocrine Syndromes
Liza Chelico and Karen McRae

Key Points

Indications for thymectomy typically include thymic mass 
or nonthymomatous myasthenia gravis (MG).
Considerations for a patient with a thymic mass include 
potential for invasion or compression of cardiopulmonary 
structures causing life-threatening compromise particularly 
at induction of general anesthesia.
Thymectomy for MG is never an emergency procedure and 
should not proceed without preoperative optimization by 
a multidisciplinary team specializing in the care of myas-
thenic patients.
Anesthetic considerations for a patient with MG focus 
on preventing an exacerbation and minimizing the effect 
of surgical pain and residual anesthetics on postoperative 
respiratory function.
Muscle relaxants and their reversal agents should be avoided 
in patients with MG whenever possible. Other principles 
include the use of short-acting agents, use of regional anes-
thesia for opioid-sparing effects, and proper perioperative 
management of anticholinestersases.
Despite repeated efforts to determine what clinical features 
predict the need for postoperative ventilation, no criteria 
have been proven to be universally applicable in the myas-
thenic population.
Many thoracic malignancies have commonly associated 
paraneoplastic syndromes with important implications for 
the anaesthesiologist.
The most common extra-intestinal location of carci-
noid tumors is the lungs; however, unlike their gastro-
intestinal counterparts, bronchial carcinoids are rarely 
 secretory.

Carcinoid syndrome must be optimized with at least 24 h of 
preoperative octreotide to minimize the life-threatening cardio-
pulmonary instability that can occur during a carcinoid crisis.
Advanced carcinoid disease is associated with fibrosis 
which can lead to pulmonary hypertension or significant 
valvulopathy with progressive, severe, right-sided heart 
failure. For these reasons, patients presenting with carci-
noid syndrome must have a preoperative echocardiogram.

Introduction

The thymus gland is situated in the anterior mediastinum; pro-
tected by the sternum and ribcage, it is nestled amid vital car-
diopulmonary structures. Its function and reason for involution 
are unknown, yet it gives rise to a range of pathology with 
which the thoracic anaesthesiologist must be familiar. The inti-
mate relationship between the thymus gland and myasthenia 
gravis (MG) is well-established. The implications of acquired 
myasthenia are essential material for the anaesthesiologist, and 
therefore, much of this chapter is devoted to this important neu-
romuscular condition. Other paraneoplastic and paraendocrine 
syndromes with important perioperative implications include 
the carcinoid syndrome, Lambert–Eaton syndrome (LES), 
and other endocrine derangements commonly associated with 
malignancies. The final part of this chapter deals with these.

Thymic Surgery

Common indications for thymectomy include MG and the 
presence of thymic masses. Thymectomy for MG is covered 
in the following section. Here, the common masses of the 

Introduction .................................................................................................................. 211

Thymic Surgery............................................................................................................ 211

Myasthenia Gravis ....................................................................................................... 212

Paraendocrine and Paraneoplastic Syndromes ............................................................. 216

Clinical Case Discussion .............................................................................................. 220



212 L. Chelico and K. McRae

 thymus are briefly reviewed along with general anesthetic 
considerations. As an anterior mediastinal structure, the reader 
is also referred to Chap. 14 which addresses anterior mediasti-
nal masses and the potential for compressive effects.

The most common tumor of the thymus and the anterior 
mediastinum is thymoma. Thymoma may be invasive or non-
invasive and 40% have associated paraneoplastic syndromes [1]. 
The most commonly associated paraneoplastic syndrome is 
MG (30%) but systemic lupus erythematosus, Cushing’s 
syndrome, syndrome of inappropriate diuretic hormone secre-
tion, and pure red cell aplasia may also be associated [2].

Thymic carcinoma are much more rare than thymoma 
and in contrast, they are always invasive and often pres-
ent with symptoms reflective of their aggressive nature [3]. 
Paraneoplastic syndromes are possible but are much less 
common [4].

Thymic carcinoid is the most common member of the rare 
group of thymic neuroendocrine neoplasms. It is a potentially 
secretory tumor, commonly manifesting Cushing’s syndrome 
rather than the typical carcinoid syndrome [5]. At least 15% 
of thymic carcinoids present as part of multiple endocrine 
neoplasia (MEN-1) syndrome [1]. Surgery plays an important 
role in the management of thymic masses. Removal of all thy-
mic tissue and perithymic fat through a median sternotomy is 
the current standard of care [6, 7].

The anesthesia considerations for nonmyasthenia thymic 
surgery are similar to those for any malignancy. Due to the 
location in the anterior mediastinum the anesthetist must 
maintain suspicion of compression of the major cardiopulmo-
nary structures [8–10]. A history of cough, chest discomfort, 
dyspnea, palpitations, and syncope should be sought includ-
ing any change associated with assuming the supine position. 
Symptoms may also occur due to paraneoplastic and paraen-
docrine syndromes, as detailed later in this chapter. Clinicians 
should screen for MG by inquiring about blurring vision, 
difficulty swallowing or difficulty with speech. Invasive thy-
moma and thymic carcinoma tend to invade surrounding struc-
tures including major airways, pericardium, and great vessels 
therefore imaging should be reviewed and resection of major 
structures discussed with the surgeon preoperatively [11]. A 
history of any preceding treatment should also be sought. 
Radiation to the chest can result in pulmonary fibrosis, coro-
nary artery disease, and pericarditis [12] and many chemo-
therapeutic agents have known implications for perioperative 
management. Cisplatin, a potential nephrotoxin, is one of the 
most common chemotherapeutic drugs used in the treatment 
of thymoma; doxorubicin, vincristine, and others may also be 
used [13, 14].

Myasthenia Gravis

First described in the seventeenth century, MG did not 
become a recognized entity until over 200 years later when 
Dr. Friedrich Jolly titled the syndrome, “myasthenia gravis 

pseudoparalytica” [15, 16]. At that time, MG almost uniformly 
caused death by respiratory failure within 1–2 years of ill-
ness. With a prevalence of 1:17,000 [17] and an established 
role for surgery in its management, the anesthesiologist must 
know how to optimize and safely manage these patients peri-
operatively.

Pathophysiology

MG is an autoimmune disease due to antibody-mediated 
destruction of nicotinic acetylcholine receptors [18]. As a 
result, the neuromuscular junctions (NMJs) of all muscles, 
even clinically unaffected muscles, have a reduced number of 
acetylcholine receptors [19, 20]. In addition to a reduced num-
ber of acetylcholine receptors, other abnormalities of the NMJ 
include a reduced number and depth of the junctional folds in 
the postsynaptic membrane [21]. Auto-antibodies are detect-
able in most cases and the 10–20% of patients once considered 
“sero-negative” are now known to possess antibodies as well.

Patients present with fluctuating skeletal muscle weak-
ness which is made worse by activity and improves with rest. 
The reduction in postsynaptic acetylcholine receptors results 
in generation of fewer motor end-plate potentials therefore 
fewer muscle fibers stimulated to contract. With repeated or 
continued stimulation, even less motor end-plate potentials 
reach threshold, and weakness becomes more pronounced.

The cause of the immune reaction leading to MG is unknown. 
A very strong link exists between MG and thymic pathology. 
Most patients with MG exhibit thymic abnormalities which 
can range from hyperplasia (70–80%) to the presence of thy-
moma (10–15%) and 15% of patients with thymoma have 
MG. Furthermore, removal of the thymus results in clinical 
improvement in the majority of cases of MG [20, 22, 23].

MG is often associated with other conditions which share an 
underlying autoimmune tendency [17]. Diabetes and thyroid 
disorders (hyperthyroid or hypothyroid) are present in 5–6% 
and 1–2% have rheumatoid arthritis. Systemic lupus erythe-
matosus, leukemia, scleroderma, and polymyositis have also 
been found in higher numbers in the myasthenic population 
than in the general population [24].

Presentation

The majority of patients initially present due to diplopia (lead-
ing to blurring vision) or ptosis. Other presentations include 
difficulty swallowing or speaking due to bulbar dysfunction, 
dyspnea due to respiratory muscle compromise, or weakness 
of the neck or limbs. Symptoms always worsen with the use of 
the affected muscles and strength returns with rest [16, 17].

In addition to the neuromuscular manifestations and associ-
ated conditions mentioned above, MG can also affect the heart 
directly causing palpitations and dyspnea. Common cardiac 
manifestations include mild hypertension, first-degree atrio-
ventricular block, atrial fibrillation, and myocarditis. Diastolic 
dysfunction has also been noted [25–27].
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Diagnosis

Since 1952, the first line diagnostic test for MG remains the 
“Tensilon Test” [28]. As an anti-cholinesterase of rapid onset 
(30 s) and offset (5 min), edrophonium (tensilon), is ideal for 
diagnostic testing. The inhibition of acetylcholine breakdown 
allows acetylcholine to accumulate and stimulate the reduced 
number of postjunctional receptors. Intravenous edrophonium 
is administered and muscle performance is assessed within 
30–90 s. Clear improvement in the affected muscles, as mea-
sured qualitatively and quantitatively, is diagnostic of MG 
[20, 24]. Other tests such as repetitive nerve stimulation and 
antibody immunoassays are also available but are not first-
line diagnostic tests.

Classification

In 1971, Dr. Osserman based a classification scheme on the 
observation of over 1,200 patients at the Myasthenia Gravis 
Clinic in New York [24]. In its modified form, this contin-
ues to be of use today (see Table 15.1). Patients are placed 
into a grade based on their weakest muscle group. More 
recently, a task force put together by the Myasthenia Gravis 
Foundation of America (MGFA) developed a clinical classi-
fication scheme to facilitate standardization of reporting (see 
Table 15.2) [30].

Medical Management

Pyridostigmine (Mestinon) is the anticholinesterase of choice 
for management of MG. Others are available for oral use, 
however, the effectiveness, kinetics, and tolerability of pyri-
dostigmine is the most favorable [31]. Side effects, usually 
uncommon or mild, include diarrhea, bronchorrhea, and 
abdominal cramping.

After an oral dose of pyridostigmine, an effect may be seen 
as early as 30 min later and the peak effect is reached 1 or 2 h 
later. The duration of action is usually between 3 and 6 h. The 
nonsustained release formulation can be crushed and given 
via nasogastric tube. If required, pyridostigmine can also be 
given intravenously with an oral to intravenous ratio of 30:1.

There is great inter-individual variability in the kinetics 
of oral pyridostigmine therefore the dose and frequency are 
titrated to reach optimum effect for each individual [31, 32]. 
The symptomatic control provided by anticholinesterases is 
often incomplete so most patients find themselves on addi-
tional medication in the form of immunosuppression.

Corticosteroids are commonly used to treat MG; how-
ever, the considerable side effect profile (see Table 15.3) 
of long-term corticosteroids makes them undesirable as an 
immunosuppressant. Once a patient has achieved remission, 
corticosteroids are usually tapered to their lowest effective 
dose. Frequently, corticosteroids are helpful to gain more con-
trol of the disease process while other immunosuppressants 
are being initiated [33].

Table 15.1. Modified Osserman grades.

Type I Disease localized to ocular muscles
Tends not to progress if remains confined to ocular muscles 

for first 2 years
Type IIA Mild generalized myasthenia

Slowly progressive often from ocular muscles to skeletal and 
bulbar muscles however, spares muscles of respiration

Good response to drug therapy and low mortality
Type IIB Moderate generalized myasthenia

Gradual onset, usually ocular, progressing to more generalized 
bulbar and skeletal muscle involvement

Respiratory muscles are not involved
More bulbar symptoms than IIA
Less responsive to medical therapy than IIA

Type III Severe disease
Progression may be gradual or sudden deterioration
Poor response to drug therapy
High mortality

Type IV Myasthenic Crisis with respiratory failure
Require intubation

Based on data from refs. [24, 29]

Table 15.2. MGFA clinical classification.

Class Description Sub-classification (where applicable)

I Isolated ocular weakness No subclassification
II Mild weakness  

of extra-ocular muscles
Class II and III are further subclassified:
(a)  Predominantly affecting limb, axial 

muscles, or bothIII Moderate weakness  
of extra-ocular muscles (b)  Predominantly affecting  

oropharyngeal, respiratory muscles, 
or both

IV Severe weakness  
of extra-ocular muscles

IV(b) Use of feeding tube without 
intubation

V Intubation No subclassification

Adapted from ref. [30]

Table 15.3. Adverse effects of corticosteroids.

Gastrointestinal

Body habitus

Skin and musculoskeletal

Metabolic, fluid and electrolyte

Muscle

Behavioral
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Azathioprine (“Imuran”) is one such alternative immuno-
suppressant which may take months to have an effect. A maxi-
mal benefit may take up to 24 months however its use allows 
corticosteroids to be minimized [31]. Adverse effects include 
bone marrow suppression, hepatotoxicity (usually mild and 
reversible), and gastrointestinal upset.

Cyclosporine is a potent immunosuppressant with onset 
much sooner than azathioprine. Its use is limited by the 
greater risks of toxicity. Common and severe adverse effects 
include hypertension, nephrotoxicity, hepatotoxicity, and 
bone marrow suppression. Levels must be monitored regu-
larly [31, 33].

First reported in 1976 [34], the role of plasmapheresis for 
the treatment of MG has grown substantially. Treatments occur 
over 1–2 weeks and consist of three to five exchanges of plasma 
via a temporarily placed dialysis catheter. Each treatment 
removes 1–3 L. There is a reduction in acetylcholine recep-
tor antibody titers in patients who have measurable antibodies. 
Benefits are usually seen after one or two exchanges and, once 
a course is completed, the improvement can last for 2 weeks to 
2 months. Indications for treatment include bulbar symptoms, 
myasthenic crisis, or preoperative optimization [27].

Intravenous immunoglobulin (IVIG) represents a similar 
immune mediating therapy for MG. Its role is not as exten-
sively studied as plasmapheresis and a recent Cochrane review 
based on six randomized control trials found limited evidence 
for its use in chronic MG [35]. However, IVIG may still be 
used when plasmapheresis cannot be applied [36]. As a blood 
product pooled from a large volume of donor plasma, it car-
ries with it the risks inherent to any blood product. The dose is 
given intravenously over 2–5 days and adverse reactions are 
mild and tolerable (fever, nausea, headache). Benefit is seen 
within 4 days and peaks by 2 weeks; it may last 40–100 days. 
The mechanism of action remains unknown.

Surgical Management

In 1939, the first thymectomy was performed by Dr. Blalock 
and resulted in remission of MG [37]. Dr. Blalock followed 
this success with a series of thymectomies with similarly posi-
tive results [38, 39]. Today, thymectomy remains an important 
part of the management of MG although there remains contro-
versy regarding its indications, timing and preferred surgical 
approach [40–45].

The clearest indication for thymectomy remains the presence 
of a thymoma. The other generally accepted indication for thymec-
tomy is adults with generalized myasthenia gravis [31, 32].

Remission does not immediately follow removal of the  
thymus gland. It may take months to years for remission or signif-
icant improvement in the disease to occur. By 5 years, 34–46% 
of patients have complete remission and another 33–40% are 
significantly improved [31].

The preferred surgical approach to thymectomy is contro-
versial. Possible approaches include transsternal, transcervical, 
or thoracoscopic as well as other less conventional approaches. 

In the presence of thymoma, a transsternal approach remains 
the standard of care [46]. For patients with nonthymomatous 
MG, the argument in support of transsternal incision is that 
removal of as much thymic tissue as possible gives better 
long-term disease remission rates [40, 43]. However, proponents 
of the transcervical thymectomy have shown that adequate 
tissue can be removed to permit good long-term results while 
postoperative morbidity is reduced, allowing discharge from the 
hospital on the same day [41]. The advent of minimally inva-
sive techniques has led to thoracoscopic thymectomy. Results 
have similarly been favorable in terms of disease remission, 
low morbidity and short hospital stays [42, 44]. The debate over 
which surgical approach is optimal continues and the anesthesi-
ologist will therefore encounter more than one.

Myasthenic vs. Cholinergic Crisis

A myasthenic crisis refers to rapidly deteriorating strength 
which threatens the life of the patient. The most com-
mon causes of crisis are infection, surgery, and drugs (see 
Table 15.4); however, in many cases, no underlying precipi-
tant can be found.

Patients with myasthenic crisis will be in respiratory failure 
due to weakness of the diaphragm and other muscles of respi-
ration. Management requires intubation and admission to an 
intensive care unit for respiratory care [48]. Correctable causes 
should be sought and treated. Frequently patients will require 
plasmapheresis or IVIG to manage their exacerbation.

In contrast to a myasthenic crisis, a cholinergic crisis is 
caused by too much acetylcholine at the cholinergic receptors. 
It is most often caused by a relative overdose of anticholinest-
erase. This syndrome has become uncommon with present day 
management because the use of immunosuppressants has meant 
that lower doses of anticholinesterases are used [47]. The high 
levels of acetylcholine at all cholinergic receptors have multi-
system effects. At the NMJ, it creates an endogenous depolar-
izing type of phenomenon causing fasciculations and muscle 
weakness [48]. The respiratory distress due to muscle weakness 
may be further compounded by bronchorrhea. Other manifes-
tations are attributable to muscarinic stimulation (Table 15.5).

Table 15.4. Precipitants of myasthenic crisis.

Stress
Surgery
Infection
Drugs

Based on data from ref. [47]
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Differentiating a cholinergic vs. myasthenic crisis can be 
difficult as both present with weakness and respiratory dis-
tress. In addition to a history of recent events, pupil size, mus-
carinic signs, and tensilon test may be helpful. The pupils are 
constricted in a cholinergic crisis and dilated in a myasthenic 
crisis (due to sympathetic activation). Treatment includes 
intubation, antimuscarinics, and supportive care.

Anesthetic Considerations

The anesthesiologist will be confronted with myasthenic 
patients coming for thymectomy as well as those coming for 
surgery unrelated to their disease. Whenever possible, surgery 
should never be undertaken without preoperative stabilization 
and optimization of MG.

Anesthetic considerations include minimizing the risk of a 
myasthenic crisis and facilitating sustained extubation at the 
end of a general anesthetic. If a thymectomy is planned, then 
considerations of thymoma and an anterior mediastinal mass 
may also apply (see earlier).

Preoperatively, it is important to ask about the duration of 
disease and its severity, particularly with respect to ocular, 
bulbar, respiratory, and generalized symptoms. Many attempts 
have been made to delineate preoperative characteristics which 
predict the need for postoperative ventilation. The Leventhal 
criteria are often cited for this purpose [49] and are based on 
a retrospective review of 24 patients who underwent trans-
sternal thymectomy (see Table 15.6). The criteria have been 
evaluated in other settings and have been found inaccurate in 
predicting the need for postoperative ventilation in patients 
undergoing other types of thymectomy as well as nonthymec-
tomy surgery [50, 51]. Despite continued attempts to develop 
a model predictive of the need for postoperative ventilation, 
no such model has been consistently reliable. Anesthesiolo-
gists may use a series of preoperative factors examined in the 
literature which have been suggested to be predictive in vari-
ous settings (see Table 15.7).

Patients should be questioned for any cardiac symptoms of 
palpitations, syncope, dyspnea, and any manifestations of con-
gestive heart failure. A history of associated autoimmune con-

ditions, particularly thyroid dysfunction, should be sought. In 
order to plan perioperative medical management, a detailed his-
tory of current medications should be noted on the chart. Use of 
corticosteroids is usually tapered or discontinued preoperatively 
where possible but ongoing use may necessitate a stress dose 
of steroids preoperatively. The use of other immunosuppres-
sants should also prompt a search for signs of toxicity or adverse 
effects. Table 15.8 lists suggested preoperative investigations.

Preoperative optimization should be undertaken in coopera-
tion with a neurologist familiar with the care of patients with 
myasthenia. Plasmapheresis or IVIG may be arranged in order to 
reduce the chances of perioperative respiratory failure. As these 
treatments are not without adverse effects, their routine use may 
expose patients to unnecessary risk [55]. In general, patients 
with advanced disease, bulbar symptoms, or poor pulmonary 
function receive these immune modulating therapies [27, 56]. 
It should be noted that preoperative plasmapheresis depletes 
plasma cholinesterase so the duration of some anesthetics (i.e., 
succinylcholine, mivacurium) will be prolonged [29].

There are different approaches to peri-operative dosing of 
anticholinesterases. Some advocate the complete omission of 
anticholinesterase medications on the day of surgery in order to 
reduce the need for muscle relaxants [57]. Anticholinesterases 
may be given intraoperatively near the end of the procedure 
to facilitate extubation with this approach. See Table 15.9 for 
useful conversion factors of anticholinesterase drugs. Another 
approach is to give half the usual morning dose for patients 
with grade I or II disease and the full dose for more severe 
cases [59]. Still others advocate giving patients their full dose 
at their usual schedule [60].

Table 15.5. Manifestations of cholinergic crisis.

Motor: fasciculations, weakness
Cardiac: bradycardia
Respiratory: bronchorrhea
Ocular: miosis
Gastrointestinal: salivation, nausea, vomiting, colic, diarrhea
General: pallor, diaphoresis

Table 15.6. Leventhal criteria.

Based on data from ref. [49]

Table 15.7. Prediction of myasthenia gravis patients at high risk of 
prolonged postoperative ventilator support.

2
O

Based on data from refs. [27, 49, 52–54]

Table 15.8. Suggested preoperative investigations for the patient 
with myasthenia gravis.

Complete blood count May have pernicious anemia, red cell aplasia, bone 
marrow suppression from immunosuppressants

Electrolytes Optimized for neuromuscular function
Creatinine,  

liver function
As required based on use of immunosuppressants

TSH Commonly have thyroid dysfunction
Chest X-ray Rule out thymoma/mediastinal mass, pneumonia 

(particular aspiration if bulbar symptoms)
ECG Arrhythmias, atrial fibrillation
Echo If signs or symptoms of cardiac involvement
Pulmonary function  

tests
Useful to compare to previous for baseline
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The approach followed at our institution, as well as others, 
is to give patients their usual dose of pyridostigmine preop-
eratively. Ideally, the patient is able to delay their morning 
dose until immediately preoperatively when it is given with a 
sip of water. Patients are scheduled as early in the day as pos-
sible to facilitate this approach. The goal is optimal strength 
at the time of extubation. It is generally agreed that myasthen-
ics should not receive any preoperative sedation or anxiolyt-
ics. Monitors and invasive lines are dictated by the individual 
patient and planned surgery however, if neuromuscular block-
ing drugs are used, the use of nerve monitoring is essential.

Myasthenic patients are exquisitely sensitive to all nonde-
polarizing muscle relaxants (NDMR) [61–63]. The underlying 
muscle weakness due to the disease combined with the mus-
cle relaxing properties of intravenous and volatile anesthetics 
often makes the use of muscle relaxants unnecessary. How-
ever, circumstances may arise when paralysis becomes neces-
sary. For intermediate-acting neuromuscular blocking agents 
a dose reduction to one-fifth the usual is recommended. Long-
acting neuromuscular blockade, such as with pancuronium, 
should be avoided [64, 65]. The use of paralytic agents should 
be combined with close nerve monitoring. Patients who have 
received their pyridostigmine preoperatively may have a pro-
longed duration of action of mivacurium due to the interaction 
with plasma cholinesterase [66].

The reversal of neuromuscular blockade is another area of 
controversy. The safest recommendation is to chose a minimal 
dose of a short-acting NDMR and allow the effect to terminate 
spontaneously [60]. Postoperatively, if a patient appears weak 
and in respiratory distress, differentiating between insufficient 
reversal and cholinergic crisis is very difficult. If such a situa-
tion is encountered, supportive care with appropriate ventila-
tion is recommended until strength is regained.

In contrast to the response to NDMR, myasthenic patients 
show resistance to succinylcholine due to the loss of nicotinic 
receptors [67, 68]. Eisenkraft et al. have demonstrated that 
the ED50 is 2.0 times normal and recommend using a dose 
of 1.5–2.0 mg/kg if rapid sequence induction conditions are 
required [67]. The onset of the depolarizing block may take 
longer than expected [60]. Myasthenics are also more likely to 
develop a phase II block, particularly with repeated doses [69] 
and the duration of action may be prolonged if cholinesterase 
inhibitors have been taken that day.

Volatile anesthetics (halothane and particularly sevoflurane 
and isoflurane) have potent muscle relaxation effects in normal 
patients and have been shown to reduce neuromuscular trans-
mission by close to 50% [70–72]. The dose of volatile required 
to achieve this depth may lead to delayed emergence. To 
minimize inhalational agents, they have been combined with 
regional anesthesia [73] or remifentanil infusion [73]. Desflu-
rane’s lower blood:gas partition coefficient has a theoretical 
advantage and has been used with good results [74, 75].

The use of total intravenous anesthesia (TIVA) for patients 
with MG seems to have grown, particularly with the wide-
spread use of remifentanil [74, 76, 77]. Propofol, etomidate, 
and ketamine have also been used uneventfully and effects on 
neuromuscular transmission are minimal [78]. Opioids, while 
not directly suppressing neuromuscular function, should be 
minimized because of the central respiratory depression. For 
pain management perioperatively, consideration should be 
given to opioid-sparing techniques such as regional anesthesia 
or multimodal analgesia plans. Opioids with a shorter dura-
tion of action should be favored.

The use of regional anesthesia for myasthenics has many 
advantages; however, possible drug interactions must be kept 
in mind [79]. Local anesthetics (ester and amide) have some 
inhibitory effect on neuromuscular transmission and this can 
be potentiated further in the presence of NDMR [80]. Ester 
local anesthetics have an additional interaction because of 
their metabolism by plasma cholinesterase. The presence of 
anticholinesterase medication may prolong the ester duration 
of action as an inhibitory influence on neuromuscular trans-
mission. If regional anesthesia is used, it is recommended to 
reduce the dose of local anesthetics [32, 64].

The place of thoracic epidural anesthesia (TEA) in the 
perioperative management of MG has changed dramatically. 
Traditionally, concern over blockade of intercostal muscles 
causing respiratory distress precluded the use of TEA [60]. 
Many examples now exist of the successful use of TEA intra-
operatively as well as postoperatively [77, 81–83]. The ben-
efits of excellent analgesia, muscle relaxation, and opioid 
sparing have translated into earlier extubation and a reduced 
need for postoperative ventilator support [77, 82]. Intrathecal 
opioids have similarly proven beneficial in terms of analgesia 
and optimizing respiratory function postoperatively [84, 85].

Clearly the perioperative management of patients with MG 
coming for any type of surgery requires a team of experts in 
neurology, surgery, and anesthesia. No particular anesthetic 
technique has proven superior for MG. The individualization 
of a perioperative plan with the principles presented here is 
suggested.

Paraendocrine and Paraneoplastic  
Syndromes

Paraendocrine and paraneoplastic syndromes must be kept in 
mind when patients present with malignancy. Table 15.10 con-
tains the most common paraneoplastic syndromes that may be 

Table 15.9. Conversion between anticholinesterases for manage-
ment of myasthenia gravis.

Drug and formulation
Dose  
equivalent Onset

Time to maximum  
response

Pyridostigmine  
oral (mestinon)

60 mg oral 40 min 1 h

Neostigmine  
oral (prostigmin)

15 mg oral 1 h 1.5 h

Neostigmine IM 1.5 mg 30 min 1 h
Neostigmine IV 0.5 mg Immediate 20 min

Reprinted from Ropper and Samuels [58], with permission. McGraw-Hill 
companies. Copyright 2009
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encountered. The remainder of this chapter will be devoted 
to the discussion of the carcinoid syndrome (a paraendocrine 
syndrome) and LES (a paraneoplastic syndrome). Although 
not common, both have important implications for the anes-
thesiologist.

Carcinoid Tumors

Carcinoid tumors are most commonly found in the gastroin-
testinal tract where they often present due to bowel obstruction 
or are discovered due to symptoms of carcinoid syndrome. 
Primary carcinoids outside of the GI tract have originated in 
the ovary [87], liver [88, 89], and thymus [90, 91], but the 
most common extra-intestinal location is the lung [92].

Bronchial carcinoids account for 2–5% of primary lung 
tumors, however, this makes up 20–30% of all carcinoids 
[92]. Seventy-five percent of bronchial carcinoids are cen-
trally located therefore present with symptoms of post-
obstructive pneumonia, hemoptysis, and dyspnea [93]. The 
remaining one-quarter occur peripherally in the lung, are 
asymptomatic, and are usually detected on routine chest 
radiography [93].

The most fascinating aspect of carcinoid tumors remains 
their secretory nature. It is estimated that 15–20% of all car-
cinoids give rise to paraendocrine syndromes, most notably 
the “carcinoid syndrome” [92]. Carcinoid tumors may secrete 
well over a dozen compounds, including serotonin, histamine, 
catecholamines (norepinephrine and dopamine), bradykinins, 
ACTH, GHRH, and others [94]. The secretory behavior of 
the tumor as well as the exposure to the systemic circulation 
determines whether a paraendocrine syndrome will develop. 
Enzymes capable of metabolizing the secretory products are 
present in the liver and lung. Tumor products secreted from 
gastrointestinal carcinoids travel to the liver via the portal cir-
culation and are inactivated before a paraendocrine syndrome 
can be manifested. If metastases to the liver occur, secretory 
products may enter the systemic circulation via the hepatic 
vein and exert their systemic effects.

The carcinoid syndrome is classically described as the triad 
of flushing, diarrhea, and bronchospasm. In addition, patients 
complain of sweating, tachycardia, and dyspnea. Diarrhea 
can be particularly troublesome, occurring up to 30 times per 
day and causing fluid and electrolyte disturbances as well as 
weight loss [95]. The limerick below aptly describes the clas-
sic patient with carcinoid syndrome.

This man was addicted to moanin’,
Confusion, edema and groanin’,
Intestinal rushes,
Great tricolored blushes,
And died from too much serotonin

Samual A. Wells [96]

Carcinoid crises are life-threatening, severe episodes of 
profound flushing, hypertension or hypotension, arrhythmia, 
bronchoconstriction, and alteration of mental status [95, 97]. 
Crisis may be triggered by emotional stress, heat, cold, inges-
tion of certain foods (alcohol, chocolate), straining, as well as 
physical manipulation of the tumor (abdominal palpation or 
biopsy) [94, 98].

A significant proportion of carcinoid tumors occur in the 
bronchus and, less commonly, in the thymus [91] and there-
fore will be encountered by the thoracic anesthesiologist. In 
contrast to gastrointestinal carcinoids, bronchial and thymic 
carcinoids are seldom secretory. Less than 5% of bronchial 
carcinoids exhibit paraendocrine syndromes [93]. When the 
rare secretory bronchial carcinoid is encountered, the symp-
toms described above may be unusually severe and prolonged. 
In addition to the classical carcinoid syndrome, bronchial and 
thymic carcinoids may secrete exclusively ACTH (causing 
Cushing’s syndrome) or even GHRH (causing acromegaly) 
[99–103]. In fact, bronchial and thymic carcinoids are the 
most common causes of ectopic ACTH outside of the pitu-
itary and adrenal glands [90]. Therefore, although the lung 
is the most common location of extra-intestinal carcinoids, 
secretion of metabolically active compounds is rare. Although 
often non-secretory, the vascularity of these tumors should be 
kept in mind in the cases of bronchoscopy and particularly 

Table 15.10. Common paraneoplastic syndromes.

Humoral hypercalcemia SIADH Cushing’s syndrome

Associated  
malitgnancy

Squamous cell cancers of lung, 
esophagus, head and neck.  
Breast cancer; more rarely  
ovarian cancer

Small cell lung cancer and squamous  
cell cancer of head and neck

Small cell lung cancer, bronchial carcinoid, 
medullary thyroid cancer, pancreatic islet cell 
tumors, pheochromocytoma

Presentation Muscle weakness, cardiac  
arrhythmias, nausea  
and vomiting, renal failure

Hyponatremia,  serum osmolarity, 
 inappropriate urine osmolarity, 
 euvolemia, and normal thyroid and 
adrenal function

Hypokalemia, alkalosis, hypertension, psychosis

Etiology  Release of parathyroid  
hormone-related peptides  
and other cytokines

Production of arginine vasopressin  
by tumor

Abnormally high secretion of ACTH or CRH

Management Treat malignancy, hydrate,  
dieresis, calcitonin, steroids, 
bisphosphonates

Treat malignancy, fluid restriction,  
demeclocycline

Dexamethasone suppression (for some tumors), 
bromocriptine, ketoconazole

ACTH adrenocorticotropic hormone; CRH corticotrophin-releasing hormone
Based on data from ref. [86]
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biopsy. Severe hemorrhage can result and may require emer-
gent thoracotomy [104].

Advanced carcinoid disease is associated with fibrosis 
which is attributed to the mitogenic effect of serotonin on 
smooth muscle and connective tissue. In the abdomen, this 
may present as retroperitoneal or omental fibrosis, but in the 
cardiopulmonary system, this can lead to pulmonary hyper-
tension and carcinoid heart disease [94, 105].

Carcinoid heart disease manifests as right-sided valvu-
lopathy, most notably severe tricuspid regurgitation with 
progressive volume overload of the right-sided heart cham-
bers. Its onset is usually preceded by a history of carcinoid 
syndrome indicating passage of secretory products into 
the systemic circulation and therefore into the chambers 
of the right heart [106]. Although most often attributed 
to serotonin, the reduction of serotonin levels by medical 
management does not alter progression of heart disease 
indicating that other secretory products are involved in the 
pathophysiology [107]. The left-sided cardiac chambers 
are considered to be “protected” by the pulmonary circula-
tion which metabolizes the carcinoid products; however, in 
the presence of a secretory bronchial carcinoid or a right 
to left shunt, left-sided carcinoid heart disease is seen and 
manifests as regurgitant mitral and aortic valve lesions 
[107]. With time, the right ventricle becomes hypokinetic 
and right-sided heart failure develops with severe dyspnea, 
ascites, and peripheral edema. Management options are lim-
ited. Medical therapies used for left-sided heart failure often 
have limited effect or may even worsen right-sided heart 
failure [106, 107]. Surgical management is the only option 
and carries a 35% mortality rate [104].

Medical management of carcinoid syndrome has been rev-
olutionized by the discovery that the tumor cells often possess 
somatostatin receptors. Somatostatin, or its longer-acting ana-
log octreotide, are able to suppress tumor secretion and alle-
viate the symptoms of carcinoid syndrome in most patients 
[108]. Prior to the introduction of octreotide, management of 
the carcinoid syndrome involved a variety of anti-histamine 
and anti-serotonergic drugs with limited efficacy. Despite the 
ability to control symptoms of carcinoid disease, octreotide 
has no effect on tumor growth. Use of chemotherapeutic 
agents has had limited success in carcinoid tumors making 
surgical resection the definitive therapy.

Preoperative assessment of patients with carcinoid tumors 
is influenced by whether the tumor is secretory or not. This 
can be determined by history or by urinary levels of 5-HIAA 
(serotonin metabolite) in the case of asymptomatic patients. 
A nonsecretory tumor has less significance for the anes-
thesiologist. In the case of carcinoid syndrome, the history 
should ascertain the severity of symptoms as well as how 
well they are controlled with medical therapy. The sever-
ity of symptoms does not predict the intraoperative course; 
however, it is helpful to know that the tumor is responsive 
to octreotide [109]. Physical examination should look for 
signs of right-sided valvulopathy and heart failure. Preop-

erative investigations should include complete blood count, 
electrolytes, liver function tests, and creatinine as well as 
measurement of blood glucose. All patients should have an 
electrocardiogram and chest X-ray to screen for cardiac 
disease; however, an echocardiogram is the definitive test 
for carcinoid heart disease.

Perioperative care of the patient with carcinoid syndrome 
involves avoidance of triggers and preparation to manage cri-
sis, particularly at times of tumor manipulation.

Preoperative optimization should correct hypovolemia and 
electrolyte imbalances. Preoperative sedation with a benzodi-
azepine (lorazepam sublingual 2 mg, 90 min preoperatively) 
is highly recommended and consideration may be given to use 
of cyproheptadine (4 mg; antihistamine and anti-serotonergic) 
as well. Patients should receive octreotide 50–100 g sc BID 
for at least 24 h prior to induction with an additional 100 g 
sc 1 h preoperatively [104, 107, 109].

Intraoperatively, monitors should be placed while the patient 
is awake. In addition to standard monitors, invasive blood 
pressure monitoring is required and central access is indicated 
for CVP monitoring, rapid administration of drugs, fluids, and 
blood if required. Temperature monitoring and body warm-
ers should be used as hypothermia is a trigger of crises. In 
the presence of cardiac disease, transesophageal echocardiog-
raphy should be readily available. Octreotide infusion at 
100–250 g/h is recommended [97, 104] and may be started 
once in the operating room. A smooth induction and blunting 
of airway reflexes for intubation is ideal. Etomidate and sodium 
thiopental may not blunt airway reflexes as well as propofol 
and histamine release by sodium thiopental may trigger crisis 
and is best avoided. Nonhistamine releasing opioids such as 
fentanyl or remifentanil may be used with good results [110]. 
The use of NDMR is safe provided that histamine release is 
avoided. Succinylcholine use is controversial. Some practitio-
ners strictly avoid it due to concern over histamine release and 
concern over precipitating a crisis secondary to fasciculations 
[97, 104]. In a review of 21 patients with carcinoid syndrome, 
Veall et al. [111] used succinylcholine in half of the patients 
uneventfully. Therefore, in optimized patients, the use of suc-
cinlycholine should not be considered contraindicated when 
airway or other concerns make it the best choice of muscle 
relaxant.

Intraoperatively, electrolytes and glucose should be moni-
tored and hyperglycemia may require insulin infusion. Oct-
reotide, diluted to 10–50 g/mL should be readily available 
for emergency use in doses of 50–100 g and titrated to 
response.

Carcinoid crisis may manifest as profound hypertension or 
hypotension accompanied by bronchospasm. Hypertension 
may be treated by increasing anesthetic depth, administer-
ing a bolus of short-acting opioid [111], use of -blockade 
(metoprolol or esmolol) [109], or administration of octreotide. 
Kataserin, a selective serotonin antagonist with -1 blocking 
effects has also been described as useful (dose 5–10 mg) but 
has Vaughn-Williams class I and III antiarrhythmic effects 



21915. Thymic Surgery and Paraendocrine Syndromes

106, 109]. Cyproheptadine 
(1 mg) or methotrimeprazine (2.5 mg) are serotonin antago-
nists which have also been described for the management of 
hypertensive carcinoid crisis.

Profound hypotension is a more common manifestation of 
crisis intraoperatively and may be severe. The treatment of 
choice is octreotide boluses as described above. Intravenous 
octreotide reaches peak effect after 4 min; there are no sig-
nificant side effects and doses may need to be escalated until 
a response is seen [111]. Vasopressin or phenylephrine have 
also been described as an additional therapy if hypotension is 
refractory [109, 112]. Additional management of hypotension 
includes fluid resuscitation, reduction of anesthetic depth, 
and cessation of surgical manipulation. Catecholamines are 
usually avoided in the treatment of hypotension as they may 
precipitate further crisis; however, recent data suggest they 
may be used in patients who have been optimized with soma-
tostatin analogs [107]. If necessary, small boluses should be 
administered and the response observed carefully. In addition 
to the above, calcium, angiotensin, and milrinone are also 
considered safe [97, 111].

The management of bronchospasm with salbutamol is 
another area of controversy. Noncatecholamine bronchodila-
tors (ipratropium bromide), steroids, antihistamines, and oct-
reotide have been suggested as effective for crisis-associated 
bronchospasm [109]. Others describe the safe and effective use 
of salbutamol and advocate its use despite sympathomimetic 
activity [87, 111]. While noncatecholamine bronchodilators 
should be considered first, salbutamol is not contraindicated 
particularly in an optimized patient with bronchospasm.

Neuraxial anesthesia is controversial in a patient popula-
tion at risk for acute hemodynamic instability, however, both 
epidural [110, 113] and spinal anesthesia [114] have been 
described even in the presence of severe carcinoid heart dis-
ease. Keys to this approach noted by all authors included 
preoperative optimization with octreotide, adequate volume 
loading, and the minimization of hemodynamic changes by 
careful drug selection.

Postoperatively, delayed awakening has been described 
and attributed to the high serotonin levels. Patients require an 
intensive care environment where hemodynamic monitoring 
and continuation of drug infusions are possible. Manifesta-
tions of carcinoid syndrome may continue due to residual 
tumor or unresected metastases. Octreotide infusions should 
be continued and weaned slowly while monitoring for mani-
festations of residual secretory activity. Postoperative analge-
sia is imperative to avoid triggering crisis and for this reason, 
the benefits of a carefully titrated epidural infusion may out-
weigh the risks.

Lambert–Eaton Myasthenic Syndrome (LES)

LES is the most common of the classical paraneoplastic syn-
dromes [115]. Fifty to sixty percent of patients presenting with 
LEMS will subsequently be diagnosed with a  malignancy, 

most commonly small cell lung cancer (SCLC), within 2 years 
[116]. Three percent of patients with SCLC will experience 
LEMS [117].

LES bears a striking resemblance to MG at first glance, but 
there are many important differences (Table 15.11). While 
MG is a disease affecting the postsynaptic membrane, LES is 
due to a reduction in acetylcholine release from the presynap-
tic nerve terminal [118–120]. An autoimmune attack directed 
against the voltage-gated calcium channels of the presynap-
tic nerve terminal reduces calcium entry into the presynaptic 
nerve terminal. As a result of reduced calcium influx, there is 
markedly reduced acetylcholine release leading to symptoms 
of LEMS.

The most common presenting symptoms of LEMS are 
proximal lower extremity weakness. Many also experience 
autonomic symptoms such as dry mouth, impotence, consti-
pation, and orthostatic hypotension. Ocular and bulbar muscle 
involvement may be present but is often mild and usually 
not the presenting feature. Respiratory muscle weakness can 
occur but usually as a late complication [116].

Management of LEMS is usually medical as patients with 
SCLC are often not operative candidates for resection of their 
malignancy. 3,4-diaminopyridine is a potassium-channel 
blocking drug which causes the depolarization of the presyn-
aptic nerve terminal to be prolonged. This allows time for 
increased calcium influx which results in increased acetylcho-
line release and greater clinical strength [121]. There may also 
be a role for IVIG and plasmapheresis in some cases [87].

Patients with LEMS presenting for anesthesia are very sen-
sitive to both succinylcholine and NDMR [121]. Therapy with 
3,4-diaminopyridine should be continued up to the time of sur-
gery. The use of paralytics should be minimized and, if nec-
essary, should be titrated in very small doses and monitored 
closely. Reversal of neuromuscular blockade by usual means 
is seldom effective. The administration of 3,4-diaminopyri-
dine concomitantly with reversal agents has been met with 
some success [122, 123]. Additional consideration should be 
given to the potential for autonomic disturbances and provi-
sion should be made preoperatively for postoperative ventilation 
if required.

Table 15.11. Myasthenia gravis vs. Lambert–Eaton syndrome.

Feature Myasthenia gravis Eaton–Lambert syndrome

Most commonly  
associated malignancy

Thymoma (40%) Small cell lung cancer  
(1–3%)

Antibody target Acetylcholine  
receptor

Voltage-gated calcium  
channel

Area of NMJ affected Postsynaptic  
membrane

Presynaptic membrane

Common presenting  
feature

Ocular and bulbar  
weakness

Limb weakness,  
oculomotor sparing

Ocular and bulbar  
muscle involvement

Common Rare

Autonomic dysfunction None Common
Deep tendon reflexes Normal Reduced
Strength improved by Rest, sleep Exercise
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Clinical Case Discussion

Case: A 32-year old female presents for preoperative assess-
ment. She is booked for a transcervical thymectomy for MG. 
In addition to the usual preoperative assessment, consider:

What additional information, specific to this patient, should 
be gathered at the preoperative anesthesia consultation
Appropriate investigations
How you will optimize her for the upcoming surgery
What premedication she will require including dosing of 
her current medications
Appropriate postoperative disposition
Your anesthetic technique of choice including acute post-
operative pain management

What Additional Information, Specific to this 
Patient, Should be Gathered at the Preoperative 
Anesthesia Consultation?

In addition to the usual elements of a preoperative consulta-
tion, the preoperative visit should serve to characterize the 
severity of MG in this patient as well as determine if there are 
any mediastinal compressive symptoms. A history of associ-
ated autoimmune disorders should also be sought.

Determine when the patient was diagnosed with MG and 
how the disease has progressed. Determine if the symptoms 
have been purely ocular or if they have involved bulbar mus-
cles (putting the patient at risk for dysphagia and aspiration), 
axial or limb muscles, or if the patient has had any episodes 
of respiratory failure requiring ventilator support. Determine 
the management history, particularly the dose and frequency 
of pyridostigmine and what the consequences are of delaying 
a dose. Is there a history of steroid requirements or the use of 
any other immunusuppressants?

A history of palpitations, chest pain, or dyspnea on exer-
tion as well as findings consistent with heart failure should 
be sought due to the possibility of cardiac involvement. The 
association with thyroid dysfunction, rheumatoid arthritis, 
and lupus should also prompt screening questions which may 
or may not require additional medical consultation and opti-
mization.

To screen for a thymoma with mass effect, a history of ortho-
pnea, supine dyspnea, or cough should be sought. Changes in 
voice (dysphonia, hoarseness), palpitations, syncope, edema 
of the face or tongue, and dysphagia are other signs of medi-
astinal compression; however, dysphagia and dysphonia may 
also be due to MG.

This patient has been diagnosed with MG for 5 years. She 
initially presented with oculobulbar symptoms which were well 
controlled with mestinon. Over the last few years, increasing 
doses of mestinon have been required eventually prompting the 
referral for surgical treatment. She does not have any associated 
autoimmune disorders and denies all symptoms of mass com-
pression. To her knowledge, there is no thymoma present. She 

takes 80 mg of pyridostigmine every 4 h and feels weakness if 
she is more than an hour late with her dose. Her usual first dose 
is taken at around 6 o’clock in the morning.

Appropriate Investigations

Bloodwork: CBC (pernicious anemia) and blood cross-match 
are mandatory. Strongly consider electrolytes and creatinine, 
coagulation profile, and TSH as well.

Imaging must be reviewed, CXR and chest CT for the 
presence of any thymoma.

Blood work in this patient is all within normal limits. Her 
TSH is normal. The radiologist’s reports do not mention any 
sign of aspiration pneumonia nor any thymoma causing com-
pression of cardiopulmonary structures.

How You Will Optimize Her for the Upcoming 
Surgery

Confirm that the patient’s neurologist is aware of the upcom-
ing surgery and discuss possible plasmaphoresis or IVIG to 
optimize the patient’s muscular strength and minimize the 
chances of perioperative respiratory failure and need for post-
operative ventilation. Pyridostigmine should be continued 
up to the day of surgery and the surgery should be scheduled 
first thing in the morning. The patient should be instructed 
to take their morning dose of pyridostigmine as close to the 
time of surgery as is possible. If the surgery takes longer than 
expected, an intravenous supplemental anicholinesterase may 
be given or an additional dose of oral pyridostigmine may be 
given via a nasogastric tube. No premedication with sedating 
effects should be ordered.

The Anesthetic Technique of Choice Including 
Acute Postoperative Pain Management

General anesthesia with endotracheal intubation is the tech-
nique of choice under these circumstances. Induction with 
propofol and remifentanil is recommended (no neuromuscu-
lar blockade). Maintenance may be achieved with a volatile, 
such as Desflurane, or with a propofol infusion. Remifentanil 
may be used as an analgesic infusion. Pre- or intra-operative 
acetaminophen and nonsteroidal anti-inflammatory (such as 
naprosyn or ketorolac) should also be used and continued 
postoperatively. The surgeon should be asked to infiltrate the 
wound with local anesthesia at closure.

Appropriate Postoperative Disposition

Patients undergoing transcervical thymectomy for nonthy-
momatous MG have significantly less pain and respiratory 
dysfunction than patients undergoing transsternal thymec-
tomy. Provided that the patient can be optimized preopera-
tively with plasmaphoresis or equivalent, an overnight stay in 
a regular ward is appropriate. Pain is likely to be manageable 
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with oral opioids and multimodal analgesia with acetamino-
phen and anti-inflammatories will be beneficial. Based on the 
history, optimization, and low analgesic requirements, the risk 
of postoperative respiratory failure is low. Pyridostigmine dos-
ing must be continued and ongoing collaboration with neurol-
ogy and the postoperative care team is important.
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16
Lung Isolation
Javier Campos

Key Points

During the preoperative period, review of the posterior–
anterior chest radiograph is necessary to measure the 
tracheal width and also appreciate the pattern of the tra-
cheobronchial anatomy to determine what device and size 
to use.
The left-sided DLT is the most common device used for 
lung isolation because of its greater margin of safety.
The use of bronchial blockers is indicated in patients who 
present with difficult airways and require lung isolation.
Patients with a tracheostomy in place requiring lung isola-
tion are best managed with the use of an independent bron-
chial blocker and flexible fiberoptic bronchoscopy.
Flexible fiberoptic bronchoscopy is the recommended 
method to achieve optimal position of lung isolation 
devices, first in supine position, later in lateral decubitus, 
or whenever a malposition occurs.

Introduction

Lung separation techniques are used to provide one-lung ven-
tilation (OLV) in patients undergoing thoracic, mediastinal, 
cardiac, vascular, or esophageal procedures [1, 2]. Lung sepa-
ration can be achieved with two different techniques. The first 
involves a device made of disposable polyvinylchloride mate-
rial, the double-lumen endotracheal tube (DLT) [3]. The DLT 
is a bifurcated tube with both an endotracheal and an endo-
bronchial lumen and can be used to achieve isolation of either 
the right or left lung. The second technique involves blockade 
of a mainstem bronchus to allow lung collapse distal to the 
occlusion [4]. Currently, there are different bronchial blockers 
available to facilitate lung separation collapse; these devices 
are either attached to a single-lumen endotracheal tube with 
an enclosed bronchial blocker (Torque Control Blocker Uni-
vent) (Vitaid, Lewiston, NY) [5] or are used independently 
over a standard single-lumen endotracheal tube, as with the 
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wire-guided endobronchial blocker (Arndt® blocker) [6] 
(Cook Critical Care, Bloomington, IN), the Cohen tip-deflect-
ing endobronchial blocker [7] (Cook Critical Care, Bloom-
ington, IN), or the Fuji Uni-blocker® [8] (Fuji Corp, Tokyo, 
Japan). There are a number of recognized indications for OLV. 
In practice, the most common indications for lung separation 
are (1) for surgical exposure, (2) for prevention of contamina-
tion to the contralateral lung from bleeding pus material or 
saline lavage (abscess, hemoptysis, bronchiectasis, and lung 
lavage), and (3) during differential lung ventilation or for con-
tinuity of the airway gas exchange such as with bronchopleu-
ral fistula. Table 16.1 describes common indications for lung 
isolation with a DLT or a bronchial blocker.

Double-Lumen Endotracheal Tubes

Currently, all DLTs are based on a design suggested by  Carlens 
and Björk [9]. There are two versions of DLTs,  left-sided and 
a right-sided, which are designed to accommodate the unique 
anatomy of each mainstem bronchus [10]. DLTs are available 
from different manufacturers: Mallinckrodt Broncho-Cath 
(St. Louis, MO) is the most common brand name in North 
America; there is also the Sheridan Sher-I-Bronch (Argyle, 
NY) and DLTs from Rüsch (Duluth, GA) and Portex (Keene, 
NH). The sizes of the DLTs vary among  manufacturers; the 

smallest available is 26 French (F) followed by 28, 32, 35, 
37, 39, and 41 F. Table 16.2 displays the external and inter-
nal diameters of the different sizes of DLTs and the size of 
the flexible fiberoptic bronchoscope recommended (of note, 
the size of the DLTs varies among manufacturers). The ones 
described in this table are: Mallinckrodt Broncho-Cath, Sher-
I-Bronch, and Rüsch.

Size Selection

Regarding selection of the proper size of a DLT, all studies 
have focused on the left-sided DLT in part because the right-
sided DLT is used infrequently. A common problem with the 
left-sided DLT is the lack of objective guidelines to properly 
choose the correct or approximate size of DLT.

A left-sided DLT that is too small requires a large endo-
bronchial cuff volume, which might increase the incidence of 
malposition. In addition, a small DLT does not readily allow 
fiberoptic bronchoscope placement and can make suction dif-
ficult. A properly sized DLT is one in which the main body 
of the tube passes without resistance through the glottis and 
advances easily within the trachea, and in which the bronchial 
component passes into the intended bronchus without diffi-
culty. In a study performed in adult cadavers, it was shown 
that the cricoid ring diameter never exceeds the diameter of 
the glottis. If a DLT encounters resistance when passing the 
glottis, it is likely that the DLT would encounter resistance 
while passing the cricoid ring [11].

There are reports of complications related to the use of an 
undersized DLT. A tension pneumothorax and pneumome-
diastinum occurred after the endobronchial tip of an under-
sized DLT had migrated too far into the left lower bronchus, 
and the entire tidal volume was delivered into a single lobe 
[12]. Also, smaller DLTs might present with more resistance 
to gas flow and more intrinsic auto-positive end-expiratory 
pressure compared with the wider lumen of larger DLTs 
[13]. Airway-related complications have been reported with 
undersized left-sided DLTs. A rupture of the left mainstem 
bronchus by tracheal portion of a DLT has been reported 

Table 16.1. Indications for lung isolation with a double-lumen 
endotracheal tube (DLT) or a bronchial blocker.

A. Indications for lung isolation with the use of a DLT

B.  Indication for lung isolation with the use of a DLT or a bronchial 
blocker

with lung collapse

C. Specific indications for bronchial blockers

– Nasotracheal intubation

Table 16.2. Displays the external and internal diameters of the 
 different sizes of DLTs and the size of the flexible fiberoptic 
 bronchoscope recommended.

DLT French size (F)

F size OD (mm)
Bronchial ID 
(mm)

Trachea ID 
(mm)

FOB size OD 
(mm)

26 8.7 3.5 3.5 2.2
28 9.3 3.2 3.1 2.2
32 10.7 3.4 3.5 2.2
35 11.7 4.3 4.5 3.5 or 4.2
37 12.3 4.5 4.7 3.5 or 4.2
39 13.0 4.9 4.9 3.5 or 4.2
41 13.7 5.4 5.4 3.5 or 4.2

OD outer diameter; ID internal diameter; FOB fiberoptic bronchoscope
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[14]. A longitudinal laceration of the left mainstem bronchus 
occurred. The cause of this complication was believed to be 
an undersized DLT, which allowed the endotracheal portion of 
the DLT to enter the left mainstem bronchus. In addition, an 
oversized DLT also can be associated with bronchial rupture 
in a small adult patient [15].

Brodsky et al. [16] reported that measurement of tra-
cheal diameter at the level of the clavicle on the preop-
erative posteroanterior chest radiograph can be used to 
determine proper left-sided DLT size. These methods lead 
to a 90% increase in the use of larger left-sided DLTs (i.e., 
41 F DLT in men and 39 F and 41 F DLT in women). How-
ever, a study involving Asian patients by Chow et al. [17], 
using the methodology of Brodsky et al. [16], found this 
approach less reliable. In the Chow et al. [17] study, the 
overall positive predictive value for the proper left size of a 
left-sided DLT was 77% for men and 45% for women. This 
method seems to have limited use in patients of smaller 
stature, such as women and people of Asian descent, and an 
alternative method should be sought, including placement 
of a different lung isolation device such as an indepen-
dent bronchial blocker through a single-lumen endotra-
cheal tube. Figure 16.1 shows the guidelines to predict the 
proper left-sided DLT based upon measurements of the 
tracheal width from the chest X-ray according to Brodsky 
et al. [16].

A recent study involving thoracic anesthesiologists by Amar 
et al. [18] has shown that the use of a smaller DLT (i.e., 35 F or 

37 F left-sided DLT) rather than a conventionally large sized 
DLT (i.e., 39 or 41 F) was not associated with any difference in 
clinical intraoperative outcomes, regardless of patient size or 
gender in 300 patients undergoing thoracic surgery requiring 
lung isolation. However, in their study only 51 (35%) of the 
patients who received a 35 F, DLT were males and 92 (65%) 
were females. In practice, women usually receive a 35 F DLT; 
therefore, the question of whether or not a 35 F for all patients 
is favorable remains unclear.

Another alternative that has been suggested in order to 
predict the proper size of a right-sided or left-sided DLT is 
a three-dimensional image reconstruction of tracheobronchial 
anatomy generated from spiral computed tomography (CT) 
scans combined with superimposed transparencies of DLTs 
[19]. Taken together, these studies suggest that chest radio-
graphs and CT scans are valuable tools for selection of proper 
DLT size, in addition to their proven value in assessment of 
any abnormal tracheobronchial anatomy. These images should 
be reviewed before placement of a DLT. Particular emphasis 
should be made in viewing a posteroanterior chest radiograph 
in order to asses the shadow of tracheobronchial anatomy along 
with bronchial bifurcation. It is estimated that in 75% of the 
films the left mainstem bronchus shadow is seen. The trachea 
is located in the midline position, but often can be deviated to 
the right at the level of the aortic arch, with a greater degree 
of displacement in the setting of an atherosclerotic aorta, 
advanced age, or in the presence of severe chronic obstruc-
tive pulmonary disease (COPD). With COPD or aging, the 
lateral diameter of the trachea may decrease with an increase 
in the anteroposterior diameter. Conversely, COPD may also 
lead to softening of the tracheal rings with a decrease in the 
anteroposterior diameter of the trachea. The cricoid cartilage 
is the narrowest part of the trachea with an average diameter 
of 17 mm in men and 13 mm in women.

Figure 16.2a shows a multidetector three-dimensional CT 
scan of the chest displaying the trachea and bronchial anat-
omy in a 25-year-old healthy volunteer; Fig. 16.2b shows the 
changes that occur in a 60-year-old man with severe COPD, 
which shows a deviated trachea and narrow bronchus. Points 
of importance include the recognition of any distorted anat-
omy identified in the films prior to placement of DLTs.

Methods of Insertion

Two techniques are used most commonly by anesthesiolo-
gists when inserting and placing a DLT. The first is the blind 
technique, that is, when the DLT is passed with direct lar-
yngoscopy, then turned to the left (for a left-sided DLT) or 
right (for a right-sided DLT) after the endobronchial cuff has 
passed beyond the vocal cords. The DLT then is advanced 
until the depth of insertion at the teeth is approximately 
29 cm for both men and women if the patient’s height is at 
least 170 cm [20].

The second technique employs fiberoptic bronchoscopy 
guidance, where the tip of the endobronchial lumen is guided 

Fig. 16.1. Left bronchocath double lumen endotracheal tubes guide-
line. Modified from Brodsky et al. [16].
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after the DLT passes the vocal cords; direction is sought 
with the aid of a flexible fiberoptic bronchoscope. A study 
by Boucek et al. [21] comparing the blind technique versus 
the fiberoptic bronchoscopy-guided technique showed that of 
the 32 patients who underwent the blind technique approach, 
primary success occurred in 30 patients. In contrast, in the 
27 patients receiving the bronchoscopy-guided technique, 
primary success was achieved only in 21 patients and even-
tual success in 25 patients. This study also showed that the 
time spent placing a DLT was an average of 88 s for the blind 
technique and 181 s for the directed bronchoscopic approach. 
Although both methods resulted in successful left mainstem 
bronchus placement in most patients, more time was required 
when the fiberoptic bronchoscopy guidance technique was 
used. In addition, two patients in each group required an alter-
native method for tube placement. Either method may fail 
when used alone. Figure 16.3 shows the blind method tech-
nique and Fig. 16.4 shows a fiberoptic bronchoscopy guidance 
technique for placement of a left-sided DLT.

Right-Sided Double-Lumen Endotracheal 
Tubes

Although a left-sided DLT is used more commonly for most 
elective thoracic procedures [22], there are specific clinical 
situations in which the use of a right-sided DLT is indicated. 
Table 16.3 displays the indications for use of a right-sided DLT.

The anatomic differences between the right and left main-
stem bronchus are reflected in fundamentally different designs 
of the right-sided and left-sided DLTs. Because the right main-
stem bronchus is shorter than the left bronchus and because the 
right upper lobe bronchus originates at a distance of 1.5–2 cm 
from the carina, techniques using right endobronchial intubation 
must take into account the location and potential obstruction of 
the orifice of the right upper lobe bronchus. The right-sided 
DLT incorporates a modified cuff, or slot, on the endobronchial 
side that allows ventilation of the right upper lobe. Figure 16.5 
displays the Sheridan and the Mallickrodt right-sided DLTs.

Fig. 16.2. (a) Male tracheobronchial tree via 
multidetector three-dimensional computer 
tomography scan in a healthy 25 year old.  
(b) Male tracheobronchial tree via multidetec-
tor three-dimensional computer tomography 
scan in a 60 year old with chronic obstructive 
pulmonary disease (COPD) [29].
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Safety

In theory, the left-sided DLT and right-sided DLT should be 
equally safe and efficacious for collapse of either the right 
or the left lung. In practice, however, use of the right-sided 
DLT has become controversial. An early study showed that 

because of bronchial anatomy, the left-sided DLT is simpler 
to use and has a greater margin of safety than the right-sided 
DLT [23]. Another study [24] has shown failure to ventilate 
the right upper lobe in 11% of patients and obstruction of 
the right upper bronchus in 89% of patients after right-sided 
DLT placement; studies relying on fiberoptic bronchoscopy 
guidance techniques have shown no increased risk of obstruc-
tion of the right upper lobe orifice [25]. A right-sided DLT 
from the Mallinckrodt brand has been modified to increase 
the margin of safety. In this right-sided Broncho-Cath® DLT, 
the opening slot of the ventilating orifice for the right upper 
bronchus lobe has been widened and consists of an enlarged 
area of the lateral orifice; this modification has increased the 
alignment between the opening slot and the right upper lobe 
bronchus [26]. A contraindication for right-sided DLT use is 
the presence of an anomalous right upper lobe takeoff from 

Fig. 16.3. Blind technique for placement of a 
left-sided DLT [63].

Fig. 16.4. Shows a fiberoptic bronchoscopy 
guidance technique for placing a left-sided 
DLT [63].

Table 16.3. Indications for a right-sided DLT.

-
bronchial or external compression

descending thoracic aortic aneurysm
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the trachea, which has been estimated to be present in 1 of 
250 otherwise normal subjects [27]. A recent study involving 
the use of right- or left-sided DLTs has shown that these have 
identical clinical performances. In this study, the authors 
hypothesized that placing a left-sided DLT for a right-sided 
lung isolation; the tubes will have similar performance. This 
retrospective study reported no difference in the incidence of 
duration of hypoxemia hypercarbia or high airway pressures 
[28]. Unfortunately, this study was retrospective in nature, 
and also the authors showed greater than 35 cm H

2
O of peak 

inspiratory pressure in over 65% of the cases reported in both 
groups during OLV.

Placement Technique

The preferred technique for placement of a right-sided DLT 
is with the fiberoptic bronchoscopy guidance technique. After 
the right-sided DLT is passed beyond the vocal cords under 
direct laryngoscopy, the fiberoptic bronchoscope is advanced 
through the endobronchial lumen. Before advancing the 
DLT, the tracheal carina, the entrance of the right mainstem 
bronchus, and the entrance of the right-upper lobe bronchus 
are identified. Then the DLT is rotated 90° to the right and 
advanced with the aid of the fiberoptic bronchoscope. The 
optimal position of a right-sided DLT is one that provides 

good alignment between the opening slot of the endobronchial 
lumen in relationship to the entrance of the right-upper lobe 
bronchus and, distally, a clear view of the bronchus interme-
dius and the right lower lobe bronchus seen from the endo-
bronchial lumen. From the tracheal view, the optimal position 
for a right-sided DLT provides a view of the edge of the blue 
cuff of the endobronchial balloon when inflated just below 
tracheal carina and a view of the entrance of the right main-
stem bronchus [29]. Figure 16.6 shows the optimal position 
of a right-sided DLT seen from the endobronchial or endotra-
cheal view with a fiberoptic bronchoscope.

Left-Sided Double-Lumen Endotracheal 
Tubes

Placement Technique

Placement and positioning of a left-sided DLT can be accom-
plished with either technique discussed earlier, the blind tech-
nique in which the left-sided DLT is passed beyond the vocal 
cords (endobronchial cuff) and the tube is rotated 90° coun-
terclockwise and advances until the tip of the tube enters the 
left mainstem bronchus, or the bronchoscopy guidance tech-
nique, in which the endobronchial tip is passed beyond the 

Fig. 16.5. (a) Sheridan right-sided DLT. (b) Mallinckrodt right-sided DLT. (c) View of the right mainstem bronchus showing the bronchus 
intermedius towards the center of the photo and the smaller right upper lobe orifice to the right. (d) The three segments of the right upper lobe 
(the “clover-leaf” view).



23316. Lung Isolation

vocal cords and guided through the trachea with the aid of the 
fiberoptic bronchoscope until the entrance of the left main-
stem bronchus is identified and the tube is introduced into the 
left bronchus. The optimal position for a left-sided DLT as 
seen with the fiberoptic bronchoscope is the one that allows, 
from the tracheal lumen view, observation of a fully inflated 
endobronchial cuff with no more than 3 mL of air located 
5–10 mm below the tracheal carina inside the left mainstem 
bronchus. The second important view is the endobronchial 
bronchoscopy view. Two observations are relevant: first, the 
fiberoptic bronchoscope is advanced inside the endobron-
chial lumen, and the patency of the lumen is observed before 
advancing the bronchoscope through the blue portion of the 
tube; the second view is at the distal end of the endobronchial 

tip of the tube, where a clear and unobstructed view of the 
left-upper and lower lobe bronchus entrance orifices are 
visualized distally. In order to recognize the right mainstem 
bronchus while placing a left-sided DLT, the fiberoptic bron-
choscope is advanced through the tracheal lumen below the 
main tracheal carina to the right side approximately 1–2 cm 
at which the point the orifice of the right-upper lobe bron-
chus is seen at 3–4 o’clock on the lateral wall. Advancing the 
fiberoptic bronchoscope inside this orifice should provide a 
clear view of the apical, anterior, and posterior segments (the 
“clover-leaf” view). This is the only structure in the tracheo-
bronchial tree that has three orifices. Figure 16.7 shows the 
optimal position of a left-sided DLT as seen with a fiberoptic 
bronchoscope.

Fig. 16.6. Optimal position of a right-sided 
DLT. (a) The view of the right upper lobe 
through the ventilating side slot of the bron-
chial lumen. (b) The view from the tracheal 
lumen of the main carina with the bronchial 
lumen in the right mainstem bronchus [29].

Fig. 16.7. The optimal position of a left-sided 
DLT. (a) View from the tracheal lumen of the 
unobstructed entrance of the right mainstem 
bronchus. (b) View from the tracheal lumen 
of the right-upper bronchus. (c) View from the 
bronchial lumen of the left-upper (above) and 
left-lower (below) lobe bronchi [29].
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Auscultation and Fiberoptic Bronchoscopy 
when Placing Double-Lumen  
Endotracheal Tubes

Evidence strongly suggests that auscultation alone is unreli-
able for confirmation of proper DLT placement. However, 
the basic principle of auscultation and clamping maneuvers 
while testing the proper placement of a DLT must be rou-
tinely applied prior to the use of fiberoptic bronchoscopy. For 
a left-sided DLT, the endobronchial lumen should be placed 
below the tracheal carina into the left mainstem bronchus 
and the depth of the tube in a 170 cm tall subject should 
be approximately 29 cm at the level of the teeth. Clamp-
ing the limb connector of the tracheal lumen should reveal 
absence of breath sounds on the right side of the chest (right 
hemithorax). After this maneuver is completed, the next step 
is to ventilate both lungs then to clamp the limb connector 
of the endobronchial lumen should reveal absence of breath 
sounds on the left side of the chest (left hemithorax). If 
none of these maneuvers are successful, or confusion ensues 
with breath sounds and the location of the DLT, a fiberoptic 
bronchoscopy exam takes precedent. A study involving 200 
patients who were intubated by the blind technique in whom 
confirmation of placement of DLTs was done first with aus-
cultation and clamping one of the ports of the connector of 
the DLT and with a second anesthesiologist with expertise 
in fiberoptic bronchoscopy reconfirming the placement of 
the DLT showed that 35% of the tubes placed were malposi-
tioned when auscultation was used alone. All detected mal-
positions were eventually corrected [30]. A study by Brodsky 
and Lemmens [22] reported their clinical experience with the 
use of left-sided DLTs. Using auscultation and clinical signs, 
they reported 98% efficacy in lung collapse, yet in only 58 
instances they used fiberoptic bronchoscopy to attempt to 
place the DLTs correctly. In this study, there were 71 patients 
(6.2%) in whom the DLT was found not to be in a satisfac-
tory position, requiring readjustment after initial placement. 
What is important from the Brodsky study [22] is the fact that 

in 56 patients the DLT was considered too deep into the left 
bronchus, and indirectly this was a cause of hypoxemia in 21 
of 56 patients who had a malpositioned tube. Anesthesiolo-
gists should be able to avoid this complication with the use 
of fiberoptic bronchoscope. In a report related to the national 
confidential inquiry into perioperative deaths in Great Britain 
[31], which detailed the management of patients undergo-
ing esophagogastrectomy, it was shown that 30% of deaths 
reported were associated with malposition of DLTs. The 
problems ranged from use of multiple DLTs to prolonged 
periods of hypoxia and hypoventilation. The anesthesiolo-
gists did not use a fiberoptic bronchoscope to confirm DLT 
position before surgery, during surgery, or when the DLT was 
placed incorrectly [32].

In another report from Great Britain, Seymour [33] reported 
a survey among anesthesiologists in a single institution, in 
which they participated in 506 placements of left- or right-
sided DLTs; in their report, only 56% of the cases managed 
used fiberoptic bronchoscopy to confirm the proper placement 
of the DLTs. In more than 10% of their cases, hypoxemia was 
present in the intraoperative period. An editorial by Slinger 
[34] pointed out the importance of using fiberoptic bronchos-
copy to confirm placement of DLTs.

A study involving nonthoracic anesthesiologists with very 
limited experience in lung separation techniques showed 
that when placing lung isolation devices (DLTs or bronchial 
blockers) there was a 38% incidence in unrecognized mal-
positions when these devices were placed with the fiberop-
tic bronchoscope. The possible causes were lack of skill 
with fiberoptic bronchoscopy and lack of recognition of the 
tracheobronchial anatomy [35]. It is the author’s opinion 
that fiberoptic bronchoscopy is essential and mandatory to 
achieve 100% success in placement and positioning of DLTs 
as long as the anesthesiologist is able to recognize proper tra-
cheobronchial anatomy and has skills with flexible fiberoptic 
bronchoscopy. Table 16.4 displays the findings and outcomes 
when auscultation, clamping maneuvers, and or fiberoptic 
bronchoscopy were used to position and achieve optimal 
position of the DLTs.

Table 16.4. Role of auscultation, fiberoptic bronchoscopy, and/or both during lung isolation.

References Number of patients Method Outcome

Brodsky and Lemmens [22] 1,170 DLTs (retrospective study) Clinical experience over 8-year period 
(1993–2001)

Successful lung isolation 98%
56 DLT too deep in the left bronchus 

(n = 21 hypoxemia)Auscultation and clinical signs
Fiberoptic bronchoscopy was used n = 58

Klein et al. [30] 200 L-R DLT’s (prospective study) Auscultation/clamping/followed by a 
fiberoptic bronchoscopy with a second 

35% malpositions
Optimal position achieved with the use of 

fiberoptic bronchoscopy in all cases
Seymour et al. [33] 506 L-R DLTs (survey) Audit of DLT 56% used fiberoptic bronchoscopy

Auscultation/clamping maneuvers or  
fiberoptic bronchoscopy

>10% hypoxemia (SpO
2
 < 88%)

DLT double-lumen endotracheal tube; R right; L left
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New Technology with Double-Lumen 
Endotracheal Tubes

Fuji Systems in Tokyo, Japan has introduced the Silbroncho 
DLT, which is made of silicone. The unique characteristic of 
this device relies on the wire-reinforced endobronchial tip. 
Also, the short bronchial tip and reduced bronchial cuff should 
increase the margin of safety when compared with a Broncho-
cath left-sided DLT. At the present time, only a left-sided Sil-
broncho DLT is available on the market [36]. Its effectiveness 
has not been reported.

Also, there is a newly designed right-sided DLT, the Cliny® 
(Create Medic Co., Ltd, Yokohama, Japan). This device has a 
long oblique bronchial cuff and two ventilation slots for the 
right-upper lobe. The proximal part of the bronchial cuff is 
located immediately opposite the tracheal orifice. This device 
can be useful in patients with a very short right mainstem 
bronchus [37]. Figure 16.8a displays the Silbroncho left-sided 
DLT and (b) displays the Cliny® right-sided DLT.

Another newly designed DLT has been designed to enable 
rapid and reliable lung isolation using a bronchial blocker. The 
Papworth BiVent Tube [38, 39] is a DLT with two D-shaped 
lumens arranged in a side-by-side configuration, separated by 
a central position. The tube characteristics include a preformed 
single posterior concavity and a single inflatable, low-volume, 
high-pressure tracheal cuff. At the distal end, there are two pli-
able crescent-shaped flanges arising from the central position 
to form a forked tip. The purpose of the forked tip is to seat 

at the tracheal carina. A bronchial blocker can be advanced 
blindly through either lumen and is guided into a bronchus. 
The size available for the Papworth BiVent tube at the present 
time is 43 F. According to the developers, the Papworth BiVent 
tube can be used without the requirement for endoscopic guid-
ance. Unfortunately, at the present time there are no studies in 
humans to confirm its clinical use during lung separation.

Complications Associated with Double-
Lumen Endotracheal Tube Placement

The most common problems and complications from the use 
of DLTs are malpositions and airway trauma. A malpositioned 
DLT fails to allow collapse of the lung, causing gas trapping 
during positive pressure ventilation, or it may partially col-
lapse the ventilated or dependant lung, producing hypoxemia. 
A common cause of malposition is dislodgement of the endo-
bronchial cuff because of overinflation, surgical manipulation 
of the bronchus, or extension of the head and neck during or 
after patient positioning [40].

Airway trauma and rupture of the membranous part of the 
trachea or the bronchus continue to be infrequent problems with 
the use of DLTs [14, 15]. These complications can occur during 
insertion and placement, while the case is in progress, or during 
extubation [41–43]. Another problem that has been reported is 
the development of bilateral pneumothoraces or a tension pneu-
mothorax in the dependent, ventilated lung [44, 45]. A 25-year 
review of the literature by Fitzmaurice and Brodsky [46] found 
that most airway injuries were associated with undersized DLTs, 
particularly in women who received a 35 F or 37 F disposable 
DLT. It is likely that airway damage occurs when an undersized 
DLT migrates distally into the bronchus and the main tracheal 
body of the DLT advances into the bronchus, producing lac-
erations or rupture of the airway. Airway damage during the 
use of DLTs can present as unexpected air leaks, subcutaneous 
emphysema, massive bleeding into the lumen of the DLT, or 
protrusion of the endotracheal or endobronchial cuff into the 
surgical field, with visualization of this by the surgeon. If any of 
the aforementioned problems occur, a bronchoscopic examina-
tion should be performed and surgical repair performed.

Benign complications with the use of the DLT have been 
reported by Knoll et al [47]. In their comparative study 
between the DLT and the endobronchial blocker, the develop-
ment of postoperative hoarseness occurred significantly more 
commonly in the DLT group when compared to the endobron-
chial blocker group; however, the incidence of bronchial inju-
ries was comparable between groups.

Bronchial Blockers

An alternative method to achieve lung separation involves 
blockade of a mainstem bronchus to allow lung collapse dis-
tal to the occlusion [4]. Bronchial blockers also can be used Fig. 16.8. (a) Silbroncho left-sided DLT. (b) Cliny® right-sided DLT.
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selectively to achieve lobar collapse, if needed [48–54]. 
Currently, there are different bronchial blockers available to 
facilitate lung separation collapse; these devices either are 
attached to a single-lumen endotracheal tube with an enclosed 
bronchial blocker (Torque Control Blocker Univent) [4] or are 
used independently through or alongside a conventional sin-
gle-lumen endotracheal tube, such as the wire-guided endo-
bronchial blocker Arndt® blocker [6], the Cohen tip-deflecting 
endobronchial blocker [7], or the Fuji Uniblocker® [8, 55].

Torque Control Blocker Univent

The Univent® tube consists of a single-lumen endotracheal tube 
with an enclosed and movable bronchial blocker made of flex-
ible, nonlatex material, and it includes a flexible shaft that is 
easier to guide into a bronchus [5]. The bronchial balloon has 
a high-pressure, low-volume cuff that requires approximately 
2 mL of air to produce an airtight seal if selective lobar block-
ade is used or 4–8 mL of air if the total blockade of the bronchus 
is desired. The bronchial blocker has a 2-mm diameter lumen 
that can be used for suctioning or for oxygen administration 
and it should be closed before insertion. One of the advantages 
of the Univent® blocker is its utility in patients in whom the air-
way is considered difficult for direct laryngoscopy and during 
unanticipated difficult endotracheal intubation [56–62].

Placement of the Univent® blocker is straightforward. First 
the bronchial blocker is lubricated to facilitate passage. The 
enclosed bronchial blocker is fully retracted into the lumen 
of the tube. Conventional endotracheal tube placement is per-
formed via direct laryngoscopy, and then a fiberoptic bron-
choscope is passed through a Portex swivel adaptor into the 
endotracheal tube. Under direct vision, the enclosed bronchial 
blocker is advanced into the targeted bronchus. All bronchial 
blockers must be directed into the bronchus of the surgical 
side, where the lung collapse is to occur.

Independent Bronchial Blockers During Lung 
Isolation

Another alternative to achieve lung separation is by using an 
independent blocker passed through an in situ single-lumen 
endotracheal tube. The various devices considered to be 
independent blockers include the wire-guided endobronchial 
blocker (Arndt® blocker), the Cohen tip-deflecting endobron-
chial blocker, and the Fuji Uniblocker® [8, 55] (see Fig. 16.9).

Arndt® Wire-Guided Endobronchial Blocker

The Arndt® blocker [6] is an independent blocker attached to 
a 5 F, 7 F, or 9 F catheter that is available in 65- and 78-cm 
lengths with an inner lumen that measures 1.4 mm in diam-
eter. Near the distal end of the catheter, side holes are incorpo-
rated to facilitate lung deflation. These side holes are present 
only in the 9 F Arndt® block. The Arndt® blocker has a high-
volume, low-pressure cuff with either an elliptical or spheri-
cal shape (see Fig. 16.10). A unique feature of the Arndt® 

Fig. 16.9. Three independent bronchial blockers currently available 
in North America (see Table 16.5 for details). Left: The Cohen® Tip-
Deflecting Endobronchial Blocker 9F (Cook Critical Care, Bloom-
ington, IN), which allows anesthesiologists to establish single-lung 
ventilation by directing its flexible tip left or right into the desired 
bronchus using a control wheel device on the proximal end of the 
blocker in combination with fiberoptic bronchoscope (FOB) guid-
ance. Middle: The Fuji Uniblocker®, 9F (Fuji Corp., Tokyo, Japan). 
It has a fixed distal curve that allows it to be rotated for manipulation 
into position with FOB guidance. Unlike its predecessor, the Uni-
vent, the Uniblocker is used with a standard endotracheal tube. Right: 
The wire-guided endobronchial blocker (Arndt® bronchial blocker; 
Cook Critical Care) introduced in 1999. It contains a wire loop in 
the inner lumen; when used as a snare over a FOB, it allows directed 
placement. The loop is then removed, and the 1.4-mm lumen may be 
used as a suction channel or for oxygen insufflation.

Fig. 16.10. The recently introduced Arndt® spherical bronchial blocker 
cuff (Cook Critical Care, Bloomington, IN). Some clinicians prefer to 
use this spherical cuff for right-sided surgery versus the original ellip-
tical cuff because of the short length of the right mainstem bronchus.
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blocker compared with other blockers is that the inner lumen 
contains a flexible nylon wire passing through the proximal 
end of the catheter and extending to the distal end, which 
exits as a small flexible wire loop. This blocker comes with 
a multiport connector. The wire loop of the Arndt® blocker 
is coupled with the fiberoptic bronchoscope and serves as a 
guide wire to introduce the blocker into the bronchus [63]. For 
the Arndt® blocker to function properly and allow manipula-
tion with the adult fiberoptic bronchoscope, the proper size 
endotracheal tube must be used. For a 7 F blocker which can 
be used for a 40-kg patient, a 7.5-mm internal diameter (ID) 
single-lumen endotracheal tube is used, and for the larger 9 
F Arndt® blocker, at least an 8.0-mm ID single-lumen endo-
tracheal tube is used. Figure 16.11 displays the placement of 
an Arndt® blocker through a single-lumen endotracheal tube 
with the fiberoptic bronchoscope advanced through the guide 
wire loop.

The advantages of the Arndt® blocker include its use in 
patients who are already tracheally intubated [64], who pres-
ent a difficult airway and require an awake orotracheal or 
nasotracheal intubation [65], or who require OLV during acute 

trauma to the chest [66, 67]. In addition, an Arndt® blocker 
can be used as a selective lobar blocker in patients with previ-
ous pneumonectomy who require selective one-lobe ventila-
tion [68] or as a selective blocker during severe pulmonary 
bleeding [69]. Figure 16.12 displays the use of a bronchial 
blocker for selective lobar blockade.

Methods of Placement

The Arndt® blocker is an independent endobronchial blocker 
that is passed through an existing single-lumen endotracheal 
tube. To facilitate insertion through the endotracheal tube, the 
blocker and the fiberoptic bronchoscope are lubricated. For 
a right-sided mainstem bronchus intubation, the spherically 
shaped blocker is recommended; for the left mainstem bron-
chus intubation, the elliptical or the spherical blocker is used.

The placement of the Arndt® blocker involves placing the 
endobronchial blocker through the endotracheal tube and 
using the fiberoptic bronchoscope and wire-guided loop to 
direct the blocker into a mainstem bronchus. The fiberoptic 
bronchoscope has to be advanced distally enough so that the 

Fig. 16.11. (a) Placement of an Arndt® blocker 
through a single-lumen endotracheal tube with 
the fiberoptic bronchoscope advanced through 
the guide wire loop. (b) Optimal position of a 
bronchial blocker in the right or left mainstem 
bronchus as seen with a fiberoptic broncho-
scope. A right mainstem blocker; B left main-
stem blocker [63].
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Arndt® blocker enters the bronchus while it is being advanced. 
When the deflated cuff is beyond the entrance of the bronchus, 
the fiberoptic bronchoscope is withdrawn, and the cuff is fully 
inflated with fiberoptic visualization with 4–8 mL of air to 
obtain total bronchial blockade.

For right mainstem bronchus blockade, the Arndt® blocker 
can be advanced independently of the wire loop by observing 
its entrance into the right mainstem bronchus under fiberoptic 
visualization. Before turning the patient into a lateral decubi-
tus position, the cuff of the blocker should be deflated, then 
advanced 1 cm deeper to avoid proximal dislodgement while 
changing the patient’s position; the placement again is con-
firmed in the lateral decubitus position. The wire loop can be 
withdrawn to convert the 1.4-mm channel into a suction port 
to expedite lung collapse. The newest version of the Arndt® 
blocker has a cone-shaped device that is attached to the center 
channel to connect and facilitate suction [70, 71]. It is impor-
tant to remove the wire loop to avoid inclusion in the stapling 
line of the bronchus [72]. The optimal position of the Arndt® 
blocker in the left or in the right bronchus is achieved when 
the blocker balloon’s outer surface is seen with the fiberoptic 
bronchoscope at least 5 mm below the tracheal carina on the 
targeted bronchus and the proper seal is obtained.

Cohen® Flexitip Endobronchial Blocker

The Cohen® blocker is an independent endobronchial blocker 
that is available only in size 9 F and 65-cm length with an inner 
lumen measuring 1.4 mm in diameter. This device comes with 

a spherically shaped balloon. Near the distal end of the cath-
eter, there are side holes incorporated to facilitate lung defla-
tion. This bronchial blocker has a high-volume, low-pressure 
cuff. The Cohen® blocker relies on a wheel-turning device 
located in the most proximal part of the unit that allows deflec-
tion of the tip of the distal part of the blocker into the desired 
bronchus [2, 7]. This device has been purposely preangled at 
the distal tip to facilitate insertion into a target bronchus. Also, 
there is a torque grip located at the 55-cm mark to allow rotat-
ing the blocker. In the distal tip above the balloon, there is an 
arrow that when seen with the fiberoptic bronchoscope indi-
cates in which direction the tip deflects. This Cohen® blocker 
also comes with a multiport adaptor to facilitate an airtight 
seal when in place. The indications for use of the Cohen® 
blocker are the same as for the Arndt® blocker. Figure 16.13 
displays the Cohen® blocker.

Methods of Placement

The Cohen® blocker is advanced through an 8.0-mm ID sin-
gle-lumen endotracheal tube; before insertion, the blocker 
balloon is tested and then fully deflated. This blocker needs 
to be lubricated to facilitate insertion and passage through the 
single-lumen endotracheal tube.

The placement of the Cohen® blocker involves placing the 
endobronchial blocker through the endotracheal tube and 
using the fiberoptic bronchoscope to observe the direction of 
the blocker into a mainstem bronchus. For blocking the right 
mainstem bronchus, the optimal position is the one that provides 

Fig. 16.12. (a) Selective lobar blockade where the blocker is sealing the right bronchus intermedius. (b) Patient with a previous right pneu-
monectomy where selective lobar blockade is used to occlude the left upper lobe. R stump of right mainstem bronchus; C main carina; L left 
mainstem bronchus; LUL left upper lobe; LLL left lower lobe [54].
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a view of the outer surface of the fully inflated balloon (4–8 mL 
of air) with the fiberoptic bronchoscope at least 5 mm below 
the tracheal carina on the right mainstem bronchus.

Intubation of the left mainstem bronchus can be facilitated 
by allowing the tip of the single-lumen endotracheal tube to be 
near the entrance of the left bronchus, then twisting the Cohen® 
blocker to the left side. After the blocker is seen inside the left 
bronchus, the single-lumen endotracheal tube is withdrawn 
a few centimeters. A different alternative is to turn the head 
towards the right allowing the left main bronchus to displace 
to the midline. This maneuver will facilitate the placement of 
a Cohen® blocker into the left mainstem bronchus. The opti-
mal position in the left mainstem bronchus is achieved when 
the blocker balloon’s outer surface is seen with the fiberoptic 
bronchoscope at least 5 mm below the trachea carina inside 
the left mainstem bronchus.

Fuji Uniblocker®

The Fuji Uniblocker® is an independent bronchial blocker that 
is available in 4.5 F and 9 F size and is 65 cm in length that 

has a high-volume balloon made of silicone with a gas barrier 
property to reduce diffusion of gas into or out of the cuff. 
Also, with its maximal cuff inflation of 6 mL of air, this new 
bronchial blocker’s transmitted pressure tested in vitro was 
<30 mmHg, which does not exceed the recommended safety 
limit in relationship to bronchial mucosa [73]. In addition, 
the Fuji Uniblocker® is equipped with a swivel connector. 
The swivel connector allows easy insertion of the fiberoptic 
bronchoscope. The Fuji Uniblocker® has a torque-control 
blocker with an incorporated shaft that allows the guidance 
through the desired bronchus. A recent study [8] involving 
the use of the Fuji Uniblocker® compared with the Arndt® and 
Cohen® blocker showed that surgical exposure was clinically 
equivalent to left-sided DLTs for thoracoscopic or open thora-
cotomies; however, the bronchial blockers including the Fuji 
Uniblocker® took a longer time to position and required more 
intraoperative repositioning when compared to left-sided 
DLTs. Another report [74], this one examining the use Fuji 
Uniblocker® in patients undergoing thoracoscopic surgery, 
showed a better quality of lung collapse with left-sided proce-
dures than right-sided procedures. The indications for use of 
the Fuji Uniblocker® are the same as for the Arndt® blocker. 
Table 16.5 displays the characteristics of the Arndt® blocker, 
the Cohen® Flexitip Endobronchial Blocker, and the Fuji Uni-
blocker®. The Cohen® and Fuji® blockers can be easily placed 
through the glottis or tracheostomy external to an endotracheal 
tube, if required in small patients, and the blocker position 
confirmed with a FOB passed through the endotracheal tube.

Methods of Placement

The Fuji Uniblocker® size 9 F is advanced through an 8.0-
mm ID single-lumen endotracheal tube; before insertion the 
blocker balloon is tested, and then fully deflated. This blocker 
needs to be lubricated to facilitate insertion and passage 
through the single-lumen endotracheal tube.

The placement of the Fuji Uniblocker® involves placing 
the endobronchial blocker through the endotracheal tube and 
using the fiberoptic bronchoscope to observe the direction of 
the blocker into a mainstem bronchus. The torque control shaft 
with the blocker allows guidance into the desired target bron-
chus. For blocking the right mainstem bronchus, the optimal 

Fig. 16.13. The Cohen flexitip bronchial blocker with a multiport 
connector [7].

Table 16.5. Characteristics of the Arndt® blocker, the Cohen® flexitip endobronchial blocker, and the Fuji Uniblocker®.

Cohen blocker Arndt® blocker Fuji Uniblocker®

Size 9 F 5 F, 7 F, and 9 F 4.5 F, 9 F
Balloon shape Spherical Spherical or elliptical Spherical
Guidance mechanism Wheel device to deflect the tip Nylon wire loop that is coupled with the  

fiberoptic bronchoscope
None, preshaped tip

Smallest recommended *ETT for 
coaxial use

9 F (8.0 ETT) 5 F (4.5 ETT), 7 F (7.0 ETT), 9 F (8.0 ETT) 4.5 F (4.5 ETT) 9 F (8.0 ETT)

Murphy eye Present Present in 9F Not present
Center channel 1.6-mm internal diameter 1.4-mm internal diameter 2.0-mm internal diameter

Reprinted from Campos [55], with permission
ETT single endotracheal tube
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position is the one that provides a view of the outer surface 
of the fully inflated balloon (4–8 mL of air) with the fiberop-
tic bronchoscope at least 5 mm below the tracheal carina on 
the right mainstem bronchus. The optimal position in the left 
mainstem bronchus is achieved when the blocker balloon’s 
outer surface is seen with the fiberoptic bronchoscope at least 
5–10 mm below the trachea carina inside the left mainstem 
bronchus.

Complications with the Use of Bronchial 
Blockers

Although serious complications have been reported with the 
use of current bronchial blockers, these complications appear 
to be more benign than those involving DLTs. A structural 
complication has been reported in the torque-control Uni-
vent blocker in which a fracture of the blocker cap connector 
occurred in 2 of the first 50 tubes used [75]. Failure to achieve 
lung separation because of abnormal anatomy, in which the 
entrance of the right-upper lobe bronchus was located above 
the tracheal carina, or lack of seal within the bronchus, also 
has been reported [76, 77]. Inclusion of the enclosed bronchial 
blocker into the stapling line has been reported during a right-
upper lobectomy [78]. Communication with the surgical team 
regarding the presence of a bronchial blocker in the surgical 
side is crucial. Another potential and dangerous complication 
with the bronchial cuff of the Univent has been reported: the 
cuff of the bronchial blocker was inflated mistakenly near the 
tracheal lumen, precluding all airflow and producing respira-
tory arrest [79].

Complications with the Arndt® blocker include a report of 
a sheared balloon of the Arndt® blocker that occurred when 
the blocker was removed through the multiport blocker side 
[80]. It is advised that when an independent bronchial blocker 
is not in use it needs to be removed with the multiport con-
nector in place rather than through the connector to prevent 
shredded material into the single-lumen endotracheal tube. 
Another near-fatal complication reported with the use of the 
Arndt® blocker occurred when the fully inflated balloon of the 
blocker dislodged into the patient’s trachea, leading to a com-
plete airway obstruction. Severe air trapping led to pulseless 
activity in the patient, who was undergoing a rupture descend-
ing thoracic aortic aneurysm. A prompt deflation of the bron-
chial blocker cuff resolved the problem [81].

Another complication reported with the Arndt® blocker 
involved inadvertent resection of the guide wire and part of 
the tip of the bronchial blocker during stapler resection of 
the left lower lobe; this complication required surgical reex-
ploration after unsuccessful removal of the bronchial blocker 
after extubation [72].

There are not yet any reports of complications with the 
Cohen® blocker of the Fuji Uniblocker®, perhaps because of 
their relatively recent introduction and use. With the use of 
the current bronchial blockers, there have not yet been any 

reports of a ruptured trachea or bronchus; however, the number 
of complications with the DLTs is higher than for bronchial 
blockers.

Lung Isolation in Patients with 
Tracheostomy in Place

OLV can be a challenge in patients with a tracheostomy in 
place because the airway has been shortened and the stoma 
can be small and restrictive. Although a shortened version of 
a DLT for tracheostomy patients has been used [82, 83], there 
is no shortened DLT available for tracheostomy patients in the 
United States. An alternative to achieve successful lung sepa-
ration through a tracheostomized patient involves the use of 
a bronchial blocker, either attached to a single-lumen endo-
tracheal tube such as the Univent® blocker [84, 85], or passed 
independently through a Shiley 8.0-mm ID tracheostomy tube 
(Mallinckrodt, St. Louis MO) with the Arndt® bronchial blocker 
[68], or placed independently through a single-lumen endotra-
cheal tube [86]. An alternative way to manage these cases is 
with the Cohen® Blocker [7] or the Fuji Uniblocker® [8]; when 
passing a 9 F bronchial blocker through a tracheostomy tube, 
the recommended flexible fiberoptic bronchoscope should be 
3.5-mm ID so the independent blocker and the fiberscope can 
navigate together to achieve optimal position of these devices 
into the designed bronchus. In some instances when using a 
Shiley tracheostomy tube, the multiport connector is attached 
to the ventilating port of the Shiley cannula to maintain the 
bronchial blocker in place. Optimal position is achieved with 
the fiberoptic bronchoscope. Figure 16.14 displays the use of 
an independent blocker through a tracheostomy stoma.

Lung Collapse During Lung Isolation

A challenge for every anesthesiologist is to properly position a 
lung isolation device and make it work by allowing the lung to 
collapse. In a study [5] comparing the Broncho-Cath left-sided 
DLT with the Univent® torque control blocker and the Arndt® 
wire-guided blocker, it was shown that the average time for 
lung collapse is 17 min for a DLT (spontaneous lung collapse 
without suction) versus 19–26 min for the Univent® or Arndt® 
bronchial blocker (assisted with suction). Once lung isolation 
was achieved, however, the overall clinical performance was 
similar for the three devices studied.

Another study [8] involving left-sided DLTs and comparing 
it with the Arndt®, the Cohen®, or the Fuji® blocker showed 
that the surgical exposure was equivalent among the devices 
studied. However, the bronchial blockers required longer time 
to position and were more prone to intraoperative reposition. 
It is important to emphasize that these two studies involved at 
least one senior thoracic anesthesiologist with broad experi-
ence with lung isolation devices.
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A recent study [87] has shown that denitrogenation of the 
lung which is to be collapsed with a FiO

2
 1.0 is a useful strat-

egy to improve surgical conditions during OLV; in contrast, 
the use of air in the inspired gas mixture during two-lung ven-
tilation and prior to OLV delays lung collapse during OLV. 
Table 16.6 displays the advantages and disadvantages of DLTs 
and bronchial blockers.

Future Trends in Lung Isolation

With the advances in thoracic, cardiac, esophageal surgery, 
and minimally invasive surgery, it has led to an increased need 
for lung isolation techniques among anesthesiologists. A pre-
vious study [35] has shown that anesthesiologists with limited 
thoracic experience often fail to correctly place lung isolation 
devices. Increased clinical experience would likely reduce this 
failure rate, but greater experienced may not be possible, par-
ticularly for anesthesiologists working in centers that perform 

relatively few thoracic cases. Therefore, improved nonclinical 
training methods are needed.

Anesthesia simulators have been used to enhance learning 
and to improve performance [88–90], usually under the per-
sonal direction of an experienced clinician. Therefore, one edu-
cational approach to lung isolation techniques might involve 
training on an airway simulator mentored by an experienced 
thoracic anesthesiologist. An alternative is to train in a fiberop-
tic bronchoscopy simulator [91] on lung isolation techniques 
particularly for the occasional anesthesiologist who does not 
perform thoracic cases on a regular basis. It is the author’s 
personal opinion that every surgical center that performs lung 
isolation techniques must consider the development of a pul-
monary workstation along with simulator training facility to 
enhance teaching to residents, fellows, and staff anesthesiolo-
gists. Figure 16.15 displays a pulmonary workstation includ-
ing simulator. Also, a free online bronchoscopy simulator is 
available on the website www.thoracicanesthesia.com to teach 
anesthesiologists tracheobronchial anatomy (see Fig. 16.16).

Fig. 16.14. (a) Cohen® blocker in a patient with a tracheostomy. (b) Use of an Arndt® blocker via a tracheostomy.

Table 16.6. Advantages and disadvantages of DLTs and bronchial blockers.

Double-lumen endotracheal tubes Bronchial blockers (Arndt®, Cohen®, Fuji®)

Advantages

 
to protect the lung from soiling

 
and back easy and reliable

Disadvantages

 
more complicated

 
or loss of seal during surgery)

Modified from Campos [55]
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Fig. 16.15. Ideal teaching facility with a pul-
monary work station for placement of lung iso-
lation devices by trainees.

Fig. 16.16. The free online bronchoscopy simulator at www.thoracicanesthesia.com. The user can navigate the tracheobronchial tree using 
real-time video by clicking on the lighted directional arrows under the “Bronchoscopic view” (right). Clicking on the labels on the “Bron-
choscopic view” gives details of the anatomy seen. The process is aided by the “Bronchial Tree Navigational Map” (left), which shows the 
simultaneous location of the bronchoscope as the orange line in the airway.
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Summary

The basic principle of successful lung separation requires (1) 
recognition of tracheobronchial anatomy with a posterior–
anterior chest radiograph in the preoperative evaluation and 
with flexible fiberoptic bronchoscopy in the perioperative 
period, (2) familiarity and skills with flexible fiberoptic bron-
choscopy, and (3) familiarity and expertise with DLTs and 
bronchial blockers.

Because of its greater margin of safety, a left-sided DLT is 
the more common and easiest device used during lung sep-
aration. A right-sided DLT is recommended for a left-sided 
pneumonectomy or any contraindication to placement of a 
left-sided DLT. For patients with a difficult abnormal airway 
or a tracheostomy in place, the use of a bronchial blocker is 
indicated. Bronchial blockers require more time for placement 
and are more prone to intraoperative dislodgement. Lung col-
lapse is facilitated with a denitrogenation technique using FiO

2
 

1.0 during two-lung ventilation prior to lung collapse. Every 
lung isolation device placement requires auscultation and 
clamping maneuvers followed by a fiberoptic bronchoscopy 
to obtain 100% success during lung separation techniques. 
The optimal position of these devices (DLTs and bronchial 
blockers) is achieved best with the use of fiberoptic bronchos-
copy techniques with the patient first in the supine and then 
in the lateral decubitus position or whenever repositioning of 
the device is needed.

Clinical Case Discussion

Case: A 60-year-old female, weight 61 kg and is 161 cm 
tall, has a left lower lobe mass and is scheduled for a left 
lower lobectomy (Fig. 16.17a, b). She is a former smoker 

and the predicted value of forced expiratory volume in 1 s 
(FEV

1
) is 75% of the predicted value. She has no signifi-

cant known comorbidities and past history otherwise unre-
markable.

Questions

-

-

Focus on the Patient’s Gender, Size, Height, and 
Preoperative Chest Radiograph

-
cated cases or a right-sided DLT for selective cases.

flexible fiberoptic bronchoscopy to confirm device place-
ment are essential for success on lung isolation.

blockers should be considered in specific cases.

Fig. 16.17. (a, b) Chest X-ray of a female patient with a carcinoma of the left lower lobe undergoing a lobectomy.
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Choice of Lung Isolation Device

-
nation to suggest the possibility of difficult airway in a left- 
or right-sided DLT, depending on the clinician’s preference, 
would be equivalent first choices to manage this case.

37 F DLT would be appropriate, the choice can be further 
refined by measuring the tracheal width on the PA chest 
X-ray (see Fig. 16.1).

-
erative displacement with bronchial blockers makes them a 
second choice for lung isolation in this patient.

be confirmed with fiberoptic bronchoscopy.

Expected Intraoperative Problems During 
Lung Isolation

injuries.
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Lung Isolation in Patients with Difficult Airways
Javier Campos 

Key Points

Recognition of a difficult airway prior to the use of lung 
isolation devices is essential.
Radiological studies must be reviewed, including a poste-
rior–anterior chest radiograph and computer tomography 
scan of the chest.
Securing the airway first is a must in patients with difficult 
airways requiring lung isolation.
The use of an independent bronchial blocker is the first-line 
choice in patients who require nasotracheal intubation.
The use of the airway exchange catheter is recommended 
during placement of double-lumen endotracheal tubes in 
patients with difficult airways.

Introduction

One-lung ventilation (OLV) in the thoracic surgical patient 
can be achieved with the use of a double-lumen endotracheal 
tube (DLT) or an independent bronchial blocker [1]. A number 
of patients requiring lung isolation have a potentially difficult 
airway because of previous radiation to the neck or previous 
surgery to the tongue and larynx [2]. In order to manage these 
patients with difficult airways, it is important to understand 
the normal anatomy of the tracheobronchial tree as well as of 
the anatomical distances of the airway [3].

Normal Anatomy of the Airway  
and Tracheobronchial Tree

The trachea is a cartilaginous and fibromuscular tubular 
structure that extends from the inferior aspect of the cricoid 
cartilage to the level of the carina [4]. The adult trachea is 
an average 15 cm long. The trachea is composed of 16–22 
C-shaped cartilages. The cartilages compose the anterior and 
lateral walls of the trachea and are connected posteriorly by 
the membranous wall of the trachea, which lacks cartilage and 
is supported by the trachealis muscle. The average diameter 
in a normal trachea is 22 mm in men and 19 mm in women. 
In men, the coronal diameter ranges from 13 to 22 mm and 
the sagittal diameter ranges from 13 to 27 mm. In women, 
the average coronal diameter is 10–21 mm and the sagittal is 
10–23 mm [4, 5]. The tracheal wall is about 3 mm in thickness 
in both men and women, with a tracheal lumen that is often 
ovoid in shape.

The trachea is located in the midline position, but often can 
be deviated to the right at the level of the aortic arch, with 
a greater degree of displacement in the setting of an athero-
sclerotic aorta, advanced age, or in the presence of severe 
chronic obstructive pulmonary disease (COPD). With COPD 
or aging, the lateral diameter of the trachea may decrease, 
with an increase in the anteroposterior diameter. Conversely, 
COPD may also lead to softening of the tracheal rings, with 
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a decrease in the anteroposterior diameter of the trachea [6]. 
The cricoid cartilage is the narrowest part of the trachea with 
an average diameter of 17 mm in men and 13 mm in women.

The trachea bifurcates at the carina into the right and left 
mainstem bronchus. An important fact is that the tracheal 
lumen narrows slightly as it progresses towards the carina. 
The tracheal bifurcation is located at the level of the sternal 
angle anteriorly and the 5th thoracic vertebra posteriorly. The 
right mainstem bronchus lies in a more vertical orientation 
related to the trachea, whereas the left mainstem bronchus 
lies in a more horizontal plane. The right mainstem bronchus 
continues as the bronchus intermedius after the takeoff of the 
right upper lobe bronchus. In men, the distance from the tra-
cheal carina to the takeoff of the right upper lobe bronchus is 
an average of 2.0 cm, whereas it is approximately 1.5 cm in 
women. Also it is known that one in every 250 individuals from 
the general population may have an abnormal takeoff of the 
right upper lobe bronchus emerging from above the tracheal 
carina on the right side [7]. The diameter of the right main-
stem bronchus is an average of 17.5 mm in men and 14 mm 
in women. The trifurcation of the right upper lobe bronchus 
consists of the apical, anterior, and posterior division. This is 
an important landmark to identify while performing fiberoptic 
bronchoscopy in order to distinguish the right from the left 
mainstem bronchus. The distance from the tracheal carina to 
the bifurcation of the left upper and lower lobes is approxi-
mately 5.0 cm in men and 4.5 cm in women and is longer 
than the right mainstem bronchus (1.5–2 cm). The left upper 
lobe bronchus has a superior and inferior division. Figure 17.1 
 displays the anatomical distances of the airway.

Patients requiring OLV may be identified during the preop-
erative evaluation to have a potentially difficult airway. Others 
present with airways that are unexpectedly difficult to intu-
bate after induction of anesthesia. 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 [2]. 
Many of these patients have had previous radiation therapy on 
the neck or previous airway surgery, such as hemimandibulec-
tomy or hemiglossectomy, 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 compressing the entrance of the left main-
stem bronchus or an intraluminal or extraluminal tumor near 
the tracheobronchial bifurcation that makes the insertion of a 
left-sided DLT relatively difficult or impossible.

Preoperative Evaluation of the Difficult 
Airway and Lung Isolation Techniques

According to the ASA practice guideline for management of 
the difficult airway [8], an airway is termed difficult when 
conventional laryngoscopy reveals a grade III view (just the 
epiglottis is seen) or a grade IV view (just part of the soft 

palate is seen). Once the airway is recognized as being poten-
tially difficult, a careful examination of the patient ensues. 
Previous anesthesia records should be examined for a history 
of airway management. Patients should be asked to open their 
mouths as widely as possible and extend their tongues. The 
mandibular opening should be assessed and the pharyngeal 
anatomy observed. The length of the submental space should 
also be noted. Patients should be evaluated from side to side 
to assess any degree of maxillary overbite and their ability to 
assume the sniffing position. Also, the patency of the nostrils 
must be assessed in patients who cannot open their mouths, 
as a nasotracheal approach might be considered. In patients 
who had received radiation therapy to the neck, a palpation 
of the external surface of the neck is necessary to determine 
if this presents very hard, rigid-consistency tissue. Also, the 
neck range motion should be checked to determine the flexion 
and extension prior to laryngoscopy. For patients who have a 

Fig. 17.1. The anatomical distances of the airway. The average 
length from the incisors to the vocal cords is approximately 15 cm, 
and the distance from the vocal cords to the tracheal carina is 12 cm. 
The average distance from the tracheal carina to the takeoff of the 
right-upper bronchus is 2.0 cm in men and 1.5 cm in women. The 
distance from the tracheal carina to the takeoff of the left upper 
and left lower lobe is approximately 5.0 cm in men and 4.5 cm in 
women. These anatomical distances apply to individuals with a 
height of 170 cm [3].
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tracheostomy cannula in place, the inlet of the stoma and the 
circumferential diameter must be assessed when considering 
replacing the tracheostomy cannula with a specific device to 
achieve OLV.

Another group of patients considered to have difficult air-
ways during OLV are those who have distorted anatomy at 
the entrance of the mainstem bronchus. Such anomalies can 
be found by reviewing the chest radiographs and by review-
ing the computer tomography scans of the chest regarding 
the mainstem bronchus diameter and anatomy, which can 
be distorted or compressed (see Fig. 17.2). Also, in some 
specific patients an examination with a flexible fiberoptic 
bronchoscope under local anesthesia and sedation will be 
necessary to assess a distorted area of the airway prior to 
the selection of a specific device to achieve OLV. Table 17.1 
displays the patients at risk of having a difficult intubation 
during OLV [9].

Difficult Airway and Lung Isolation:  
Securing the Airway First

In patients who require OLV and present with the dilemma 
of a difficult airway, the primary goal after appropriate air-
way anesthesia is achieved is to establish an airway with a 
single-lumen endotracheal tube placed orally with the aid of 
a flexible fiberoptic bronchoscope. In selected patients who 
seem easy to ventilate, this may be performed after induction 
of anesthesia with the use of a bronchoscope or with a video 
laryngoscope [10–12]. An alternative when securing the air-
way prior to placing a lung isolation device is the use of a 
laryngeal mask airway; with the aid of a flexible fiberoptic 

bronchoscope, a single-lumen endotracheal tube can be passed 
through the laryngeal mask airway [13].

Upper Airway Abnormalities  
and Lung Isolation

Patients requiring OLV can be identified during the preop-
erative 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 may be found in the upper airway (tongue, pharynx, 
larynx). Various methods are available to provide lung isola-
tion under these circumstances. The first step is to establish 
an airway with a single-lumen endotracheal tube placed orally 
when the patient is awake.

Fig. 17.2. Computed tomography (CT) scans from just below the level of the carinal bifurcation. Left: CT from a patient with no compression 
of the airway. Right: CT from patient scheduled for left lung biopsy. The patient has a left-sided lung tumor and effusion, which compresses 
the left mainstem bronchus. This bronchial compression was not evident on the chest X-ray. It may be difficult to place a left-sided double-
lumen endobronchial tube (DLT) in this patient. A right-sided DLT or a bronchial blocker would be the preferred method of lung isolation for 
this patient under fiberoptic bronchoscopy guidance.

Table 17.1. Characteristics of patients at risk of having a difficult 
intubation during one-lung ventilation.

Upper airway Lower airway

Short neck and increased neck 
circumference

Existing tracheostomy in place

Prominent upper incisors  
with a receding mandible

Distorted anatomy (trachea/bronchus)

Limited cervical mobility Compression at the entrance of left 
mainstem bronchus by a tumor 
or a descending thoracic aortic 
aneurysm

Limited jaw opening due  
to previous surgery

Radiation therapy of the neck
Hemiglossectomy/ 

 hemimandibulectomy
Tumors (mouth, tongue, epiglottis)
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Use of a Flexible Fiberoptic Bronchoscope  
During Awake Intubation

Patients undergoing an awake fiberoptic bronchoscopy must 
receive oxygen via nasal cannula and be monitored, includ-
ing the use of pulse oximetry. All local anesthetics used via 
spray or aerosolizer should be quantified to avoid overdose 
or complications postlocal anesthetics administration, such as 
seizures or methemoglobinemia. Also, patients undergoing 
an awake intubation should receive an antisialog medication 
such as glycopyrrolate. A simple approach to anesthetize 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 
or her mouth for about 5 min. After the tongue blade depres-
sor 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 experiences a 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 gagging reflex is abolished, 
a Berman® intubating pharyngeal airway impregnated with 
lidocaine 5% ointment at the posterior tip end of the canula 
is advanced in the middle of the tongue until it is completely 
inserted in the oral cavity. The advantage of using the Ber-
man® canula is that it facilitates a view of the epiglottis and 
allows the direct passage of the fiberscope followed by a sin-
gle-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, retraction of the sin-
gle-lumen endotracheal tube and 90° counterclockwise rota-
tion 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 fiberscope and the single-lumen endotracheal 
tube within the patient’s trachea is the direct visualization of 
the tracheal rings and tracheal carina with the fiberscope along 
with the view of the tip of the single-lumen endotracheal tube 
inside the trachea [14]. Once the patient is intubated with a 
single-lumen endotracheal tube, then an independent bron-
chial blocker should be considered to achieve OLV.

Common independent bronchial blockers used through a 
single-lumen endotracheal tube include the following: a wire 
guided endobronchial Arndt® blocker sizes 5.0, 7.0, and 9.0 F 
[15], the Cohen® Flexitip blocker size 9.0 F [16], and the Fuji 
Uniblocker® sizes 4.5 and 9.0 F [17, 18] (see Chap. 16).

If a patient cannot open his/her mouth due to previous sur-
gery and cannot be intubated orally, then an awake nasotra-
cheal intubation 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 independent bronchial blocker can be advanced [19, 20]. 
Figure 17.3 shows a patient with previous hemimandibulec-
tomy requiring nasotracheal intubation with an 8.0 mm inter-
nal diameter single-lumen endotracheal tube and an Arndt® 
blocker passed through the multiport connector.

When an independent bronchial blocker is used, specifically 
size 9.0 F (the smallest acceptable single-lumen endotracheal 
tube size recommended is 8.0 mm internal diameter), it is 
important to have enough space between the bronchial blocker 
and the flexible fiberoptic bronchoscope so that navigation can 
be achieved with the single-lumen endotracheal tube. Once 
the single-lumen endotracheal tube is secured in the patient’s 
trachea, an independent bronchial blocker can be advanced 
with the aid of a flexible fiberoptic bronchoscope. An advan-
tage of the Cohen® or the Fuji Uniblocker® over the Arndt® 
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 fiberscope and cannot be seen until disen-
gagement occurs. To achieve OLV the bronchial blocker must 
be advanced 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 to OLV with insertion of 
an independent bronchial blocker and simple removal of the 
blocker at the end of the procedure if postoperative ventilatory 
support is needed [21]. Once the blocker is within the targeted 
bronchus and the patient is turned into the lateral decubitus 
position, the endobronchial balloon is inflated. One of the 
multiple advantages of the newest bronchial blockers is that 
they have high-volume, low-pressure characteristics [22].

The amount of air needed to achieve a complete seal within 
the bronchus in an adult ranges between 5 and 8 mL of air. 
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 

Fig. 17.3. A patient with previous hemimandibulectomy requiring 
nasotracheal intubation with an 8.0-mm internal diameter single-
lumen endotracheal tube and an Arndt® blocker.
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bronchus and a proper seal is achieved. Figure 17.4 shows the 
optimal position of an independent bronchial blocker through 
a single-lumen endotracheal tube.

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

An alternative to achieve OLV in a patient with a difficult air-
way is with the use of a laryngeal mask airway in conjunction 
with the use of an independent bronchial blocker. A modified 
laryngeal mask airway can be made in which the aperture bar 
of the mask is removed to facilitate passage and insertion of 
a flexible fiberoptic bronchoscope and an Arndt® blocker in a 
patient with a recent tracheostomy in whom the laryngeal mask 
airway was placed orally [23]. In addition, 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 [24, 25].

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 three different ways to place a DLT in a patient with 
a difficult airway. The first involves the use of airway topical 
anesthesia and awake fiberoptic bronchoscopy with passage 
of the flexible fiberoptic bronchoscope through the bronchial 
lumen of the DLT, where the tube is advanced under bron-
choscopy guidance [26] (see Fig. 17.5). The second technique 
involves the use of ancillary lighted devices or video laryngo-
scopes that increase the visualization field of the epiglottis, 
vocal cords, and passage of the tube. The use of a malleable, 
lighted stylet (Mercury Medical, Clearwater, FL, USA) had 
been reported; it was used within the endobronchial lumen 
of the DLT, where the tip of the bulb was positioned distally 
at the tip of the DLT in patients with difficult airways [27]. 

Fig. 17.4. The optimal position of an independent bronchial blocker 
through a single-lumen endotracheal tube. (a) The bronchial blocker 
balloon fully inflated into the right mainstem bronchus. (b) Fully 
inflated balloon in the entrance of the left mainstem bronchus [14].

Fig. 17.5. (a) Pediatric fiberoptic bronchoscope 
passed through the endobronchial lumen of a 
double-lumen endotracheal tube (DLT) for 
fiberoptic intubation. Note that the actual work-
ing length of the DLT beyond the distal bron-
chial orifice is only approximately 20–25 cm. 
(b) Fiberoptic intubation of a mannequin with 
a left-sided DLT.
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Others have reported the use of a fiberoptic laryngoscope, the 
WuScope (Pentax Precision Instruments, Orangeburg, NJ, 
USA) during placement of a DLT in patients with abnormal 
airway anatomy [28]. One of the advantages of the fiberoptic 
laryngoscope is that it protects against rupture of the endotra-
cheal cuff during laryngoscopy because the DLT is enclosed 
with the laryngoscope blade. A disadvantage of this device is 
the need for smaller sized DLTs, such as 35–37 F.

The Glidescope® video laryngoscope (Saturn Biomedi-
cal Systems, Burnaby, British Columbia, Canada) has been 
used in patients with a difficult airway during placement of a 
DLT [29]. Another alternative is to intubate the patient’s tra-
chea with a single-lumen endotracheal tube during an awake 
fiberoptic bronchoscopy or after induction of anesthesia, and 
then a tube exchange technique can be used to replace the 
existing tube for a DLT after general anesthesia is induced 
[13] (see Fig. 17.6).

For an airway exchange catheter to function, it must have 
a hollow center channel and universal adapters to insufflate 
oxygen. The exchange catheter must have a flexible tip dis-
tally 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 (Cook® Critical 
Care, Bloomington, IN, USA) has a large internal diameter 
that allows fiberoptic bronchoscopy guidance. Also, a 14 F 
airway exchange catheter can be used to facilitate insertion 
of 39 and 41 F DLTs. For a 35 or 37 F DLT, an 11 F airway 
exchange catheter can be used [29] (see Fig. 17.7).

The airway exchange catheter, single-lumen endotracheal 
tube, and the DLT combination should be tested in vitro before 
the exchange [30]. 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 of laceration of the trachea, 
bronchi, or lung [31, 32]. After cuff deflation, the single-lumen 
endotracheal tube is withdrawn. Then the endobronchial lumen 

of the DLT is advanced over the exchange catheter. It is opti-
mal to use a video laryngoscope during the tube exchange to 
guide the DLT through the glottis under direct vision [11, 33]. 
If a video laryngoscope is not available, then having an assis-
tant 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 

Fig. 17.6. (a) GlideScope® (Verathon Corp., Bothell, WA) video-laryngoscope. Note the acute flexion of the laryngoscope blade. (b) View of the 
glottis from a GlideScope® during a tube exchange. A tube exchange catheter can be seen passing through the vocal cords. This clear view of the 
glottis facilitates manipulation of the airway device during replacement of a single-lumen endotracheal tube with a DLT or vice versa.

Fig. 17.7. The recently introduced Cook® airway catheter (Cook Criti-
cal Care, Bloomington, IN) for exchange between DLTs 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 detach-
able connectors for emergency ventilation. Shown is the standard 
15-mm outside diameter breathing circuit connector. The exchange 
catheter also comes with a jet ventilation connector (not shown).
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the DLT is then achieved with auscultation, presence of end 
tidal carbon dioxide (ETCO

2
) wave form, and a fiberoptic 

bronchoscopy examination. Replacement of a DLT for a sin-
gle-lumen endotracheal tube can be done at the conclusion of 
surgery with the use of a double airway exchange catheter. 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 tra-
cheal 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 [34]. The use of a 
double airway exchange catheter involves the following tech-
niques: two 11 F, 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-mm internal diameter 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 17.8 displays the different techniques to manage the 
patient who has a difficult airway and requires lung isolation. 
Several other manufactures have introduced different designs 

of video laryngoscopes that are also useful for lung isolation 
with difficult airways (see Fig. 17.9).

Lung Isolation Techniques in Patients  
with Tracheostomies

Before placing any lung isolation devices through a tra-
cheostomy stoma, it is important to consider whether it is a 
fresh stoma (i.e., few days old, when the airway can be lost 
immediately or decannulation can occur) versus a long-term 

Fig. 17.8. Different alternatives to achieve lung isolation during difficult airways [10].

Fig. 17.9. Photograph of the Video MACINTOSH® System (Karl 
Storz, Culver City, CA) during intubation. Note the poor grade 
of view of the glottis seen with “line-of-sight” (photo is courtesy of 
Dr. R. Purugganan).
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tracheostomy. A standard DLT placed through a tracheostomy 
stoma can be prone to malposition because the upper airway 
has been shortened and a conventional DLT is too long.

When selecting a DLT as a replacement of the tracheostomy 
cannula, a specially designed short version of a DLT such as 
the Naruke DLT can be used through the tracheostomy stoma. 
In a report involving six patients with permanent tracheosto-
mies, the Naruke tube was used with satisfactory results in 
patients requiring thoracic surgery and OLV [35].

An alternative to DLT placement to achieve OLV in a tra-
cheostomized patient includes the following: insertion of a 
single-lumen endotracheal tube followed by an independent 
bronchial blocker through the tracheostomy stoma [36], or 

if possible oral access to the airway for standard placement 
of a single-lumen endotracheal tube followed by a bronchial 
blocker. Another option is the use of a disposable cuff tracheo-
stomy cannula with an independent bronchial blocker passed 
coaxially. In these cases, a small-size fiberoptic bronchoscope 
(i.e., 3.5-mm outer diameter) is recommended. Figure 17.10 
shows lung isolation in a patient with a small tracheal stoma. 
The tracheostomy device has been replaced; a small laryngeal 
mask airway LMA #3 has been used to ventilate the patient 
through the stoma. Also shown in the picture is a patient with 
a tracheostomy stoma where a 7.0-mm internal diameter sin-
gle-lumen endotracheal tube has been advanced through the 
stoma followed by an Arndt® bronchial blocker.

Fig. 17.10. Shows lung isolation in a patient with a small tracheal stoma. The tracheostomy device has been replaced; to the left a small laryngeal 
mask airway LMA #3 has been used to ventilate the patient through the stoma. To the right, is shown a patient with a stoma where a 7.0-mm 
internal diameter single-lumen endotracheal tube has been advanced through the stoma followed by an Arndt® bronchial blocker.
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Lower Airway Abnormalities  
and Lung Isolation

When dealing with the difficult airway and OLV, one impor-
tant group of patients to consider include those patients who 
present with lower airway abnormalities, specifically dis-
tal trachea or bronchial lesions. The common problems that 
will preclude or contraindicate the use of a left-sided DLT 
include an intraluminal tumor of the left mainstem bronchus 
or a descending thoracic aortic aneurysm that compresses the 
entrance of a left mainstem bronchus. One option in these 
cases is to use a right-sided DLT guided with flexible fiberop-
tic bronchoscopy [37].

Another group of patients that has lower airway abnor-
malities and require OLV are patients with previous lobec-
tomy; sometimes in these cases the distorted anatomy may 
contribute to difficulties in recognizing the right and left 
bronchi because of the loss of anatomical landmarks [38]. In 
these patients, a complete fiberoptic bronchoscopy 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. Another lower airway abnormality 
includes the patient that has a diagnosis of tracheal–esophageal 
fistula. In these cases, the use of two small endotracheal tubes 
as endobronchial tubes placed under flexible fiberoptic bron-
choscopy guidance can be used to secure the airway under 
these circumstances as shown in Fig. 17.11.

Lung Isolation in Patients with Cervical Spine 
Abnormalities

Injuries to the cervical spine occur in only 2–3% of all patients 
with blunt trauma but are significant because of their high level 

of associated mortality and morbidity [39, 40]. Some of these 
patients have experienced trauma to the chest with an injury 
to the descending thoracic aorta. In these trauma patients, the 
atlantoaxial region is the most common site of injury and the 
sixth and seventh vertebrae are involved in over one-third of all 
injuries [41]. In these patients, all precautions must be taken 
with regard to cervical spine injury [42]. When such patients 
arrive for emergency surgery (i.e., repair of a descending tho-
racic aortic aneurysm), some are already intubated and have 
a Philadelphia cervical collar in place. If the patient requires 
lung isolation and is already intubated, a complete fiberoptic 
bronchoscopy exam must be done to assess injuries to the tra-
chea or bronchus. Once the airway has been assessed, then the 
use of an independent blocker through the single-lumen endo-
tracheal tube is recommended. A Fuji Uniblocker® or Cohen® 
blocker is desirable because during the insertion it is easier 
to observe the tip of the blocker as it is guided into the left 
mainstem bronchus. Once the surgery is completed and lung 
isolation is no longer needed, removal of the bronchial blocker 
at the conclusion of the case allows the patient to remain intu-
bated with the existing single-lumen endotracheal tube.

Bronchial blockers are often the best option for lung isola-
tion in patients with cervical spine instability due to medical 
conditions such as Rheumatoid Arthritis (see Fig. 17.12).

Extubation or Mechanical Ventilation  
After Surgery

Extubation at the completion of surgery in a patient who has a 
difficult airway represents a challenge. Factors to consider prior 
to extubation include any mucosal edema, bleeding or lacera-
tions to the pharynx during intubation, the length of  surgery, 
and the amount of fluid administered during the intraoperative 

Fig. 17.11. (a) Fiberoptic bronchoscopic photograph of a tracheoesophageal fistula caused by esophageal cancer. The fistula is seen 
posteriorly at the level of carina at 5 o’clock. The left mainstem bronchus is at 9 o’clock, and the right mainstem bronchus is at  
2 o’clock. (b) Fiberoptic-guided placement of bilateral endobronchial tubes (5-mm internal diameter microlaryngoscopy tubes) for repair of 
tracheoesophageal fistula in the same patient (photos are courtesy of Dr. R Grant).



256 J. Campos

period. Continuous access to the airway should be maintained 
in case reintubation is needed. The single-lumen endotra-
cheal tube or the DLT can be removed with an airway catheter 
exchanger in place prior to extubation [43].

In some instances in a patient with a difficult airway and a 
DLT may require mechanical ventilation in the postoperative 
period. One option for extubation of these patients is to deflate 
both cuffs, withdraw the tube above the carina, then reinflate 
the tracheal cuff, and convert the DLT to two-lung ventilation 
[44], 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 [45] or 
video laryngoscope [46–48].

Summary

In patients who require OLV, a key element during the pre-
operative assessment is the recognition and identification of 
the potentially difficult airway. The safest way to establish an 
airway is by securing the airway with a single-lumen endotra-
cheal tube placed orally or nasotracheally with the aid of flex-
ible 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 air-
way catheter exchange technique. For the patient who has a 
tracheostomy in place, the use of an independent bronchial 
blocker through a single-lumen endotracheal tube or through 
a tracheotomy 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 devices.

Clinical Case Discussion

Case: A 61-year-old male with a left-upper lobe lung mass 
is scheduled for a left-upper lobectomy. He is 175 cm tall 
and weights 93 kg. Relevant history includes right maxillary 
mucoepidermoid carcinoma resected by radical neck surgery 
in the past, with additional radiation therapy and reconstruc-
tion using a right radial forearm flap; his tobacco history is 
that he smoked two packs of cigarettes per day for 40 years.

Airway exam reveals the following: full dentures. Mallam-
pati score III, thyromental distance two finger breadths, neck 
range of motion very limited, and scarring from maxillary 
resection and radiation. Palpation of the anterior neck shows a 
hard and rigid consistency tissue. Also, the mouth is distorted 
and deviated towards the right side.

Questions

What technique would you select to intubate this patient?
What potential problems do you expect during an awake 
fiberoptic bronchoscopy in a patient with a previous neck 
resection and extensive surgery?
What device and size would you use to provide lung 
 isolation?
What are the common problems in the intraoperative period 
with the use of bronchial blockers?
What are the complications associated with the bronchial 
blocker?
What are the advantages and disadvantages of using a 
bronchial blocker during a case with a difficult airway that 
requires lung isolation?

The Key Is to Focus on Patient’s Anatomy  
in Order to Select the Lung Isolation Device

Review the chest radiograph to appreciate the distorted tra-
cheobronchial anatomy.
Focus on lung isolation devices during difficult airways.
Familiarity with the use of independent blockers (Arndt®, 
Cohen®, and Fuji Uniblocker®) is mandatory.
Skills with flexible fiberoptic bronchoscopy during awake 
intubation, as well as during placement of bronchial block-
ers, are essential.

Fig. 17.12. This patient with rheumatoid arthritis has a retroflexed 
odontoid process and associated inflammatory mass (pseudogout) 
causing compression of the cervical spinal cord just inferior to the 
foramen magnum. The patient also had intervertebral subluxations 
and osteophytes from C3 to C5 that cause cord compression. The 
anesthetic plan included an awake fiberoptic intubation with a sin-
gle-lumen endotracheal tube.
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Expected Intraoperative Problems  
with the Use of Bronchial Blockers

High incidence of malpositions.
A balloon of the bronchial blocker can occlude the trachea 
and produce cardiopulmonary collapse if dislodged.

Suggested Management

In patients requiring OLV who are identified during the preop-
erative evaluation to have difficult airway as in the case pre-
sented here, the main challenges include: (1) to safely secure 
the airway and (2) to select the proper bronchial blocker to 
achieve lung isolation during OLV. The main problem in this 
case is to safely establish an airway because of previous neck 
surgery that distorted his airway anatomy. An awake flexible 
fiberoptic bronchoscopy was used. After airway topical anes-
thesia was achieved, a fiberoptic bronchoscope was passed 
orally with a guided 8.5-mm internal diameter single-lumen 
endotracheal tube. Bronchoscopy showed that the upper air-
way was severely distorted; a deviation of the larynx towards 
the right side and bulging scar tissue from previous surgery.

A single-lumen endotracheal tube was advanced without 
difficulty. After the tube was secured, a complete fiberoptic 
bronchoscopy exam was achieved with general anesthesia. 
The second issue described in this case was to achieve suc-
cessful lung isolation. It was done with a 9 F Arndt® blocker 
that was passed under direct fiberoptic bronchoscopy into the 
left-mainstem bronchus. The optimal position was confirmed 
in the lateral decubitus position. After completion of the left 
upper lobectomy, two-lung ventilation was reestablished, the 
bronchial blocker was withdrawn, and the patient was extu-
bated without any complications.
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Intraoperative Patient Positioning  
and Neurological Injuries
Cara Reimer and Peter Slinger

Key Points

Thoracic cases usually involve repositioning the patient 
after induction of anesthesia. Vigilance is required to avoid 
major displacement of airway devices, lines, and monitors 
during and after position changes.
Obtaining central venous access after changing to the lat-
eral position is extremely difficult. If a central line may be 
needed it should be placed at induction.
Prevention of peripheral nerve injuries in the lateral posi-
tion requires a survey of the patient from the head and sides 
of the operating table prior to draping.
Postthoracotomy paraplegia is primarily a surgical compli-
cation.

Introduction

The majority of thoracic procedures are performed in the 
lateral position but depending on the surgical technique a 
flexed-lateral (nephrectomy), supine, semisupine, or semi-
prone lateral position may be used. The lateral positions have 
specific implications for the anesthesiologist.

Position Change

It is awkward to induce anesthesia in the lateral position. Thus, 
monitors will be placed and anesthesia will usually be induced 
in the supine position and the anesthetized patient will then be 
repositioned for surgery. Sometimes multiple repositionings 
are required during a single case. It is possible to induce anes-
thesia in the lateral position and this may rarely be indicated 
with unilateral lung diseases such as bronchiectasis or hemop-
tysis until lung isolation can be achieved. However, even 
these patients will then have to be repositioned after induction 
and the diseased lung turned to the nondependent position. 
The operating room team, led by the anesthesiologist, needs 
to follow a standardized protocol to avoid injury to the patient 
and displacement of lines, tubes, and monitors during each 
position change.

Due to the loss of venous vascular tone in the anesthetized 
patient, it is not uncommon to see hypotension when turning 
the patient to or from the lateral position. All lines and moni-
tors will have to be secured during position change and their 
function reassessed after repositioning. The anesthesiologist 
should take personal responsibility for the head, neck, and 
airway during position change and must be in charge of the 
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operating team to direct repositioning. It is useful to make an 
initial “head-to-toe” survey of the patient after induction and 
intubation checking oxygenation, ventilation, hemodynamics, 
lines, monitors, and potential nerve injuries. This survey then 
must be repeated and documented after repositioning (see 
Table 18.1). It is nearly impossible to avoid some movement 
of a double-lumen tube or bronchial blocker during reposi-
tioning [1]. The patient’s head, neck, and endobronchial tube 
should be turned “en-bloc” with the patient’s thoracolumbar 
spine. However, the margin of error in positioning endobron-
chial tubes or blockers is often so narrow that even very small 
movements can have significant clinical implications [2]. The 
carina and mediastinum may shift independently with repo-
sitioning and this can lead to proximal misplacement of a 
previously well-positioned tube. Endobronchial tube/blocker 
position and the adequacy of ventilation must be rechecked by 
auscultation and fiberoptic bronchoscopy after patient reposi-
tioning.

The Lateral Position (Also Referred  
to as the Lateral Decubitus Position)

This is the commonest position for thoracic surgical proce-
dures. The patient may be positioned on a vacuum mat (see 
Fig. 18.1) or on cushions (see Fig. 18.2). The operating table 
headrest and pillows must be adjusted so that the cervical spine 
remains in-line with the thoracic spine. It is very easy after 
repositioning the patient in the lateral position to cause exces-
sive lateral flexion of the cervical spine because of improper 
positioning of the patient’s head. This malpositioning, which 
exacerbates brachial plexus traction, can cause a “whiplash” 
syndrome and is difficult to appreciate from the head of the 
operating table, particularly after the surgical drapes have 
been placed. It is useful for the anesthesiologist to survey the 
patient from the side of the table immediately after turning 
to ensure that the entire vertebral column is aligned properly. 
Both eyes should be visible to the anesthesiologist throughout 

the procedure to avoid compression on the globes by pillows 
or lines. The dependent ear pinna may be positioned in the 
center of a gel ring.

The dependent arm is positioned on an armrest at 90° to the 
table and the nondependent arm is positioned on an armrest or 
pillows. The brachial plexus is the site of the majority of intra-
operative nerve injuries related to the lateral position [3]. These 
are basically of two varieties: the majority are compression inju-
ries of the brachial plexus of the dependent arm but there is also 
significant risk of stretch injuries to the brachial plexus of the 
nondependent arm. The brachial plexus is fixed at two points: 
proximally by the transverse processer of the cervical vertebrae 
and distally by the axillary fascia. This two-point fixation plus 
the extreme mobility of neighboring skeletal and muscular struc-
tures makes the brachial plexus extremely liable to injury (see 
Table 18.2). The patient should be positioned with padding under 
the dependent thorax (see Fig. 18.2) to keep the weight of the 
upper body off the dependent arm brachial plexus. Unfortunately, 
this pad is called an “axillary pad” or “axillary-roll” in some insti-
tutions. However, this padding will exacerbate the pressure on the 
brachial plexus if it migrates superiorly into the axilla.

The brachial plexus of the nondependent arm is most at risk 
if it is suspended from an independently fixed arm support or 
“ether screen” (see Fig. 18.3). Traction on the brachial plexus 
in these situations is particularly likely to occur if the patient’s 
trunk accidentally slips towards a semiprone or semisupine 
position after fixation of the nondependent arm. Vascular 
compression of the nondependent arm in this situation is 
also possible and it is useful to monitor pulse oximetry in the 
nondependent hand to observe this. The arm should not be 
abducted beyond 90° and should not be extended posteriorly 
beyond the neutral position nor flexed anteriorly greater than 
90°. Fortunately, the majority of these nerve injuries resolve 
spontaneously over a period of months.

Anterior flexion of the arm at the shoulder (circumduction) 
across the chest or lateral flexion of the neck toward the oppo-
site side can cause a traction injury of the suprascapular nerve 
[4]. This causes a deep, poorly circumscribed, pain of the pos-
terior and lateral aspects of the shoulder and may be respon-
sible for some cases of postthoracotomy shoulder pain.

The dependent leg should be slightly flexed with padding 
under the knee to protect the peroneal nerve lateral to the 
proximal head of the fibula. The nondependent leg is placed in 
a neutral extended position and padding placed between it and 
the dependent leg. The dependent leg must be observed for 
vascular compression. Excessively tight strapping at the hip 
level can compress the sciatic nerve of the nondependent leg.

Flexed-Lateral Position

To lower the nondependent iliac crest so that it does not inter-
fere with surgical access, most patients for VATS surgery are 
placed in a flexed-lateral position (see Fig. 18.4) similar to the 
nephrectomy position with lateral flexion of the lower thora-
columbar spine while the upper thoracic and cervical spine 

Table 18.1. Neurovascular injuries specific to the lateral position 
routine “head-to-toe” survey.

1. Dependent eye
2. Dependent ear pinna
3. Cervical spine in line with thoracic spine
4. Dependent arm
 i. Brachial plexus
 ii. Circulation
5. Nondependent arma

 i. Brachial plexus
 ii. Circulation
6. Dependent and nondependent suprascapular nerves
7. Nondependent leg sciatic nerve
8. Dependent leg
 i. Peroneal nerve
 ii. Circulation
aNeurovascular injuries of the nondependent arm are more likely to occur if 
the arm is suspended or held in an independently positioned armrest
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is maintained in a horizontal plane. Some surgeons also use 
this position for thoracotomies to try and open the  intercostal 
spaces. After repositioning and stabilization, the hemody-
namics of the lateral position are not significantly different 
from the supine position. However, the flexed-lateral position 
impairs venous return and is associated with significant reduc-
tions in blood pressure and cardiac index (3.0 vs. 2.4 L/min/
m2 in one study [5]). This can particularly be a problem in the 
elderly, who are more liable to have clinically important falls 
in blood pressure with decreases in preload.

Positive pressure ventilation during anesthesia in the lateral 
position is associated with significant increases in mismatch-
ing of ventilation and perfusion. These changes are discussed 
in Chap. 5.

Fig. 18.1. Patient in the lateral position on a 
vacuum mat. Note both arms are supported on 
armrests which are fixed to the operating table. 
This position of the arms allows good access to 
the head for monitoring and airway manage-
ment after surgical draping. The dependent 
leg is straight and the nondependent leg flexed 
(with kind permission from Springer Sci-
ence + Business Media: Aschemann [15]).

Fig. 18.2. Posterior view of a patient in the 
 lateral view with cushions. It is very impor-
tant to survey the patient from this perspective 
to ascertain that the cervico-thoracic spine is in 
alignment prior to draping. After turning from 
the supine position, it is very easy to accidentally 
reposition the patient with a degree of lateral  
cervical flexion that is difficult to appreciate 
from the head of the table. Note the extra padding 
under the upper thorax below the axilla. Also 
note the gel ring preventing compression of the 
dependent ear pinna and the cushioning between 
the legs (with kind permission from Springer 
Science + Business Media: Aschemann [15]).

Table 18.2. Factors contributing to brachial plexus injury in the 
lateral position.

a. Dependent arm (compression injuries)
 1. Arm directly under thorax
 2. Pressure on clavicle into retro-clavicular space
 3. Cervical rib
 4. Caudal migration of thorax padding into the axillaa

b. Nondependent arm (stretch injuries)
 1. Lateral flexion of cervical spine
 2. Excessive abduction of arm (>90%)
 3.  Semiprone or semisupine repositioning after arm fixed to a  

support
aUnfortunately, this padding under the thorax is misnamed an “Axillary 
roll” in some institutions. This padding absolutely should not be placed in 
the axilla
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Supine Positions

The standard supine position with arms abducted is used for 
a variety of thoracic surgical procedures such as sternotomies 
for mediastinal tumors or bilateral wedge resections. The arms 
are positioned prone with careful attention to padding the ulnar 
nerves at the elbow to prevent pressure. The supine position 
with the arms abducted may be used for bilateral trans-sternal 
thoracotomies (the “clam-shell” incision) for bilateral lung 
transplantation or large anterior mediastinal mass resections 
or for bilateral thoracoscopic procedures (see Fig. 18.5). The 
arms are positioned supine and not abducted more than 90°. 
The arms should be padded with the joints slightly flexed, so 
that the wrist is higher than the elbow and the elbow higher 
than the shoulder.

Central Neurological Injuries

Paraplegia

With an estimated incidence of 0.08% [6], postthoracotomy 
paralysis (PTP) is a rare but devastating complication follow-
ing thoracic surgery. PTP can occur as a result of spinal cord 
compression from an epidural hematoma (EH) or a foreign 
body, or ligation of major arteries perfusing the vulnerable 
thoracic cord. Arterial embolus and perioperative hypotension 
have also been implicated.

EH is a rare but well-appreciated complication of neuraxial 
anesthesia. EH associated with epidural placement is esti-
mated to occur with a frequency of 1:150,000 [7]. Symptoms 
of EH vary, but can include back pain, sensory and motor 
deficits, and incontinence. EH can present any time, includ-
ing immediately postoperatively and after catheter removal. 
Prompt diagnosis, ideally with MRI scanning, can confirm the 

Fig. 18.4. Posterior view of the flexed-lateral position commonly 
used for thoracoscopic (VATS) surgery. The patient is on a vacuum 
mat and a forced-air warmer has been applied to the lower body prior 
to draping. The flexed-lateral position is more likely to cause impair-
ment of venous return and hypotension than the lateral position.

Fig. 18.5. The supine position with the arms abducted. This position 
is appropriate for bilateral thoracoscopic procedures or for bilateral 
lung transplantation.

Fig. 18.3. Bilateral malpositioning of the arms in the lateral position. 
The nondependent arm is hyperextended and fixed to the anesthetic 
screen. This causes traction of the brachial plexus as it passes under 
the clavicle and the tendon of the pectoralis minor muscle. This trac-
tion may increase if the patient’s torso rotates during surgery while 
the arm remains fixed. The dependent arm is directly under the tho-
rax with the potential for vascular compression and/or injury to the 
brachial plexus (with kind permission from Springer Science + Busi-
ness Media: Britt and Gordon [3], p. 9, Figure 5. ©E Hopper Ross).
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diagnosis. Immediate neurosurgical consultation should be 
obtained for decompression which has its best results within 
12 h of onset of symptoms [8].

Surgical bleeding at or near the costo-vertebral junction 
with postero-lateral thoracotomy incisions can be difficult to 
manage. There are multiple case reports [9] of oxidized cel-
lulose polymer (Surgicel) positioned and left at or near the 
angle of the vertebral body to control bleeding. The mate-
rial has subsequently swelled and compressed the ipsilateral 
nerve root, or even migrated into the spinal canal, causing 
permanent paralysis. The product monograph specifically 
contraindicates the use of the polymer in this situation. Neu-
rologic deficit in this scenario presents within hours of sur-
gery. Diagnosis is confirmed with imaging and treatment is 
removal.

Paralysis due to spinal cord ischemia is a commonly 
appreciated complication of vascular surgery, where its 
postoperative incidence can reach upwards of 20% [10]. 
Nonvascular thoracic surgery can also lead to spinal cord 
ischemia. Anatomical considerations related to this have 
been reviewed [11]. To briefly summarize, the thoracic spi-
nal cord has a less luxurious blood supply than its cervical 
and lumbar counterparts. The cord is supplied by the solitary 
anterior spinal artery (ASA) which provides blood supply to 
the anterior 2/3 of the cord and the paired posterior spinal 
(PSA) arteries which supply the posterior 1/3. In the tho-
racic region, the ASA receives important contributions from 
a few variable radicular arteries which are branches of the 
posterior intercostal arteries. Ligation of small but integral 
intercostal arteries during thoracic surgery, leading to hypop-
erfusion and ischemia of the spinal cord has been implicated 
in PTP, both in lung resection and esophagectomy. The clas-
sic presentation of spinal cord ischemia from ASA supply 
interruption in the thoracic region is bilateral motor, pain, 
and temperature loss with maintenance of proprioception, 
the so-called Anterior Cord Syndrome. There may be associ-
ated autonomic dysfunction.

Treatment of ischemia due to inadvertent surgical interrup-
tion of spinal cord blood supply is guided by interventions 
driven at optimizing supply and demand to the cord. Com-
monly used strategies include maintaining a normal to supra-
normal blood pressure with vaso-inopressors, an adequate 
hemoglobin, and steroid administration. It should be noted 
that none of these interventions have been rigorously proven 
to improve neurologic outcome and some, in particular steroid 
administration, are controversial. Spinal drains are commonly 
placed electively in thoracic aneurysm repair to optimize spi-
nal cord perfusion, but this treatment has not been utilized in 
the PTP literature.

To conclude, postthoracotomy neurologic deficit is usually 
assumed to be an anesthetic complication related to epidural 
placement. Although anesthesiologists must always be vigi-
lant and act quickly in these cases to image the spinal cord to 
rule out a hematoma, we must also remember the differential 
includes surgically related causes.

Blindness

Postoperative visual loss (POVL) has been infrequently 
reported following surgery in the lateral position. Similar to 
the POVL more often reported after surgery in the prone posi-
tion, the risk factors include prolonged surgery, hypotension, 
massive transfusion, diabetes, and obesity [12]. The etiology 
in noncardiac surgery has been primarily due to posterior isch-
emic optic neuropathy. The perfusion pressure in the posterior 
portion of the optic nerve is directly related to mean arterial 
pressure and inversely related to venous drainage pressure. 
In one case report following spine surgery in the lateral 
position via VATS and open thoracotomy, the visual loss was 
complete in the dependent eye and partial in the nondependent 
eye suggesting the potential impact of venous drainage pres-
sure [13]. Of note, this patient also had marked facial edema 
after the end of the case. Since there is no monitor available 
to assess the perfusion pressure in the optic nerve, prevention 
involves avoiding the treatable associated factors (hypoten-
sion and anemia), regular intraoperative observation of the 
face to assure that there is no direct pressure on the eyes, and 
careful neutral positioning of the cervical spine to avoid any 
compromise of venous drainage.

Other Position-Related Injuries

The lateral position has been reported to be associated with a 
variety of pressure-related injuries to the legs. These include 
myonecrosis, sciatic nerve palsy, and compartment syndromes 
[14]. The majority of these reports involve orthopedic proce-
dures of long duration (>5 h). Increased vigilance for potential 
position-related injuries is required in long procedures.

Clinical Case Discussion

A 60-year-old woman presents for a left thoracotomy for left 
lower lobectomy for lung cancer. Past medical history includes 
a remote myocardial infarction with a preoperative ejection 
fraction of 40%, controlled hypertension, and diet-controlled 
diabetes mellitus. Regular medications are taken the morning 
of the OR, including metoprolol and aspirin 81 mg. A flexible 
epidural catheter with inner stainless steel coil wire is placed 
at T6/7 for postoperative analgesia. After an epidural test dose 
of 3 mL lidocaine 2%, an infusion of bupivacaine 0.1% plus 
hydromorphone 15 g/mL is started at 5 cc/h. A central line is 
placed after induction. The operation is remarkable for intra-
operative hypotension requiring dopamine and norepinephrine 
and brisk bleeding near the costovertebral junction. Immedi-
ately postoperatively, blood pressure is in the patient’s normal 
range with no support, there is no motor deficit, and pain is 
well controlled. Six hours postoperatively, a nurse from the 
ward calls to report that the patient is complaining of bilateral 
lower extremity motor weakness.
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1. What is the differential diagnosis?
At this point, the differential is wide and includes a motor 
block secondary to epidural local anesthetic solution, an 
intrathecal catheter, compression of the nerve roots or spi-
nal cord from an EH or a foreign body, arterial embolus to 
a radicular artery, or a hypoperfusion state.

2. What should be done immediately?
Vital signs should be taken and documented, the epidural solu-
tion should be stopped and the catheter aspirated. A focused 
chart review should be undertaken with special note taken of 
any recently administered anticoagulants. The surgeon should 
be called and be advised of the problem. A complete neuro-
logical examination should be performed.

3. What does the initial assessment reveal?
The patient is awake and alert. Her blood pressure is 89/65 
with a normal heart rate and oxygen saturation. No blood or 
CSF is aspirated through the catheter. She is unable to move 
her legs. She has loss of sensation to pain and temperature 
in both legs, but proprioception is intact. Thirty minutes 
after the epidural solution has been turned off, there is no 
change in her neurological status. The last documented INR 
is 1.29 5 h ago. The patient received subcutaneous heparin 
for DVT prophylaxis 1 h ago.

4. What should be done next? What bloodwork, imaging, and 
consults should be ordered?
Dopamine is started through the patient’s central line to 
keep the blood pressure in her normal range (120/80) with 
continuous cardiac monitoring. “STAT” complete blood 
count and coagulation tests are drawn. There is hesitance to 
remove the epidural catheter in the context of a coagulation 
abnormality combined with recent heparin administration 
and aspirin. MRI is the preferred modality to diagnose an 
EH. However, the in situ epidural catheter is not permit-
ted in the scanner. After consultation with the radiologist, 
the epidural is left in place and a CT is performed. Neu-
rosurgery and neurology are called and made aware of the 
patient.

5. What is found on additional testing?
The CT shows no EH or mass. The hemoglobin is 90 g/L. 
Platelets are normal. INR is 1.21. The patient is seen by 
neurology and given a provisional diagnosis of spinal cord 
ischemia causing an anterior cord syndrome.

6. What else can be done?
The patient is moved to a step-down unit with continu-
ous monitoring. Neurologic vitals are done every 4 h. 

Dopamine is continued, and the patient is given 100 mg 
methylprednisolone IV q8 h × 3 doses. Hemoglobin is 
maintained at 100 g/L. The epidural is removed 6 h after 
the last subcutaneous heparin dose. An MRI is then per-
formed and is normal. Pain is controlled with hydromor-
phone intravenous PCA. Over the next 4 days, the patient 
gradually and completely recovers.
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Key Points

Continuous automated ST-segment analysis is especially 
important during thoracic surgery given the potential for 
cardiac ischemia, arrhythmias, pneumothorax, severe 
hypoxemia, and hemodynamic instability.
Oxygenation during one-lung ventilation is determined by 
many factors including cardiac output, blood pressure, ven-
tilation–perfusion matching, anesthetic effects on hypoxic 
pulmonary vasoconstriction, airway mechanics and reac-
tivity, oxygen consumption, and preexisting pulmonary 
disease. Pulse oximetry with occasional intermittent arte-
rial blood gas analysis provides warning of significant 
hypoxemia.
The typical CO

2
 vs. time waveform, displayed on most 

anesthesia monitors, has characteristic intervals that repre-
sent different physiologic events during ventilation.
Continuous breath-by-breath spirometry (monitoring of 
inspiratory and expiratory volumes, pressures, and flows) 

enables the early detection of a mal-positioned double-lumen 
tube and can reduce the potential for ventilatory-induced 
lung injury by guiding the optimization of ventilatory 
 settings.
Invasive arterial pressure monitoring is commonly used to 
assess beat-by-beat blood pressure and it can also be used to 
derive functional hemodynamic information such as systolic 
pressure variation (SPV) and pulse pressure variation (PPV).
SPV and PPV measure related aspects of cardiorespira-
tory interaction and these variables can predict the ability 
to increase cardiac output with volume loading better 
than central venous pressure or pulmonary artery occlusion 
pressure.
Minimally-invasive hemodynamic monitoring (such as the 
Esophageal Doppler, Arterial Pressure waveform-based 
devices, and/or central venous oximetry) coupled with 
goal-directed therapy care can improve outcomes by focus-
ing on basic clinical questions such as: “is flow (cardiac 
output) adequate to meet global tissue demands?”
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Introduction

The general principles of intraoperative monitoring for 
 thoracic surgery are similar to those for any major surgery. 
Monitoring guides the detection of problems and helps track 
the response to interventions. From a practical standpoint, this 
translates into the rather conservative approach of invasive 
monitoring from the outset, with the assumption that cardiac 
and pulmonary complications are more prone to occur (rela-
tive to other noncardiac procedures), and that access to the 
patient may be restricted (especially with the patient in the 
lateral decubitus position during lung isolation).

Monitoring techniques have rarely been subjected to the 
kind of scrutiny that pharmacologic and other therapeutic 
interventions are [1]. With improvements in monitoring tech-
nology and in our understanding of cardiorespiratory physi-
ology, we hope to acquire and interpret data better, recognize 
errors, generate and apply evidence-based goal-directed 
interventions to optimize outcomes in a cost-effective man-
ner. Although this is self-evident, intraoperative monitoring, 
no matter how sophisticated, cannot itself improve outcomes. 
Monitoring coupled with physiologically-derived protocol-
driven care can improve outcomes by reducing unwarranted 
variation in practice while still allowing practitioners to use 
their clinical judgment [2]. For instance, protocol-driven 
goal-directed resuscitation in septic patients has been shown 
to reduce mortality [3] while invasive Pulmonary Artery 
Catheter (PAC)-based monitoring during high-risk surgery 
has, in fact, been shown not to lead to better outcomes [4]. 
We will focus on intraoperative monitoring specifically rel-
evant to thoracic surgical patients and will also emphasize 
minimally- and noninvasive hemodynamic monitoring tech-
nologies.

ECG

Approximately 30% of patients exposed to anesthesia for 
surgical procedures in the United States have a known prior 
history of coronary artery disease (CAD) or coronary risk 
factors. Perioperative myocardial ischemia is more common 
in patients with poor cardiopulmonary reserve that typically 
present for thoracic surgery. Multi-vessel coronary disease is 
also more likely in the thoracic surgical population given their 
likelihood of being smokers and having related comorbidities 
[5]. An estimated 50,000 such patients per year, who receive 
noncardiac surgery, will experience a perioperative myocar-
dial infarction, which carries a 40–70% mortality rate.

Continuous automated ST-segment analysis is fundamen-
tal during thoracic surgery due to the potential for cardiac 
ischemia as a result of arrhythmias, pneumothorax, the 
potential for severe hypoxemia from intrapulmonary shunt-
ing, and hemodynamic instability from the compression of 
large vessels with the potential for cardiac decompensation 
from pulmonary hypertension or hemorrhage [6]. The typical 

five-lead electrocardiographic system should be placed for 
thoracic surgical patients with suspected or known coronary 
disease undergoing thoracic surgery. Depending on the sur-
gical site, careful positioning of leads is pivotal in order to 
both avoid errors in the ST-segment analysis and minimize 
interference with the sterile surgical field. Based on previous 
studies, lead II has a 90% sensitivity to detect arrhythmias and 
the lateral lead V5 has 75% sensitivity to detect lateral wall 
ischemia. London M, et al. (Anesthesiology 1988;69:232–41) 
demonstrated that lead V4 was the second-most sensitive 
lead to detect intraoperative ischemia (61% sensitivity) and 
that the use of two lateral leads (V4 and V5) provided a 
combined sensitivity of 90% for the detection of lateral wall 
ischemia. ST-segment trend analysis is pivotal for the diag-
nosis of myocardial ischemia caused by and characteristic of 
multi-vessel coronary disease in patients with a significant 
history of smoking and with poor collateral circulation [7]. 
Specific coronary artery territories typically implicated in 
ischemia or infarction can be diagnosed based on the con-
gruence of leads showing ST-segment changes (for instance, 
changes in leads II, III and aVF typically represent RCA 
territory supply/demand mismatch). Although the diagnosis 
of acute MI in the presence of a Left Bundle Branch Block 
(LBBB) is difficult, criteria have been developed that may be 
applied for early detection and timely intervention [8].

ECG can also be used to monitor for various severe elec-
trolyte disturbances (e.g., hyperkalemia, hypocalcemia, 
hypomagnesaemia) and the appropriate functioning of Car-
diac Rhythm Management Devices. As a result of serious 
underlying cardiac rhythm disturbances or congestive heart 
failure, many patients undergoing thoracic surgery will have 
pacemakers or implantable cardiac defibrillators and monitor-
ing these devices during the surgical procedure is critical to 
ensuring appropriate responses. Atrial fibrillation is also more 
common with thoracic surgical procedures.

Pulse Oximetry

Pulse oximetry (SpO
2
) is a continuous, noninvasive method 

of measuring the arterial oxygen saturation (SaO
2
) from a 

processed infrared light signal transmitted through a pulsa-
tile vascular bed (a practical application of the Beer–Lambert 
law). Plethysmography, the measurement of pulsatile volume 
changes that occur in tissue beds, can also be performed by 
most pulse oximeters and may have future applications in the 
noninvasive assessment of fluid responsiveness.

The main goal of pulse oximetry in thoracic surgery is 
to provide immediate warning of hypoxemia mainly during 
procedures at high-risk for desaturation such as one-lung 
ventilation (OLV). This allows for prompt treatment to be 
initiated before irreversible metabolic derangements occur. 
During OLV significant desaturation (SpO

2
 < 90%) can occur 

despite high inspired oxygen concentration secondary to 
obligate shunt (nonventilated lung) and potentially treatable  
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intrapulmonary shunting (ventilated lung). Oxygenation 
 during OLV (and during other thoracic surgical procedures) 
is determined by many factors including cardiac output, blood 
pressure, blood flow through nonventilated lung, ventilation–
perfusion matching in ventilated lung, anesthetic effects on 
hypoxic pulmonary vasoconstriction (HPV), airway mechanics 
and reactivity, oxygen consumption and preexisting pulmo-
nary disease. In the 1980s, a significant study by Brodsky J,  
et al. (Anesthesiology 1985;63:212–3) revealed (based on find-
ings from 19 patients undergoing OLV with continuous pulse 
oximetry monitoring and simultaneous arterial blood gas 
analysis) that the pulse oximetry measurements were in good 
agreement with the arterial blood gas analysis. The great-
est discrepancy was about ±6% and these authors concluded 
that the reliability of the pulse oximetry for the detection of 
changes in oxygenation was sufficient enough that frequent 
arterial blood gas analysis was not required. However, arterial 
blood gas analysis will always have a role in the determination 
of the safety margin before arterial desaturation in terms of 
the partial pressure of oxygen (PaO

2
) measurement. Once the 

arterial oxygen saturation drops below 90%, the critical “steep 
portion” on the sigmoid oxy–hemoglobin dissociation curve, 
further desaturation might be drastic and need prompt evalua-
tion and intervention. Since significant desaturation does not 
occur until the PaO

2
 falls below 60 mmHg, the pulse oxime-

ter (SpO
2
) will not detect large changes in PaO

2
. Interestingly 

enough, the maintenance of normocarbia is not problematic 
during OLV (described further in the section “Capnography”) 
while the inevitable intrapulmonary shunt during OLV makes 
desaturation likely. As most of the oxygen content in arterial 
blood is based largely on transportation by hemoglobin, when 
venous admixture occurs (with blood flow from nonventilated 
lung mixing with the blood flow from ventilated lung), the 
ability to compensate for this decrease in the oxygen con-
tent is  limited. The lungs are unable to compensate for this 
decrease in the arterial oxygen content by increasing blood 
flow through ventilated lung.

During thoracotomy or thoracoscopy when the patient is 
placed in the lateral decubitus position, there is potential for 
rapid changes in SpO

2
 from the compression of mediastinal 

great vessels in addition to intrapulmonary shunting (OLV). 
The manipulation of lung parenchyma and/or the mediastinum 
can lead to the development of cardiac arrhythmias that can 
affect the pulse oximetry readings as well. The use of electro-
cautery will also, occasionally, interfere with pulse oximetry.

Judicious perioperative fluid management is of crucial 
importance for thoracic surgical patients. Respiratory varia-
tions in invasive arterial pressure recordings (discussed later) 
such as systolic pressure variation (SPV) or pulse pressure 
variation (PPV) are sensitive and specific indicators of fluid-
responsiveness. There is growing interest in the use of variations 
in the pulse oximeter plethysmographic waveform amplitude 
as a noninvasive method of estimating fluid responsiveness. 
Such ventilatory variations in plethysmographic amplitude 
can be sensitive to changes in preload and can  predict fluid 

responsiveness in mechanically-ventilated patients [9]. The 
“Pleth Variability Index” (PVI, Masimo Corp., Irvine, CA) 
maybe one such dynamic index automatically derived from 
pulse oximeter waveform analysis, with potential for clinical 
applications in the assessment of fluid responsiveness and in 
monitoring response to therapy. Studies showing that patients 
with significant dynamic plethysmographic variation will 
respond to a fluid bolus have been published [7]. However, 
since different pulse oximeters use different nonstandardized 
proprietary signal processing plethysmographic algorithms, 
measurements obtained by one specific device or method may 
not be applicable to similar variables from other manufactur-
ers [10]. There are several factors other than volume status that 
can affect plethysmography such as local temperature, site of 
measurement, influence of venous pressures, etc. [11]. The 
future application of this plethysmographic aspect of pulse 
oximetry is ripe for further investigation both during and after 
thoracic surgery.

Capnography

Monitoring the adequacy of ventilation via CO
2
 waveform 

analysis is usually performed continuously during thoracic 
surgery by infrared dispersion spectrophotometry or mass 
spectrometry. Patients undergoing thoracic surgery usually 
have significant underlying lung disease and a chronic history 
of smoking, so it is extremely important to recognize the dif-
ferent phases of the time capnograph to recognize the under-
lying pulmonary pathology (such as obstructive patterns of 
expiration) as well as distinguish artifacts and errors. The typ-
ical CO

2
 vs. time waveform (time capnography) is displayed 

on most anesthesia monitors and has characteristic intervals 
that represent different physiologic events during ventilation 
(see Fig. 19.1).

Phase I is the expiratory baseline and represents the exhala-
tion of CO

2
-free gas from anatomic dead space. Phase II is the 

expiratory upstroke or fast rise phase representing the mixing 
of dead space gas with alveolar gas containing CO

2
. Phase III 

Fig. 19.1. Time capnograph (from Bhavani Shankar Kodali MD. 
http://www.capnography.com. Accessed 10 Feb 2010).
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or the alveolar expiratory plateau phase represents the exha-
lation of CO

2
-rich gas from the gas-exchanging alveoli. The 

angle between phases II and III has been referred to as the 
 angle and is an indirect indication of ventilation–perfusion 

(V/Q) matching. Finally, phase 0 is the inspiratory down-slope 
during which time fresh gases are inhaled. The nearly 90° angle 
between phases III and 0 has been referred to as the  angle 
[12]. This  angle may increase during rebreathing. During 
thoracic surgery these phases are affected by cardiopulmonary 
conditions that need to be recognized by the anesthesiologist. 
A decrease in the slope of phase II may be seen in certain 
acute and chronic conditions that negatively impact expira-
tory flow (such as bronchospasm or COPD). This reduction in 
the slope is determined by the extent of mixing of parallel and 
series dead space gases with ideally well-mixed alveolar gas. 
An increase in the  angle appears as a prominent up-sloping 
in phase III and signifies worsening V/Q matching. This may 
be due to changes in cardiac output, CO

2
 production, airway 

resistance, and/or functional residual capacity.
In the lateral decubitus position, there are physiologic 

changes in ventilation and perfusion for both the dependent 
and nondependent lungs. Phase III of the capnograph has a 
characteristic biphasic appearance of the waveform. This is 
believed to occur because the nondependent lung will obtain 
significantly more ventilation relative to perfusion (high V/Q 
units) and will contain more alveolar dead space contribut-
ing to the earlier and lower part of an up-sloping phase III. 
The dependent lung will receive more perfusion relative to 
ventilation (lower V/Q units) and less alveolar dead space 
consequently contributing to the later and higher part of the 
phase III plateau. During cross-field ventilation for proce-
dures involving resection of main stem or tracheal masses that 
require jet ventilation or intermittent apnea, close monitoring 
and vigilance of the capnogram is pivotal because complete 
absence of a waveform implies no ventilation, no circulation, 
or a disconnected capnometer. The end-tidal CO

2
 to arterial 

CO
2
 gradient (PaCO

2
–PETCO

2
) is related to the extent of dead 

space ventilation and tends to increase during OLV. Despite 
occasionally significant oxygen desaturation, the maintenance 
of adequate ventilation or normocarbia during OLV is usually 
not problematic.

There is increasing acknowledgement of the similarities 
between Adult Respiratory Distress Syndrome (ARDS) and 
OLV [13]. Ventilation strategies originally developed for 
ARDS may have benefits during OLV. Permissive moderate 
hypercarbia is becoming a routine component of OLV man-
agement and capnography (with intermittent arterial blood 
gas analysis), will aid in monitoring this approach to ventila-
tion. Increasing minute ventilation to the dependent ventilated 
lung during OLV in the lateral position removes sufficient CO

2
 

to compensate for the higher CO
2
 content of the pulmonary 

blood flow perfusing the nonventilated lung. Capnography 
also enables the detection of improperly-placed double-lumen 
tubes (DLT) if the tracheal and bronchial lumens are sepa-
rately and continuously monitored during tube positioning.

Intraoperative Spirometry

With the availability of real-time intraoperative spirometry in 
the current generation of anesthesia machines, it has become 
possible to continuously monitor inspiratory and expiratory 
volumes, pressures, and flows. During thoracic anesthesia, 
especially with OLV in the patient with preexisting pulmonary 
disease or at-risk for postoperative complications, breath-by-
breath spirometry can guide the early detection of a mal-
positioned DLT and help minimize the potential for lung 
injury by guiding the optimization of ventilatory settings that 
are individualized to each patient [14].

With the loss of lung isolation, such as with cephalad migra-
tion of the DLT, the expired volume will, acutely, decrease 
significantly to well below the inspired volume (beyond the 
usual normal 20–30 mL/breath difference that results from 
the uptake of inspired oxygen) [14]. Similarly, unintentional 
caudad migration of the DLT can result in a readily appar-
ent decrease in compliance as set tidal volume/pressure is 
delivered to a single lobe rather than the appropriate lung. 
The pressure–volume and flow–volume graphs can show 
characteristic changes. Additional uses for intraoperative 
spirometry include the identification of auto-PEEP (persistent 
end-expiratory flow) during OLV, which can be seen on the 
flow–volume loop. Intraoperative spirometry data (e.g., mon-
itoring compliance and plateau pressures) can be combined 
with data from arterial blood gases, capnography, and oxime-
try to make adjustments to ventilatory parameters to optimize 
gas exchange [14]. The ability to accurately measure differ-
ences in inspiratory and expiratory tidal volumes can also be 
extremely useful to aid in the assessment and management of 
pulmonary air leaks during pulmonary resections.

Arterial Blood Pressure Monitoring

Given the potential for cardiovascular instability during 
intrathoracic procedures, the possible need for repeated blood 
gas analysis, and a patient population with significant under-
lying comorbidities, the use of invasive arterial blood pressure 
monitoring is common in current clinical thoracic anesthesia 
practice to assess beat-to-beat blood pressure and derived 
functional hemodynamics. Mean arterial pressure (MAP) is 
the most useful parameter to approximate organ perfusion 
pressure in noncardiac tissues provided venous or surround-
ing tissue pressures are not elevated [15].

Technical aspects of the invasive measurement of vascular 
pressures: The principles described here apply to the inva-
sive measurement of vascular pressures (arterial blood pres-
sure, central venous pressure (CVP) or PAC pressures). The 
monitoring system typically used in current clinical practice 
consists of a catheter connected via saline-filled, low-compliance 
tubing to an electronic transducer. Signal transduction, 
performed by these so-called dynamic pressure transducers, 
involves changing either electric resistance or capacitance in 
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response to changes in pressure on a solid-state device (Wheat-
stone bridge system) [16]. Pressure waves recorded through 
intravascular catheters should be transmitted undistorted to 
the transducer, processed and then displayed. Unfortunately, 
there are phenomena that can interfere with the accuracy of 
such systems. Distortion can result from either resonance or 
damping and produce erroneous readings that need to be rec-
ognized. The “fast flush test” is a clinically useful method that 
allows for the detection of these errors. Readers are directed 
to comprehensive technical reviews on this topic for further 
information [16, 17].

Digital numeric readouts of systolic and diastolic pressures 
that are displayed on the monitors are the running average of 
values over a certain time interval. From a clinically relevant 
perspective, the transducer must be placed in the appropriate 
position relative to the patient. Correct positioning of the pres-
sure transducer is crucial and often most prone to error. Gen-
erally, pressures are referenced against ambient atmospheric 
pressure by exposing the pressure transducer system to air 
through an open stopcock and pressing the zero-pressure but-
ton on the monitor display. The transducer must be horizon-
tally aligned with a specific position on the patient’s body that 
represents the upper fluid level in the chamber or vessel from 
which pressure is to be measured [17]. Proper positioning of 
the pressure transducer is especially critical for measurement 
of venous pressures (CVP, PAOP) because seemingly small 
errors in transducer height relative to the patient are ampli-
fied. Ideally, transducers should be positioned approximately 
5 cm posterior to the left sternal border at the fourth intercos-
tals space, since this point better represents the upper fluid 
level of the right atrium. This is especially relevant during 
thoracic surgery when patients are in a lateral position where 
errors in zeroing/referencing can easily influence therapy. For 
instance, in the lateral decubitus position, invasive arterial 
pressure recorded directly from either the right or left radial 
arteries will remain unchanged relative to the supine position 
as long as the respective pressure transducers remain at heart 
level. However, noninvasively measured blood pressure will 
be higher in the dependent arm and lower in the nondependent 
arm. Such differences in noninvasive blood pressure mea-
surement are determined by the positions of the arms above 
and below the level of the heart and are equal to the hydro-
static pressure differences between the level of the heart and 
the respective arm. Blood pressure is directly related to the 
cardiac output (CO) and systemic vascular resistance (SVR). 
This is the hemodynamic corollary to Ohm’s law where elec-
tricity (flow or Q) is directly proportional to the voltage (driv-
ing pressure gradient across vascular beds or MAP − CVP) 
and is inversely proportional to resistance (SVR). Adapted to 
circulation this proportionality can be described as Flow or 
Q = (MAP − CVP)/SVR. While a normal blood pressure does 
not necessarily reflect hemodynamic stability, hypotension 
does represent a potential threat to adequate tissue perfusion.

As the arterial waveform is transmitted from the aortic  
root to the periphery, the actual pressure wave itself becomes 

 distorted. Aging, hypertension, and atherosclerosis all relatively 
common in thoracic surgical patients can also influence the 
displayed arterial waveform. In the peripheral arterial tree, 
the high-frequency components (such as the dicrotic notch) 
disappear, the diastolic trough decreases, the systolic peak 
increases, and there is a transmission delay because there is 
decreased arterial elastance. Thus, invasive pressure waveform 
morphology and actual pressure values depend on the site of 
pressure measurement. Pulse contour analysis-based devices 
are, therefore, susceptible to mechanical errors in arterial pres-
sure  measurement and to such distal pulse amplification. Con-
sequently, clinical therapy is often better-guided using mean 
arterial pressure than systolic or diastolic blood pressure mea-
surements. The use of arterial pressure-derived variables such 
as SPV, PPV, deltaDown, etc., are discussed below under non-
invasive hemodynamic monitoring.

Central Venous Pressure

Technical aspects of invasive pressure measurement are 
described in the previous section. CVP represents the back 
pressure to systemic venous return and is, in effect, an esti-
mate of right ventricular filling pressure. An appropriately 
inserted central venous catheter is required for actual CVP 
measurement and placing a catheter on the same side as the 
thoracic operation (internal jugular or subclavian) allows for 
an unintentional pneumothorax to be treated by the pleural 
drainage tube that is usually inserted for most thoracic  surgical 
procedures. Routine placement of central venous catheters are 
not justified but the risks may be worth taking if it is likely 
that infusions of vasoactive drugs will be used, blood pro-
ducts may need to be rapidly administered, or when large-bore 
peripheral venous access is not obtainable.

CVP might be inaccurate after the establishment of a pneu-
mothorax during thoracic surgery, during the resection of 
mediastinal masses compressing the right heart chambers, 
and also during lateral positioning or with an open chest. 
Tumors invading cardiac structures can also produce errone-
ous CVP values. The use of isolated CVP measures to guide 
fluid therapy during thoracic procedures is not desirable given 
the evidence against the use of static hemodynamic measures. 
Changes in CVP over time are more clinically relevant than 
absolute numeric values. There are no clear CVP “cut-offs” 
that can reliably distinguish between patients whose car-
diac output will and will not change in response to a fluid 
bolus [18, 19]. A volume-responsive patient is better identi-
fied by, and fluid therapy is better titrated using dynamic or 
functional hemodynamic indices (see Fig. 19.2). There are 
several factors that can make venous pressure measurement a 
poor surrogate for the determination of intravascular volume 
status. The cardiac pressure–volume relationships are non-
linear. Ventricular compliance may change intraoperatively 
and dynamically based on the effects of anesthesia, drugs, 
and ongoing pathophysiology. Such changes in compliance 
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produce changes in CVP without any significant changes in 
volume status. In addition, the physiologically-relevant deter-
minant of ventricular preload is the transmural pressure (the 
difference between intracardiac and intrathoracic-extracardiac 
pressure) [18] and not the CVP (which is referenced against 
the atmospheric pressure).

Positive end-expiratory pressure (PEEP) and variable intra-
thoracic pressures, which can both be seen during thoracic 
procedures, can influence preload by affecting transmural pres-
sures. For instance, higher levels of PEEP necessary to main-
tain oxygenation may raise the CVP while reducing venous 
return. When viewed in isolation, such a CVP measure does 
not reflect this paradoxical effect [19]. Occasionally, the CVP 
waveform morphology can also provide clues to diagnosis and 
management [16]. Examples include the absence of the “a” 
wave in atrial fibrillation, cannon “a” waves during junctional 
rhythm, and a combined “cv” wave with an absent × descent in 
moderate–severe tricuspid regurgitation. The displayed digital 
value for CVP is influenced by such tall regurgitant waves and 
does not necessarily reflect the right ventricular preload.

Pulmonary Artery Catheter Monitoring

The balloon-tipped flow-directed Pulmonary Artery Catheter 
(PAC) can provide an estimate of cardiac output, accurate 
measurement of right atrial and right ventricular pressures, 
pulmonary arterial pressures, and an estimate of left ventricu-
lar filling pressures (via measurement of the pulmonary artery 
occlusion pressure). Clinically relevant technical aspects of 

invasive pressure measurement are described in the previ-
ous section. Use of pulmonary artery diastolic pressures or 
pulmonary artery occlusion pressures as an estimate of left 
ventricular preload is subject to many confounding factors, 
including dynamic changes in ventricular compliance and 
juxtacardiac transmural influences. Both under- and over-
estimation of the left ventricular end-diastolic volumes are 
possible with the PAC. Variable intrathoracic pressures and 
PEEP during thoracic surgery can have an adverse influence 
on PAC-based pressure measurements. Practically, the use 
of the PAC has been largely limited in present-day thoracic 
anesthesia. Hemodynamic therapies guided by specific PAC-
derived pressure “cut-off” values do not result in systemati-
cally better results. In the large rigorous RCT by Sandham 
et al. [4], patients with PACs did not accrue any significant 
improvements in outcome vs. standard care during high-risk 
surgery (including thoracic surgical patients). Further, the 
FACTT study showed that PAC-guided therapy in ARDS and 
Acute Lung Injury did not improve survival relative to CVC-
guided therapy [20]. This lack of benefit further discourages 
the use of the PAC as a monitor to guide fluid therapy for the 
thoracic surgical patient who is at-risk for developing ARDS/
ALI [20]. Other problems with PACs also include the signifi-
cant potential for data misinterpretation, risks for mechanical 
complications like arrhythmias, pulmonary infarction, pulmo-
nary artery rupture, thromboembolism, infectious risks, and 
potential for cardiac valvular/endocardial injury.

The PAC is still occasionally indicated when the accurate 
measurement of cardiac output is of critical importance or in 
the setting of severe pulmonary hypertension or right ventric-
ular dysfunction. The air-filled PAC balloon tends to float to 
nondependent regions as it passes into the pulmonary vascu-
lature. During thoracic surgery appropriate positioning of the 
PAC in the lateral position during lung isolation is a challenge 
since most of the perfusion is largely directed by HPV to the 
dependent lung. So for accurate estimation of cardiac output, 
the PAC will need to be “floated” into the correct pulmonary 
artery prior to surgical positioning. Thermodilution-based car-
diac output monitoring, the most widely used clinical tech-
nique, is subject to measurement errors introduced by rapid 
intravenous fluid administration, tricuspid valve regurgita-
tion, and may be unreliable during OLV. “Oximetric” PACs 
can measure mixed venous hemoglobin oxygen saturation and 
continuously display a Fick-principle based cardiac output. 
Mixed venous hemoglobin desaturation is a reflection of the 
global inadequacy of cardiac output relative to global oxygen 
requirements, and is also influenced by arterial hemoglobin 
oxygen desaturation and a reduction in the overall hemoglobin 
content. “Volumetric” PACs use a rapid-response thermistor, 
and by measuring residual thermal signal, can be used to 
estimate the right-ventricular end-diastolic volume (RVEDV). 
Such PACs can be used to monitor RVEDV and may indicate 
right-heart failure if the RVEDV increases as cardiac output 
decreases – such as may be seen in patients with cor pulmonale 
presenting for thoracic surgery. Pathophysiologic conditions 
involving left-sided cardiac structures (mitral valvular disease, 

Fig. 19.2. Receiver operating curve (ROC) for right atrial pressure 
(RAP), Pulmonary artery occlusion pressure (PAOP), delta systolic 
pressure ( SP) and delta pulse pressure ( PP) to predict a response 
to volume challenge. Only the dynamic parameters allow prediction  
beforehand if the patient will improve cardiac performance in response 
to a volume challenge. Using a cut-off value of 13% for PP allows 
almost perfect prediction of which patients respond to a volume 
challenge (area under the ROC curve of 90%). Static parameters 
(CVP, PAOP) are no better than a coin toss with area under the ROC 
curve of approximately 50%.
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LV dysfunction) can also produce characteristic changes in 
the PAC waveforms.

Transesophageal Echocardiography

Transesophageal echocardiography (TEE) is a powerful tech-
nology that has become a routine monitor in the operating 
room for cardiac surgery and for some specific thoracic sur-
geries. It provides instantaneous and continuous assessment 
of cardiac function and structure. The only absolute contrain-
dication to the insertion of the TEE probe during thoracic 
surgery is a planned esophageal surgery. There are several 
relative contraindications such as esophageal varices, stric-
tures, severe esophagitis, Zencker’s diverticulum, following 
recent heparinization, Scleroderma, undiagnosed dysphagia, 
and patients with a history of chest radiation therapy.

Multiple studies have also documented the improved sensi-
tivity of the TEE for the detection of myocardial ischemia rela-
tive to ECG-based automated ST-segment monitoring or PAC 
measurements. The presence of regional wall motion abnor-
malities (RWMA) on TEE is a sensitive sign of myocardial 
ischemia. The earliest sign of ischemia is impaired ventricular 
relaxation (impaired lusitropism) followed by impaired con-
tractility (impaired inotropism), then impaired global systolic 
function, followed by changes in ventricular pressure–volume 
relationship, and one of the last signs is the development of 
ST-segment changes on the ECG. In addition, the TEE may 
be inserted in intubated, hemodynamically unstable patients 
for prompt identification of the etiology of shock and to moni-
tor response to interventions such as fluid-loading, vasopres-
sor, or inotrope infusions. Other applications of the TEE in 
thoracic surgery are for the evaluation of pericardial tampon-
ade, pleural effusions, identification of intracardiac lesions 
responsible for hypoxemia (right-to-left shunts), and for the 
evaluation of the cardiac function during pneumonectomy. 
Some quantitative tools such as color-flow mapping (CFM) 
and Doppler echocardiography have further enhanced the role 
of TEE in thoracic surgery. CFM allows for the evaluation of  
congenital cardiac lesion and vascular malformations. Doppler  
echo cardiography enables accurate assessment of valvular 
pathology and flow-based measurement. Tissue Doppler 
imaging enables the assessment of diastolic dysfunction. 
Recently, the role of TEE in thoracic oncologic surgery has 
been so important that now this technology has expanded to 
include the staging of locally advanced lung cancers [21], 
such as in the setting of patients with locally advanced nons-
mall cell lung cancer with suspected involvement of cardiac 
structures and/or great vessels. TEE technology can also be 
applied to evaluate the resectability of certain lung cancers 
especially when CT-imaging is suspicious for local invasion 
thus unnecessary futile thoracotomy can be avoided.

Although time-consuming quantitative measurements of 
left ventricular performance and filling can be made, with 
appropriate training, anesthesiologists can use the TEE to 
readily distinguish between hypovolemic, cardiogenic, and 

obstructive causes of hemodynamic collapse. The assessment 
of valvular structure and function, especially in patients with 
preexisting aortic and mitral defects presenting for  thoracic 
surgery, is readily made with a comprehensive TEE exami-
nation. A recent study concluded that TEE measured IVCD 
at the atrio-caval junction showed statistically significant 
correlation with the mean CVP [22]. Almost one-third of all 
patients with signs and symptoms of congestive heart failure 
will have preserved systolic function but diastolic dysfunction. 
The diagnosis of impaired diastolic relaxation or restricted 
filling is currently made by echocardiography and is not eas-
ily accessible by other monitoring tools. In both endovascular 
and open surgical procedures involving the thoracic aorta, the 
TEE has a critical intraoperative role to play.

Minimally- and Noninvasive  
Hemodynamic Monitoring Devices  
and Tissue Perfusion Monitoring

As in other intraoperative situations, in the thoracic surgical 
patient, the goal of hemodynamic monitoring is to identify 
threats to adequate tissue perfusion early, to intervene using 
goal-directed therapy, and to track response to such therapy. 
The rational use of fluids is critical, in thoracic surgical 
patients, given the recognition that traditional approaches to 
fluid therapy may result in less optimal outcomes [23–27]. 
For instance, fluid restriction in pulmonary resection surgery 
is a well-recognized approach to management with proven 
benefits [28]. When compared with conventional intraopera-
tive assessment (physical examination, fluid input and out-
put measurements, etc.), fluid administration guided by flow 
monitoring can improve outcomes [26]. Furthermore, there is 
evidence that compared to catheter-based measurements (such 
as cardiac output by thermodilution or CVP), therapeutic man-
agement based on certain less-invasive cardiac output moni-
tors leads to fewer complications and shorter length of stay  
[24–26]. The dangers of inadequate cardiac output secondary to  
hypovolemia need to be balanced against the dangers of fluid 
overloading in these patients. Increasingly, dynamic indices of 
fluid responsiveness are being monitored to guide intraoperative 
fluid therapy [29, 30]. Functional hemodynamic monitoring is 
a term often used to describe the use of monitoring to evaluate 
treatment efficacy. The devices described below are minimally- 
or noninvasive when compared with central venous catheters, 
PACs and TEE. Table 19.1 provides a comparison of the different 
minimally-invasive monitoring technologies.

Key functional hemodynamic questions applied to thoracic 
surgical patients include: is flow (cardiac output) adequate 
to meet global tissue demands, will flow increase with fluid 
loading, and is hypotension a reflection of reduced flow or 
vascular tone or both. Therapies are consequently based on 
the identification of the potential for tissue hypoperfusion and 
the likelihood that fluid loading alone (preload responsive-
ness) and/or the use of inotropes or vasopressors will increase 



272 G.E. Mena et al.

flow and mean arterial pressure. The stroke volume, systolic 
arterial pressure, and pulse pressure all vary in hypovolemic 
patients during positive pressure ventilation with fixed tidal 
volumes [31, 32].

Stroke volume variation (SVV), SPV, and PPV measure 
different but related aspects of cardiorespiratory interaction. 
These variables have been shown to be superior to the con-
ventional estimates for preload responsiveness such as CVP 
and PAOP. Figure 19.3 shows the receiver operating curve for 
SVV and PPV [24–26]. In other words, the ability to increase 
flow with volume loading is better predicted by the SVV, 
SPV, and/or PPV especially in patients undergoing surgical 
procedures with an expected substantial blood loss or fluid-
compartment shifts (compare with Fig. 19.2). These variables 
are directly measured from the arterial pressure tracing and 
its variation with ventilation. During controlled mechanical 
ventilation there are respirophasic changes in venous return 
and consequently subtle changes in pulse pressure and sys-
tolic pressure with each respiratory cycle. Figures 19.4 and 
19.5 graphically display the physiologic mechanisms underly-
ing these observations.

Esophageal Doppler Monitoring

Esophageal Doppler Monitoring (EDM) was first introduced 
in 1975. Since that time it has been the most common min-
imally-invasive hemodynamic monitor used and studied for 
individualized hemodynamic optimization and goal-directed 
therapy in thoracic surgery. Based on the Doppler principle, 
the probe which is inserted into the mid-esophagus transmits 
a continuous wave Doppler signal aligned with flow in the 
descending thoracic aorta at the tip of the device. The ultra-
sound beam is directed as parallel to the pathway of the red 
blood cells (traveling through the descending thoracic aorta) 
as possible. The constant motion of the red blood cells reflects 
a fraction of these ultrasound signals. The relative shift in the 
frequency of returned signals is called the Doppler shift and 
this shift is proportional to the peak red blood cell velocity. 
The displayed velocity vs. time profile allows the hemody-
namic calculation of stroke volume and cardiac output (based 
on certain assumptions). This device allows immediate real-
time, comprehensive left ventricular flow-based assessment of 
the effects of changes in preload, afterload, contractility, and 
rhythm and on stroke volume. This device has been validated 
against the thermodilution PAC.

The caveat with this device is that it estimates the cross-sec-
tional area of the descending thoracic aorta based on patients’ 
demographics from a nomogram including age, height, and 
weight. Also, the angle between the direction of blood flow in 
the descending thoracic aorta and the Doppler signal sent by the 
esophageal probe is greater than the ideal 20° angle, so flow can 
be underestimated (although automated corrections are made 
for this difference). Furthermore, assumptions on the ratio of 
blood flow distribution to the upper vs. the lower body are also 
made. These correction factors can generate inaccuracies when 
exposed to interventions that affect blood flow distribution such 
as when using thoracic epidural analgesia. The esophageal Dop-
pler device is very sensitive to positioning for the probe, lead-
ing to a need for frequent repositioning when trying to obtain 
accurate data. The use of electrocautery also interferes with 
data acquisition. The technology also allows for the calculation 
of Flow Time corrected for heart rate (FTc). This is the time 
that it takes for the left ventricle to eject the stroke volume or 

Fig. 19.3. Only the dynamic variables PP and SVV allow discrimi-
nation of responders from non-responders to a volume challenge. 
Add also – CVP = central venous pressure; PCWP = pulmonary 
capillary wedge pressure; CI = cardiac input.

Table 19.1. Comparison of currently clinically useful minimally-invasive hemodynamic monitoring devices.

Noninvasive  
hemodynamic device

Calibration  
required

Arterial waveform  
high fidelity

Hemodynamic  
parameters calculated

Requires central  
line insertion

FloTrac and Vigileo No Yes SVV, SV, CO, SVR No
Esophageal Doppler  

Monitoring (EDM)
No No SV, CO, and FTc  

(flow corrected time)
No

LiDCO (Lithium Dilution  
Cardiac Output)

Yes (lithium) Yes SVV, SV, CO, SVR, DO
2

Yes

LiDCO Rapid No Yes SVV, SV, CO, SVR No
PiCCO (Pulse Intermittent  

Continuous Cardiac Output)
Yes Yes SVV, SV, CO, SVR,  

EVLW, ITTV, CI
Yes

SVV Stoke volume variation; SV stoke volume; SVR systemic vascular resistance; CO/CI cardiac output/index; FTc heart rate cor-
rected flow time; DO

2
 oxygen delivery in cc/min; EVLW extra vascular lung water; ITTV intrathoracic thermal volume
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the systolic flow time in the descending thoracic aorta corrected 
for heart rate. The typical range for the FTc is 330–360 ms. The 
more volume loaded the ventricle is, the longer it takes to eject 
the stroke volume, conversely the more volume depleted the 
ventricle is, the lesser time it takes to eject the stroke volume. 
The FTc usually decreases to under 300 ms in volume-depleted 
patients. The FTc has been used in algorithms for goal-directed 
fluid therapy [33], however it remains a function of contractility, 
preload and SVR and as such vascular impedance  significantly 

affects this variable. In thoracic surgical patients, it has been 
demonstrated that this device can be used to detect and correct 
low-flow conditions and to guide hemodynamic support during 
the intraoperative period [33, 34].

Unfortunately, the EDM cannot be used during esopha-
geal procedures where fluid management is pivotal to length 
of hospital stay and outcomes. The goals during these often 
lengthy procedures (such as esophagectomy for esophageal 
cancer) are to be more liberal with fluids during the  abdominal 

Fig. 19.4. Results in an acute increase in LC SV coincident with the inspiratory phase of positive pressure ventilation.

Fig. 19.5. Simultaneously developed Frank-Starling curve with the corresponding SV-SVV relationship in an individual patient undergoing 
volume resuscitation. The SV-SVV relationship mirrors the Frank-Starling curve: as preload increased, cardiac performance reaches a plateau 
similarly declining SVV is associated with improved cardiac performance. SVV-SV pairs can provide information about cardiac performance 
similar to a Frank-Starling curve. EDV end diastolic volume.
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portion of the surgery and more conservative during the 
thoracic portion of the procedure.

Continuous Pulse Contour Analysis 
(PiCCO)

This device estimates cardiac output using a combination of 
transpulmonary thermodilution and arterial contour waveform 
analysis. Both the thermal indicator and the pressure wave-
form must be measured simultaneously from a central line and 
an arterial line (either femoral or axillary) for calibration. This 
is impractical in the operating room setting and consequently 
this technology is largely limited to use in Europe in the Inten-
sive Care Unit setting. Stroke volume is estimated from the 
portion of the arterial waveform that corresponds to systole. 
The pulsatile systolic pressure–time integral (multiplied by 
the heart rate to give an estimated cardiac output) is cali-
brated against the transpulmonary thermodilution technique 
of cardiac output measurement. The advantage of calibration 
against transpulmonary thermodilution is its independence 
relative to the influence of ventilation and the respiratory 
cycle. PiCCO has also been validated against continuous car-
diac output monitoring offered by the PAC. This technology 
relies on a high fidelity arterial waveform and is, therefore, 
sensitive to damping and resonance where errors in the esti-
mation of the cardiac output may occur. Another limitation 
of the PiCCO system is that conditions that interfere with the 
calibration process or pulse contour waveform analysis such 
as intracardiac shunts, severe aortic valvular disease, and the 
use of intraaortic balloon pump devices introduce errors [35]. 
As of the time that this section was written, there have been no 
prospective randomized controlled outcome studies published 
in thoracic surgery using the PiCCO system as part of goal-
directed therapy (GDT).

Lithium Dilution Cardiac Output

This technology is based on the physics of pulse power analy-
sis, which is independent of the waveform morphology, and 
has a correction factor incorporated to account for imped-
ance and arterial compliance. Based on an understanding that 
pulse pressure measured from the arterial trace is a combina-
tion of an incident pressure wave ejected from the aorta and a 
reflected wave from the periphery, stroke volume calculation 
requires that the two waves need to be separated. The algo-
rithm takes into consideration the fact that the arterial pressure 
wave changes in size depending upon the proximity of the sam-
pling site to the heart and also on patient’s age. The use of an 
indicator dilution method for calibration (in this case lithium 
since it does not naturally occur in plasma and therefore can 
generate a high signal-to-noise ratio) allows the  measurement 
of blood flow, with a lithium ion-selective  electrode situated 
in an arterial line sensing the extent of dilution. These data 

are used to generate a concentration vs. time curve and the 
cardiac output can then be calculated from the known amount 
of lithium and the area under the concentration–time curve 
(standard indicator-dilution technique for cardiac  output 
 estimation). Multiple studies have compared continuous  
cardiac output measurement via PACs with the Lithium Dilu-
tion Cardiac Output (LiDCO plus) system and have found 
acceptable correlation (defined as agreement of measured 
values within 15% of each other). There have been multiple 
studies confirming that lithium dilution is comparable to intra-
pulmonary thermodilution over a range of cardiac outputs. 
This is very important in thoracic surgical patients with poor 
ventricular function and in individual patients with a fluctuat-
ing cardiac output or with a hyperdynamic circulation [36].

This device has to be calibrated because the proprietary 
algorithm lacks the ability to independently assess the effects 
of constantly changing vascular tone on stroke volume mea-
surement. Another limitation of this technology revolves 
around the use of lithium. Nondepolarizing muscle relaxants 
cross-react with the lithium sensor and can cause the sensor to 
drift. Calibration may also be unreliable in patients with severe 
hyponatremia. For intraoperative use, calibration needs to be 
performed either before induction or after the initial hemo-
dynamic stress from airway management has had time to sub-
side. The device can be onerous for the operating room and it 
is currently mainly used in the ICU setting. The accuracy of 
the device is compromised in patients with severe peripheral 
vascular or aortic valve disease and in those requiring intraaor-
tic balloon counter pulsation therapy. A high fidelity arterial 
waveform is mandatory for accurate hemodynamic data.

The LiDCO Rapid is a recently introduced alternative 
designed for the operating room setting. This technology uses 
the same internal algorithm as the LiDCO plus but allows for 
the calculation of other hemodynamic parameters. The device 
analyses the arterial pressure waveform and using the pulse 
power cardiac output algorithm converts pulse pressure into 
a nominal stroke volume and cardiac output. The device does 
not require calibration with lithium and uses a nomogram for 
calculation of arterial compliance. There are no published 
studies at the time of this review that examine the use of this 
technology during thoracic surgery.

Arterial Pressure Cardiac Output Device 
(APCO, FloTrac/Vigileo)

This technology is based on the physical principle of the 
relationship between pulse pressure and stroke volume. Arte-
rial pulse pressure is directly proportional to left ventricular 
stroke volume and is inversely related to aortic compliance. 
Once stroke volume is determined by the internal algorithm, 
the pulse rate is counted and cardiac output is estimated. 
The device does not require external calibration because the 
algorithm, in theory, corrects and compensates for dynamic 
changes in vascular tone. The device calculates cardiac output 



27519. Intraoperative Monitoring

on a continuous basis (in a 20-s averaging cycle or a 5-min 
averaging cycle) [37–41]. With the FloTrac/Vigileo device, the 
arterial pressure waveform morphology is used to analyze the 
pulse rate and examine the variation (skewness, kurtosis, and 
standard deviation) of the waveform to determine changes in 
stroke volume. Finally, the device takes into account the mul-
tiple variables responsible for the changes in vasculature com-
pliance (a so-called Ki factor). This constant is derived from 
the patient’s specific vascular compliance based on biometric 
values (age, height, sex, and weight). The second-generation 
software tended to underestimate the cardiac output when the 
SVR was less than 800 dynes such as in sepsis and during liver 
transplants secondary to the hyperdynamic state typical of 
these situations. With the development of the third-generation 
software, the estimation of the cardiac output is more accu-
rate and newer data have demonstrated clinically acceptable 
precision in hyperdynamic states. Presumably, this will lead to 
further important studies in the near future in thoracic surgical 
patients. The accuracy of the device is compromised in patients 
with severe peripheral vascular or aortic valvular disease and 
in those requiring intraaortic balloon counter pulsation therapy. 
A high fidelity arterial line waveform is mandatory for accu-
rate hemodynamic data. The technology has been studied dur-
ing cardiac surgery and in the postoperative cardiac surgical 
population. Precision and bias in the estimation of cardiac out-
put (using Bland–Altman analyses) are acceptable relative to 
the gold-standard thermodilution PAC measurement [39–41]. 
Data relevant to thoracic surgical patients are sparse.

In addition, central venous oximetry can be integrated into 
decision making with this device. This technology allows for 
the measurement of the superior vena cava oxygen saturation 
(SvcO

2
) via insertion of an 8 Fr fiber-optic double-lumen cathe-

ter into the jugular or subclavian veins (using the same physical 
principle of spectrophotometry used for pulse oximetry). The 
measured value is 5–7% higher than the true mixed venous oxi-
metry since only the upper extremities, neck and head venous 
effluent is captured. With PACs, mixed venous oximetry can be 
performed and coronary sinus and lower extremities effluent 
causes the measured value to be lower (global mixed venous 
effluent saturation is measured rather than central venous satu-
ration). Despite the fact that the difference in saturation is 5–7% 
higher with the SvcO

2
 than with SvO

2
, it is still a very good sur-

rogate and may be used as a sensitive marker for GDT in high-
risk surgical patients undergoing elective thoracic surgery.
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20
Intraoperative Transesophageal Echocardiography 
for Thoracic Surgery
Massimiliano Meineri 

Abbreviations

TEE Transesophageal echocardiography
3D TEE  Three-dimensional trasesophageal  

echocardiography
TTE Transthoracic echocardiography

Anatomy

LV Left ventricle
RV Right ventricle
LA Left atrium
RA Right atrium
LVOT Left ventricular outflow tract
RVOT Right ventricular outflow tract
PFO Patent foramen ovale
TV Tricuspid valve
PV Pulmonic valve
IAS Interatrial septum
IVS Interventricular septum
IVC Inferior vena cava
SVC Superior vena cava
PA Pulmonary artery
RPA Right pulmonary artery
LPA Left pulmonary artery
PV Pulmonary veins
LUPV Left upper pulmonary vein

LLPV Left lower pulmonary vein
RUPV Right upper pulmonary vein
RLPV Right lower pulmonary vein

TEE views

TG SAX Transgastric short axis view
ME 4C  Mid-esophageal four-chamber view
ME 2C Mid-esophageal two-chamber view
ME RV in–out  Mid-esophageal right ventricle  

inflow–outflow view
ME BiC Mid-esophageal bicaval view
ME Asc Ao SAX  Mid-esophageal ascending aorta short 

axis view
UE Ao Arch SAX  Upper-esophageal aortic arch short axis 

view

Measures

LVEDD Left ventricular end-diastolic diameter
LVESD  Left ventricular end-systolic diameter
LVEDA Left ventricular end-diastolic diameter
LVESA Left ventricular end-systolic area
LVEDV Left ventricular end-diastolic volume
LVESV Left ventricular end-systolic volume
RVEDA Right ventricular end-diastolic area
FS Fractional shortening
FAC Fractional area change
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LVEF Left ventricular ejection fraction
SV Stroke volume
TAPSE Tricuspid valve annular plane systolic excursion
TR Tricuspid regurgitation
RVSP Right ventricular systolic pressure

Key Points

Despite its intuitive advantages, the use of TEE in noncardiac 
surgery has been limited by the availability of trained anes-
thesiologists, the cost of the equipment and, ultimately, by 
the lack of updated guidelines. In fact, very few studies have 
looked at the impact of intraoperative TEE in noncardiac sur-
gery on patients’ outcomes.
TEE is a considered a safe technique. However, despite its 
relative noninvasiveness, it carries potentially drastic com-
plications and needs to be supported by congruent indica-
tions.
Basic hemodynamic monitoring can be easily achieved 
with TEE. Qualitative and quantitative assessments of right 
and left ventricular function are feasible and can be inte-
grated as a complete standard in intraoperative hemody-
namic monitoring.
TEE for lung transplant is considered a category II indica-
tion by current guidelines. TEE provides ideal intraoperative 
hemodynamic monitoring, and it allows the assessment of 
all vascular anastomoses immediately after the reperfusion 
of the graft.
TEE has a promising role in the diagnosis and follow-up 
of both acute and chronic pulmonary embolisms. TEE can 
easily detect and monitor the effects of acute and chronic 
pressure overload on the right ventricle and can rule out 
dangerous intracardiac shunts. These characteristics make 
it a powerful tool for intraoperative monitoring during 
 pulmonary embolectomy and endarterectomy surgeries.
The ability to image cardiac structures with a high spatial 
resolution makes TEE suitable for assessing the effect of 
mediastinal masses on cardiac chambers. TEE may also 
provide useful information to guide surgical resection.

Introduction

The use of TEE outside of the cardiac operating room has sig-
nificantly increased over the last few years. Thoracic surgery 
is naturally becoming an exciting field for the application of 
this powerful technology for more than one reason. In fact, in 
many institutions, cardiac anesthetists, many of whom are TEE 
trained, provide their services to thoracic surgery. Moreover, 
the physiology of cardiopulmonary interaction, the growing 
number of combined cardiothoracic operations and the increas-
ing complexity of patients’ pathologies create the need for the 
complete intraoperative monitoring of cardiac function.

The lack of updated guidelines for the use of TEE for intra-
operative hemodynamic monitoring of noncardiac surgery 

transplant makes its practice around the world very variable. 
If the use of the pulmonary artery catheter has been accepted 
as the standard of care, despite the lack of outcome studies, 
intraoperative use of TEE has not yet found a definite indica-
tion despite its obvious advantages [1].

Indications for TEE in Thoracic Surgery

Indications for the use of intraoperative TEE in thoracic surgery 
can be derived from the current American Society of Anesthe-
siologists guidelines [2] for perioperative use of TEE. They 
comprise Category I–III indications. Category I is supported by 
strong evidence or expert opinion and includes acute or per-
sistent life-threatening intraoperative hemodynamic instability. 
Category II indications are supported by weaker evidence or 
expert consensus, and include the monitoring of patients at-risk 
for hemodynamic instability and myocardial ischemia. The def-
inition of the risk for intraoperative hemodynamic disturbances 
is multifactorial and is based on the patient characteristics, the 
type of surgery, and the clinical setting (Table 20.1).

Intraoperative monitoring of patients undergoing pulmonary 
embolectomy and the assessment of vascular anastomoses in 
the course of lung transplant are also Category II indications. 
 Category III indications are supported by little scientific or 
expert support and includes the use of TEE for guiding catheter 
placement and the intraoperative evaluation of pleuro-pulmonary 
disease.

By reviewing the most relevant studies on the use of TEE 
for intraoperative hemodynamic monitoring in noncardiac sur-
gery (Table 20.2), we found that TEE directed changes in the 
intraoperative hemodynamic management in 27–80% of the 
patients and in another 1–23% altered the surgical plan, add-
ing a new procedure or aborting the current one [3–9]. Some 
authors have reported that the impact of TEE in intraoperative 
management was most evident when used for Category I and 
II indications [5, 7, 9]. None of the mentioned studies was 
 specifically conducted in thoracic surgery, and some included 
cardiac surgical patients [3, 7]. The lack of outcome trials looking 

Table 20.1. Indication for TEE for intraoperative hemodynamic monitor-
ing in high-risk patients.

Patients’  
characteristics Type of surgery Clinical setting

History of MI
History of unstable 

angina
Positive stress test
History of congestive 

heart failure
Moderate or severe 

aortic stenosis

Major vascular 
surgery

Extensive tumor 
resection

Potential need for 
CPB

Massive blood loss

Difficult line insertion
Difficulties in estimating 

volume status
High hospital-specific  

morbidity and mortality 
for specific procedure
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at the impact of the use of intraoperative TEE in noncardiac 
surgery makes it an interesting field for future research.

The impact of emergent TEE in the course of cardiac arrest 
in noncardiac patients has been specifically assessed in the 
operating room [10], as well as during in-hospital resuscita-
tion [11]. In both settings, TEE has been reported to provide 
prompt diagnosis of the cause of circulatory arrest in 64–86% 
of the cases and to guide new surgical intervention in 54% of 
the patients. The ability of TEE to identify the etiology of car-
diac arrest has been quantified with a sensitivity and speci-
ficity of 90 and 50%, respectively [11]. The release of new 
portable TEE equipment and the fact that TEE does not inter-
fere with cardiopulmonary resuscitation (CPR) make TEE 
suitable to be integrated into Advanced Cardiac Life Support 
algorithms.

In North America, the need for TEE-certified anesthesiolo-
gists [12] and the availability of TEE equipment are the main 
limitations to the routine use of TEE outside of the  cardiac 
operating room. Some authors have suggested that the use 
of a simplified focused TEE examination for transplant sur-
gery may be adequate [13]. The American National Board 
of Echocardiography has recently defined a new certification 
process in basic perioperative TEE [14] that will potentially 
expand the use of TEE as an intraoperative monitoring tool.

Safety and Complications  
of TEE Probe Insertion

Although none of the studies mentioned above reported any 
complication related to the use of TEE, the insertion and 
manipulation of the TEE probe is not free of risks [15]. Major 

complications in the use of TEE have been described and 
include esophageal dissection [16] and perforation [17].

Two large retrospective reviews on cardiac surgical patients 
undergoing intraoperative TEE reported incidences of major 
complications, respectively, of 0.2% of patients with no associ-
ated deaths [18] and of 0.1% with a mortality of 0.02% [19].

A careful assessment of the potential benefit of an intraop-
erative TEE examination against its potential complications 
must be performed in each patient.

Preoperative assessment is very important, and patient con-
sent should be obtained whenever possible. A patient’s his-
tory should be reviewed in order to rule out gastro-esophageal 
pathology. Esophageal narrowing should always be suspected 
with the presence of dysphagia. A radiological barium swal-
lowing study remains the gold standard to rule out esophageal 
strictures [15] and should be performed whenever there is 
clinical suspicion.

The TEE probe should always be gently manipulated, and 
any force should be avoided in case of resistance to advance-
ment into the esophagus. Esophageal perforation or tear may 
present soon after the removal of the probe with profuse 
bleeding from the pharynx or from a naso-gastric tube but is 
presents over 48 h after probe insertion [19].

Intubation of the esophagus, in the anesthetized patient, can 
be performed under direct vision or blindly with the help of 
jaw thrust maneuver. Esophageal intubation is a strong stimulus, 
and adequate depths of anesthesia and muscle paralysis are 
necessary to minimize the hemodynamic impact. It is standard 
practice in many centers to insert the TEE probe right after the 
placement of the endotracheal tube.

To minimize the risk of esophageal injury, the use of a 
pediatric TEE probe (Fig. 20.1) should be considered in very 
small-sized adults.

Table 20.2. Use of TEE in noncardiac surgery.

Author
Number  
of patients Indication Type of surgery Type of study

Change hemodynamic 
management

Change surgical 
management

Canty et al. [4] 13 I 4 (30%) Gynecology, neurosurgery Retrospective 9/13 (69%) 2/13 (14%)
II 9 (70%)

Schulmeyer et al. [9] 98 II 98 (100%) Abdominal, gynecology, 
urology

Prospective 47/98 (48%) 3/98 (3%)

Hofer et al. [6] 99 II 99 (100%) Vascular, lung transplant, liver 
transplant, thoracic, ortho-
pedic, reconstructive

Prospective 
cohort

54/99 (55%) 3/99 (3%)

Denault et al. [5] 155 I 44 (28%) Vascular, neurosurgery,  
lung transplant

Retrospective 43/155 (27%) 10/155 (6%)
II 57 (37%)
III 54 (35%)

Suriani et al. [8] 123 II 123 (100%) Vascular, abdominal,  
hepatic, thoracic,  
head and neck, urology

Retrospective 78/123 (63%) 2/123 (1%)

Kolev et al. [7] 224 I 48 (26%) Cardiac 155 (69%),  
noncardiac 69 (31%)

Prospective 
multicenter 
cohort

25% of all interventions 
were uniquely based 
on TEE

9/224 (4%)
II 151 (67%)
III 15 (7%)

Brandt et al. [3] 66 I 66 (100%) Cardiac and noncardiac Retrospective 53 (80%) 15 (23%)
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Table 20.3. Hemodynamic status.

Status LVEDV LV systolic function LV diastolic function RV systolic function IAS in systole

Normal Normal Normal Normal Normal Swing
Hypovolemia Decreased Normal or increased Normal Normal Swing
LV failure Increased Decreased Normal or abnormal Normal Fixed
LV diastolic failure Decreased Normal Abnormal Normal Fixed
RV failure Decreased Normal Normal or abnormal Decreased Fixed

Basic Hemodynamic Assessment

A complete intraoperative TEE assessment comprises the 
analysis of 20 standard views [20]. It should be performed at 
baseline and requires an expertise in TEE [12]. Current guide-
lines do not specify how often a complete examination should 
be repeated during the course of surgery and what views 
should be used for intraoperative hemodynamic monitoring.

After a complete baseline examination, many authors [5–7, 9] 
chose to leave the TEE probe in the stomach and use the trans-
gastric short axis (TG SAX) view for the continuous assessment 
of LV function.

Visual analysis of the short axis of the LV in the TG SAX 
view provided adequate qualitative, online assessment of LV 
and RV function as well as an estimated volume status in 
many studies [5–7, 9].

TEE has been reported to predict postoperative myocardial 
infarction in patients following surgical myocardial revascu-
larization [21], but its role in the detection of intraoperative 
myocardial ischemia in noncardiac surgery has been heavily 
questioned by negative studies [22].

A simplified approach to intraoperative TEE hemody-
namic monitoring identifies five possible hemodynamic states 
(Table 20.3) [23]: normal, hypovolemia, LV systolic failure, 
LV diastolic failure, and right ventricular (RV) failure.

The differential diagnosis of hemodynamic status can be 
easily accomplished by combining the assessment of LV and 
RV function with the estimation of left atrial (LA) pressure.

An easy way of visually assessing LA pressure in mechani-
cally ventilated patients is to determine the movement of the 
interatrial septum (IAS) during the respiratory cycle (Fig. 20.2) 
[24]. A fixed septum that never shifts left and right is a sign of 
increased LA pressure; this technique has been successfully 
validated against invasive monitoring [25]. We will discuss 
the assessment of LV and RV function in detail in the next 
paragraphs.

It has been reported that novices can achieve adequate 
 confidence in assessing basic hemodynamics after a minimum 
number of supervised studies [26].

Fig. 20.1. Probes. The three types of TEE probes available: (a) pedi-
atric; (b) adult omni-probe; (c) adult 3D.

Fig. 20.2. Interatrial septum shift. In mechanically ventilated patients, the movement of the inter atrial septum (IAS) during the respiratory 
cycle reflects the pressure in the atrial chambers. High LA pressure results in a right bulge of the IAS that remains immobile during the respira-
tory cycle (a). Low LA pressure allow left and right IAS shifting that often presents as a “wrinkled” IAS (b). A fixed left bulge is characteristic 
of high RA pressure (c).
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Assessment of Left Ventricular Function

Assessment of left ventricular (LV) function includes assess-
ments of the LV preload, global and regional systolic function 
and diastolic function.

For the basic assessment of LV function, three standard 
views must be obtained: TG SAX, mid-esophageal four-
chamber (ME 4C) view, and mid-esophageal two-chamber 
(ME 2C) view (Fig. 20.3).

The LV end-diastolic volume (LVEDV) is the best estimate 
of LV preload [23, 27]. LVEDV can be easily estimated by 
the linear measurement of the LV infero-anterior end-diastolic 
diameter (LVEDD) or, more precisely, the LV end-diastolic 
area (LVEDA) in the TG SAX view (Fig. 20.4) [28]. Complete 
emptying of the LV with virtualization of the LV cavity at end-
systole is also a sign of decreased preload.

The LV ejection fraction (LVEF) is the percentage change 
in LV volume during the cardiac cycle and reflects the global 
LV systolic function. It is defined by the equation:

LVEF = [(LVEDV − LVESV)/LVEDV] × 100, where LVESV 
is the LV end-systolic volume.

TG SAX allows the visual assessment of global LV systolic 
function and was shown to correlate well with measured LVEF 
even when assessed by novices [29].

The quantification of LV function can be done in one (mea-
suring diameters), two (measuring areas), or three dimensions 
(measuring volumes) (Fig. 20.4).

Linear measurement of LV function consists of the 
 measurement of fractional shortening, or the percentage of 
change in the LV diameter during the cardiac cycle. It can be 
achieved by tracing a line across the maximum LV diameter 
in the TG SAX view, and although based on the movement of 
two points in the entire LV, it correlates with LVEF.

In the same view, the fractional area change (FAC), or the 
percentage change in the LV cross-sectional area during the 
cardiac cycle, can be measured. It is easily obtained by tracing 
the endocardial border of the LV in the end-systolic and the 
end-diastolic frames. FAC is easy to calculate and correlates 
well with the ejection fraction. Automatic endocardial border 
detection and automatic continuous FAC calculation software 
has been developed for continuous intraoperative monitoring 
but, after successful testing [30], never became widely used.

Global LV function can also be assessed by deriving the LV 
stroke volume (SV) from the Doppler measurement of the blood 
flow at the level of the LV outflow tract (LVOT) [31]. This tech-
nique is complex and may underestimate LV SV by underesti-
mating the flow across the LVOT due to the mal-alignment of 
the Doppler beam and the LVOT flow.

LV volumes can be measured using the biplane method of 
the disks (modified Simpson’s rule). It is based on the concept 
of dividing the LV cavity into a stack of 20 ellipsoids whose 
height is directly related to the length on the LV. After manu-
ally tracing the endocardial border in the end-diastolic and the 

Fig. 20.3. LV views. Assessment of the left ventricular function requires obtaining the following three standard views: mid-esophageal four-
chamber view (a), mid-esophageal two-chamber view (b), transgastric left ventricular mid short axis view (c) (Courtesy of Michael Corrin 
(http://pie.med.utoronto.ca/TEE)).
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end-systolic frames of a ME 2C and a ME4C view, the modern 
echocardiographic machine automatically calculates LVEDV, 
LVESV, SV, and EF. This method is considered the gold stan-
dard [32], but it is time-consuming, requires good-quality 
images and necessitates experience with the technology.

To standardize the assessment of LV regional wall motion, 
the American Society of Echocardiography (ASE) classifica-
tion divided the LV into 17 segments (Fig. 20.5) [32]. The 
segments are grouped into three levels, namely, the basal (six), 
mid ventricular (six) and apical (four), plus an apical cap. For 
a complete assessment of LV regional wall motion, all segments 

should be displayed and individually assessed according to a 
rating scale (Table 20.4).

All of the segments are attributed to the main coronary 
arteries (Fig. 20.5) thus the analysis of segmental wall motion 
may allow the localization of individual coronary stenosis.

The TG SAX view allows the simultaneous visualization of 
the territories of the three main coronary arteries.

The quantitative assessment of diastolic dysfunction is com-
plex and requires the assessment of multiple measures [33].

The advent of 3D TEE technology [34] offered the ability 
of directly and accurately measuring LV volumes [35, 36].

Fig. 20.4. Common methods and normals for 
quantification of LV function.
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Fig. 20.5. 17 Segment model and coronary distribution. The diagram explains which left ventricular segments are seen in the most common 
TEE views of the LV (a). The relative coronary distribution (b). (Photo is courtesy of GM Busato).

High-quality images of the LV are necessary and currently 
require the acquisition of a 3D dataset over four or eight heart-
beats [37]. The acquired 3D volume “block” will subsequently 
be analyzed using an offline quantification software (Philips 
QLab™, Tomteq™).

The current software offers a semiautomatic method for 
the 3D reconstruction of the LV: given six anatomical land-
marks on three orthogonal cuts of the full volume-scan of the 
LV on the systolic and the diastolic frames, the software elabo-
rates a moving 3D cast of the LV cavity. The change in Global  
LV volume is immediately displayed on a graphic plot of the 
LV volume/time, together with measured LVEDV, LVESV, 
LVSV, and LVEF.

To allow the assessment of regional LV wall motion, the 3D 
cast of the LV cavity is divided into 17 pyramids according to 
the ASE 17 segment model [32], and the change in volume of 
each pyramid is plotted over time.

The volume/time plots of all segments are superimposed, 
allowing the assessment of dysynchrony.

The validity of 3D TEE in assessing LV dysynchrony has 
been extensively tested (Fig. 20.6) [38, 39].

The limitation of current 3D technology is the fact that 
it is not real-time and requires an expertise in acquiring 
and manipulating the datasets. Until newer, more powerful 

machines will allow automatic LV reconstruction, the role 
of 3D TEE for the intraoperative monitoring of LV function 
seems to be limited.

Intraoperative diastolic dysfunction seems to correlate with 
poor postoperative outcome in noncardiac surgery [40]. It is 
unclear how to manage low grades of intraoperative diastolic 
dysfunction.

However, for a basic hemodynamic assessment, it is important 
to recognize an increased atrio-ventricular gradient that corre-
sponds to a severe degree of diastolic dysfunction.

Normal transmitral flow is characterized, in patients with 
 normal sinus rhythm, by a biphasic pattern: early diastolic filling 
(E wave) and atrial contraction (A wave). The E/A waves ratio 
is normally within 1–1.5. With worsening of LV diastolic relax-
ability, such as with severe LV hypertrophy, the increased left 
atrio-ventricular gradient will result in an E/A waves ratio >2 
with a peak velocity >90 cm/s [33].

Assessment of Right Ventricular Function

RV dysfunction is very common in patients with severe pulmo-
nary disease [41]. TEE allows prompt diagnosis of RV dysfunc-
tion but requires an understanding of the pathophysiology of 
RV dysfunction and the complex 3D RV anatomy.

RV dysfunction is characterized by increased RA pressure, 
venous stasis, low cardiac output, LV diastolic dysfunction, and 
decreased LV preload [42]. It can be the result of RV pressure 
or volume overload and RV ischemia. The assessment of RV 
function includes assessments of the RV morphology and RV 
systolic function [43].

The right ventricle has a complex 3D architecture as it wraps 
around a conical LV. The RV can anatomically be divided into 

Table 20.4. LV wall motion.

Definition Standard terminology Sign

Normal movement Normal + +
Decreased movement Hypokinetic +
No movement Akinetic 0
Outward bulging in systole Dyskinetic −
Fixed outward bulging Aneurysmal −
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three parts: the inlet, composed by the tricuspid valve (TV), the 
chordae and the papillary muscles; the trabeculated muscular 
apex; and the outlet, composed by the smooth muscle outflow 
tract (RVOT).

The distinctive anatomical features of the RV are: a 
 prominent muscular band from the free wall to the IVS, the 
proximity of the RV apex (moderator band), the more apical 
attachment of the septal leaflet of the tricuspid valve (TV) in 
comparison to the anterior leaflet of the mitral valve (MV) and 
the presence of more than two papillary muscles [44, 45].

The RV is a thin-walled structure, usually exposed to low 
pressures. The RV is very compliant and sensitive to changes 
in afterload; an acute increase in afterload results in RV 
dilatation. Chronic RV pressure overload causes concentric 
hypertrophy.

The basic TEE assessment of RV function requires the col-
lection of the following three standard views: ME 4C, TG 
SAX, and mid-esophageal RV inflow–outflow (ME RV in–out) 
(Fig. 20.7).

The ME 4C view displays the triangular-shaped RV long 
axis. In this view, the RV end-diastolic area (RVEDA) can be 
measured and compared to the LVEDA (Fig. 20.8a). A normal 
RVEDA/LVEDA is <0.6, and a RVEDA/LVEDA >1 indicates 
severe RV dilatation [44]. In the same view, we can observe 
that, as the RV dilates, it loses its triangular shape, and when 

it is as big as the LV it starts to share the apex of the heart, to 
finally take over with severe dilatation (Fig. 20.8c) [46].

The ME RV in–out view displays the RV crescent shape. 
In this view, the RV inlet, free wall and outflow tract can be 
seen; linear measures include the RVOT diameter and the 
thickness of the RV free wall. A free wall thickness >5 mm at 
end-diastole indicates RV hypertrophy [32].

The TG SAX view displays the RV short axis as a cres-
cent shape attached to a circular LV. With RV pressure over-
load, RV dilatation displaces the interventricular septum 
(IVS) toward the left. Distortion of the IVS is measured 
by the LV eccentricity index, which is the ratio of the LV 
infero-anterior and septo-lateral LV short axis diameters 
(Fig. 20.9a). With severe RV dilatation the LV loses its circular 
shape, instead becoming D-shaped (eccentricity index >1) 
(Fig. 20.9b).

RV ejection is generated by three separate mechanisms: 
inward movement of the RV free wall, apical displacement of 
the TV annulus, and traction of the free wall by contraction of 
the LV [47].

Qualitative assessment of RV function consists of visual 
determination of inward movement of the RV free wall in the 
ME 4C and the ME RV in–out views (Fig. 20.8).

In the ME 4C view, RV FAC can be measured as the per-
centage of change of the RV area during the cardiac cycle. 

Fig. 20.6. 3D TEE LV assessment. (a) Left ventricular (LV) cast. The LV cavity is divided into 17 wedges each corresponding to one of the 
17 segments. The change in shape of each on the 17 segments is plotted over time (b). The LV end-diastolic volume, end-systolic volume, 
and ejection fraction are automatically measured (c).
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RV FAC well correlates with the RV EF measured by cardiac 
MRI [48].

In the same view, the TV annular plane systolic excursion 
(TAPSE) can be determined (Fig. 20.8b). In a normal heart, 
TAPSE is 1.5–2.0 cm, and a TAPSE <1.5 is associated with 
a poor outcome in patients with heart failure [49]. However, 
the TV annulus moves in a plane that is almost perpendicular 
to the TEE ultrasound beam, and this makes the accurate 
measurement of TAPSE with TEE very difficult.

The dilatation of the RV results in TV annular dilatation and 
regurgitation (TR) [50]. The severity of TR is not directly related 
to the severity of RV dysfunction. As the RV function deterio-
rates, the ability of RV to generate pressure is impaired; thus, 
a large, turbulent TR jet may turn into a low-velocity, laminar 
flow. In contrast, with RV remodeling following the treatment 
of RV pressure overload using, for example, pulmonary endoar-
terectomy (PEA), an improvement in TR is observed [51].

Due to the complex shape of the RV, the RV volumes cannot 
be measured with standard TEE using polygonal models, as 
are commonly used for the LV.

Real-time 3D TEE overcomes some of the limitations of 
2D TEE. A full volume 3D dataset of the RV is obtained over 
four heartbeats. The 3D block obtained can then be used for the 
offline measurement of right ventricular volume and function 
using special analytical software (4D RV-Function© applica-
tion; TomTec Imaging Systems GmbH, Munich, Germany). 4D 
RV-Function© software allows the creation of a cast of the RV 
cavity and provides automatic measurement of RV volumes and 
EF (Fig. 20.10).

Although the use of RT 3D TEE in the assessment of right 
ventricular function has not been investigated, data from the 
real-time 3D transthoracic echocardiography (TTE) litera-
ture reported the feasibility of this technique [52–54]. Recent 
studies have shown a good correlation between 3D TTE and 
cardiac MRI [52, 53] with better reproducibility than 2D TTE 
[53] for the assessment of right ventricular volume and function 
in adults and children [55].

Fig. 20.7. RV inflow–outflow view. In this view, the ultrasound beam 
cuts the RV through its entire length. The arrow indicates RV wall 
thickness. (Photo is courtesy of Michael Corrin (http://pie.med. 
utoronto.ca/TEE)).

Fig. 20.8. Assessment of RV function. In the mid-esophageal four-chamber view, the right ventricle (RV) end-diastolic area can be measured 
and compared to LVEDA (a). The systolic displacement of the tricuspid valve annulus (TAPSE) (arrow) reflects RV function (b). With dilatation, 
the RV cavity loses its triangular shape and takes over the apex of the heart (c).
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TEE Assessment of PFO

Patent formen ovale (PFO) is the result of the lack of fusion 
of the two interatrial septal flaps, the septum primum (left 
side) and the septum secundum (right side) (Fig. 20.11a). 
Until birth, an orifice in the septum secundum, covered by a 
mobile septum primum, allows maternal circulation through 
the heart.

At birth, as the left atrial pressure overcomes the right atrial 
pressure, the functional closure of the foramen ovale occurs. 
Through the years, a permanent fusion of the two flaps will 
seal the defect.

PFO is relatively common in the general population and is 
found in about 25% of autopsies [56].

TEE is the gold standard for the detection of PFO, with 
sensitivity between 80 and 100% and specificity of 100% 
[57–59].

To rule out the presence of a PFO, the TEE examination 
should focus on the careful inspection of the IAS in the ME 
4C view. Once the IAS is visualized, the probe is rotated 
toward the right to bring the IAS into the middle of the screen. 
Given the normally small size, a PFO is unlikely noticed as a 
gap upon 2D examination. The color Doppler volume is then 
positioned to cover the IAS, and the nyquist limit is adjusted 
to 45–55 cm/s (Fig. 20.11b). While maintaining the IAS in the 
middle of the screen, the omniplane angle is rotated to slowly 
scan through the IAS from 0 to 120–130°.

To increase the sensitivity of the examination, a contrast 
study should be done. This consists of injecting an agitated 
saline solution through a central or a peripheral line and visu-
alizing the shunt of air bubbles across the IAS.

Normally, the left atrial pressure is higher than that of the right 
atrial pressure, and even with the injection of agitated saline a 
shunt across the IAS cannot be seen. Provocative maneuvers 
such as a Valsalva or cough are used at the time of injection in 
order to increase the right atrial pressure (Fig. 20.11c) [60].

In the operating room on a ventilated patient, the sudden 
termination of a lung recruitment maneuver can cause an 
increase in the venous return and a subsequent increase in RA 
pressure. Thus, it is important to assess the transit of the con-
tract in the atria right at the end of a breath-hold.

A PFO is normally a benign cardiac abnormality, and in 
many patients, it may remain undiagnosed for their entire life. 
Factors that determine the clinical significance of a PFO are: 
size, cryptogenic strokes, RA to LA pressure gradient and 
flow from the inferior vena cava (IVC).

Smaller PFOs are less likely to be the cause of any symp-
toms, but they potentially allow paradoxical embolism, which 
may result in stroke [61]. The closure of the PFO in these 

Fig. 20.9. LV eccentricity. The degree of flattening of the interventricular septum (IVS) can be quantified using the eccentricity index (EI). 
EI = D1/D2 where D1 is the infero-anterior and D2 is the latero-septal LV diameters (a). With RV dilatation flattening of the IVS results in a 
“D”-shaped LV cross section (b).

Fig. 20.10. 3D TEE RV assessment. 4D RV-Function© application 
(TomTec Imaging Systems GmbH, Munich, Germany) allows offline 
processing of 3D TEE datasets and semi-automatic reconstruction of 
the RV cavity. In the RV cast tricuspid annulus (TV) and pulmonary 
valve annulus (PV) can be recognized.
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circumstances has to be considered as part of the prevention 
strategy.

With normal RA and LA pressures, a PFO results in a left-
to-right shunt. All causes of increased RA pressure can revert 
the left-to-right shunt and result in hypoxia. An increase in RA 
pressure is very common in the thoracic surgical population 
with pulmonary disease and increased RV pressure overload. 
During major thoracic procedures such as lung transplant sur-
gery, the clamping of the pulmonary artery results in a sudden 
increase in RV pressure that is reflected in the RA and can 
cause a hypoxic right-to-left shunt.

A diversion of the IVC flow toward the PFO due to altered 
anatomy has been described [62] after right pneumonectomy 
and can be the cause of otherwise unexpected severe hypoxia.

Percutaneous closure of the PFO has become the procedure 
of choice given its safety and minimal invasiveness [63]. On 
the other hand, the surgical closure of PFO, although a simple 
procedure, requires opening the heart chambers under cardio-
pulmonary bypass (CPB).

During thoracic surgery, each patient with an intraoperative 
TEE diagnosis of PFO should be individually assessed. The 
detection of a continuous or intermittent right-to-left shunt 
may direct PFO closure, especially if the procedure involves 
the use of CPB anyway.

The best surgical management in the case of incidental 
intraoperative PFO finding in asymptomatic patients is not 
clear. In fact, a recent study [64] showed a cardiac surgical 
population with worse neurological outcomes after surgical 
PFO closure.

Specific Applications

Lung Transplant

The number of lung transplants has been increasing due to the 
increased demand for lung transplantation and the use of new 
techniques to expand the pool of donors [65, 66].

Fig. 20.11. Patent foramen ovale. Patent foramen ovale (PFO) is the result of lack of fusion of septum primum (left side) and septum secundum 
(right side) (a) (Photo is courtesy of GM Busato). Color Doppler allows identification of flow across a PFO that commonly creates a small 
left to right shunt (b). Agitated saline is the contrast medium of choice to confirm and detect the presence of PFO (c). 3D TEE can provide 
an en-face view of the inter atrial septum. (d) The PFO is seen from the left atrial side.
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The increase in recipient ages and co-morbidities make 
optimal intraoperative anesthetic management more challenging. 
Cardiac abnormalities are commonly associated with severe 
pulmonary hypertension [67]. Coronary artery disease is present 
in up to 30% of patients with end-stage lung disease [68], and 
it is not uncommon for surgical coronary revascularization to 
be performed at the time of lung transplant.

Extracorporeal membrane oxygenators (ECMO) [69] and 
pump-less extracorporeal lung support (NovaLung™) [70] 
have been increasingly used as bridges to transplantation 
(see Chap. 43).

Although its impact on patient outcome is not clear, TEE 
provides ideal intraoperative monitoring in the course of 
lung transplant [13]. The ASE considers the use of TEE 
for lung transplant surgery as a Category II indication, as 
lung transplant recipients are at high risk for intraoperative 
hemodynamic compromise and for problems with surgical 
anastomoses [2].

Table 20.5 summarizes the focus of the intraoperative TEE 
examination at different stages of the lung transplant.

The only direct contraindication to the insertion of the TEE 
probe in end-stage lung disease may be scleroderma, as it is asso-
ciated in up to 30% of cases with esophageal strictures [71].

Some authors [13] have suggested inserting the TEE probe 
at the time of endotracheal intubation, as TEE may provide 
prompt diagnosis of the hemodynamic instability not uncommon 
immediately after the induction of anesthesia for lung trans-
plant surgery [72]. The TEE examination should be started 
as soon as possible after induction, as the prolonged use of 
electrocautery after skin incision causes artifacts, making the 
interpretation of TEE images very difficult.

The TEE examination should first confirm the preoperative 
findings, as a significant amount of time may have passed from 
the preoperative assessment to the day of surgery.

The baseline TEE assessment should include a complete 
examination with special attention to RV function and the 
presence of intracardiac shunts. As previously discussed, a 
benign left-to-right shunt, such as a small PFO, may revert and 
cause hypoxia during the course of surgery as the right-sided 
pressure increases after the clamping of the pulmonary artery 
(PA) or during the manipulation of the heart. The surgeon may 
decide for the elective use of CPB in these circumstances to 
repair the PFO.

TEE assessment of extracorporeal devices requires an 
understanding of the basic circuits and surgical cannulation 
techniques. The use of TEE for this specific indication is not 
considered by current ASE guidelines.

NovaLung™ is an interventional lung-assist device, a pump-
less membrane oxygenator, used in severe respiratory failure 
to provide CO

2
 removal and oxygenation. The inflow cannula 

is placed percutaneously into the femoral artery and provides 
arterial blood flow to an oxygenator as the outflow cannula 
returns the oxygenated blood to the femoral vein. Normally the 
short Novalung™ cannulas are not seen with TEE. In the pres-
ence of severe RV pressure overload and hypoxia, Novolung™ 
has successfully been implanted between the main PA and 
the left upper pulmonary vein (LUPV), creating a septostomy-
like shunt [70]. In these circumstances, TEE can easily visualize 
the cannulas and assess the flow (Fig. 20.12).

Whenever respiratory insufficiency is associated with heart 
failure, the use of ECMO becomes mandatory. An inflow cannula 
provides venous blood to an oxygenator that is pumped back 

Table 20.5. TEE for lung transplant.

Induction Dissection PA clamping Graft reperfusion Post implant

TR and RVSP
Pulmonary veins
LV, RV function
IAS: R/O PFO and 

Intracardiac shunts

LV, RV filling  
and function

RV function Intracardiac air  
and LV function

TR and RVSP
RV, LV function
Pulmonary veins (all four) and pulmonary 

artery: R/O stenosis/thrombosis

Fig. 20.12. Cannulas. TEE allows assessment of atrial cannulas for ECMO or NovaLung. (a) The arrow indicates the ECMO venous 
cannula in the right atrium. When the NovaLung™ is used for central bypass and decompression of the right heart chambers, the inflow 
cannula (flow to the NovaLung) is placed in the pulmonary artery (PA) (b) and the outflow cannula (return to the patient) is positioned in a 
pulmonary vein (here the left upper pulmonary vein) and drains into the left atrium (LA) (c).
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to the patient’s artery by a centrifugal pump. Femoral vessels 
are commonly used for cannulation, which can be performed 
percutaneously [73]. The short arterial cannula cannot usually 
be seen by TEE, but TEE is critical for guiding the positioning 
of the long venous cannula up to the RA.

Malpositioning of the venous cannula would result in 
impaired venous return and an inability to provide adequate 
arterial blood. In lung transplant recipients, TEE should assess 
the position and patency of the venous cannula at baseline and, 
when still necessary, after CPB.

During dissection of the native lungs, significant mechanical 
compression of the heart and distortion of great vessels can 
cause hemodynamic instability. TEE can promptly exclude 
other causes of hypotension, and manual compression of the 
heart chambers can easily be detected.

The use of CPB for lung transplantation, although not asso-
ciated with increased mortality [74], certainly carries significant 
adverse effects such as systemic inflammatory syndrome and 
coagulopathy [75].

One indication for the elective use of CPB during lung trans-
plantation is the need for simultaneous open-heart procedures. 
Given the lack of guidelines, the threshold for the use of CPB 
for lung transplant varies among different institutions. CPB is 
used in the presence of an occurrence of acute circulatory failure 
that usually presents as severe right ventricular failure at clamp-
ing of the PA. In these circumstances, TEE is a very sensitive 
tool for assessing RV function in real-time [46, 76], can detect 
early signs of RV failure after manual clamping of the PA and 
can prompt the use of CPB, thereby avoiding dangerous circu-
latory collapse [77].

After the completion of graft anastomoses, it is not uncommon 
to observe hypotension and ventricular failure at the unclamping 
of arterial and venous anastomoses. TEE commonly reveals a 
flush of air bubbles from the transplanted lung into the LV at this 
phase of the operation. Coronary air embolism, hypothermia, 
and metabolites from the preservative solution may cause severe 
LV failure at this stage.

TEE will assist weaning from CPB, as for all cardiac proce-
dures, by monitoring the proper de-airing of the heart cham-
bers and guiding the hemodynamic management. TEE allows 
the prompt diagnosis of post-CPB dynamic LVOT obstruction 
and is very useful in guiding hemodynamic management in 
this condition [78].

Severe pulmonary hypertension and RV failure has been 
observed after the administration of protamine; TEE is thus 
critical in monitoring RV function should, at this time and 
whenever during the course of the surgery, treatment with pul-
monary vasodilators became necessary [79].

Following reperfusion of the grafts, a complete examina-
tion should be repeated. A lack of improvement of RV func-
tion following lung transplant has been associated with a poor 
outcome [80].

The visualization and measurement of flow in all of the 
pulmonary veins and pulmonary arteries is mandatory at this 
stage of surgery [81] and requires advanced TEE skills.

The proximal portion of the main pulmonary artery is 
seen with the PV and RVOT in the ME RV in–out view; in 
this view, its proximal diameter can be measured. Two other 
views should be used to assess the pulmonary artery: the mid-
esophageal ascending aorta short axis (ME Asc Ao SAX) and 
the upper-esophageal aortic arch short axis (UE Ao Arch Sax) 
(Fig. 20.14).

The ME Asc Ao SAX displays the PA long axis at its bifur-
cation and the right PA (RPA). The left PA (LPA) is rarely 
seen as it is shadowed by the left main stem bronchus. In this 
view, the diameter of the PA anastomosis and the type of flow 
(laminar vs. turbulent) can be assessed. The UE Ao Arch Sax 
view shows the long axis of the PA, the bifurcation and the 
RPA, and it allows optimal alignment of the Doppler beam 
to the PA flow and the measurement of the flow velocity. 
Whenever the quality of TEE images is suboptimal or LPA 
could not be displayed, pericardial echocardiography should 
be considered [82].

Pulmonary veins can be seen starting from two standard 
views: ME 2C and the mid-esophageal bicaval view (ME 
BiC). From the ME 2C view while slightly pulling the TEE 
probe, we can visualize the LUPV that lies right above the 
LA appendage. By advancing the probe 1–2 cm, the left 
lower pulmonary vein (LLPV) can be visualized. LLPV is 
more difficult to see and often merges with the LUPV to form 
a common vessel. By rotating the probe toward the right, 
the right upper pulmonary vein (RUPV) is visualized as it 
enters the LA just above the SVC. By advancing the probe 
and slightly rotating it to the right, the right lower pulmonary 
vein (RLPV) can be seen. In all of the mentioned views, the 
diameter as well as the flow of all PV can be measured. The 
stenosis and thrombosis of pulmonary venous (PV) anasto-
moses has been reported by several authors [83], with inci-
dences of PA stenosis around 7% [84] and PV stenosis around 
10% [85]. A diameter <5 mm and a peak systolic velocity 
>1 m/s are considered cut-off for the definition of PV stenosis 
(Fig. 20.13) [83].

The gold standard for the diagnosis of PV stenosis and 
thrombosis remains angiography.

Heart–Lung Transplant

Heart–lung transplant is offered to some patients with congen-
ital heart disease and/or pulmonary hypertension [86]. These 
patients may present to the operating room with ECMO or 
NovaLung™. The aim of the TEE examination is to guarantee 
the safe transition to full CPB.

The baseline assessment includes assessments of the cannu-
las’ positioning and flows. The surgery consists of the en block 
transplant of heart and lungs requiring four anastomoses: the 
trachea, ascending aorta, and inferior and superior vena cava. 
After weaning from CPB, flow in the IVC and SVC rule out 
stenoses [87]. In these cases, there is no risk of the stenosis 
of the pulmonary vein and PA anastomoses as they are not 
affected by the surgery.
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Fig. 20.14. TEE views of pulmonary arteries. 
The mid-esophageal ascending aorta short axis 
view displays the long axis of the main, right, 
and proximal left pulmonary arteries (a). The 
upper-esophageal aortic arch short axis view 
displays the long axis of the main and right 
pulmonary arteries (b). This view allows good 
alignment to pulmonary artery flow for Doppler 
measurements. (Photo is courtesy of Michael 
Corrin (http://pie.med.utoronto.ca/TEE)).

Fig. 20.13. TEE views of the pulmonary veins. After double lung transplant, the four pulmonary veins should be examined (a) (Photo is 
courtesy of Michael Corrin (http://pie.med.utoronto.ca/TEE)). The left upper pulmonary vein (arrow) is the easiest to image (b). Turbulent 
flow may correlate with narrowing (d) and normally leads to flow acceleration (c).
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Prolonged CPB may lead to significant edema of the heart 
and mediastinal structures; RV compression and hypotension 
may prevent chest closure after heart–lung transplant.

Pulmonary Embolism

The use of TEE for pulmonary embolectomy is considered a 
Category II indication by current ASA guidelines. Although 
there are no outcome studies available assessing this specific 
application of TEE, it has been successfully used in the diag-
nosis of acute pulmonary embolism (PE) both in the operating 
room [88] and in the course of CPR [89].

Surgical pulmonary embolectomy is more often performed 
in tertiary care centers and consists of suctioning the fresh 
thrombi from the main PA on CPB and often positioning of 
an IVC filter [90].

Chronic PE leads to pulmonary hypertension and ultimately 
RV failure. Pulmonary thrombo-endarterectomy (PTE) is con-
sidered the definite treatment of pulmonary hypertension in 
these circumstances. It is commonly performed on CPB with 
deep hypothermic circulatory arrest and consists of the removal 
of thrombi and a thorough endoarterectomy of the pulmonary 
circulation [91]. TEE is commonly a part of the intraoperative 

monitoring for both procedures [92]. Table 20.6 summarizes 
the focus of intraoperative TEE for PTE.

A complete TEE examination is performed at baseline and 
it is focused on the detection of thrombi, the assessment of 
RV function, and the exclusion of other causes of pulmonary 
hypertension.

TEE can easily see fresh thrombi in the IVC, RA, RV, 
and proximal PA (Fig. 20.15). The presence of free-floating 
thrombi in the RA is associated with PE in the great majority 
of patients [93].

However, the ability of TEE in localizing thrombi in the pul-
monary circulation is limited by the fact that TEE can only 
image the proximal pulmonary circulation and that the LPA 
is often completely shadowed by the left main stem bronchus. 
PE causes RV pressure overload that manifests with PA, RV 
dilatation, and TR (Fig. 20.16) [43]. RV dysfunction in the 

Table 20.6. TEE for pulmonary embolectomy.

Induction Weaning from CPB PA clamping

TR and RVSP
LV, RV function
IAS: R/O PFO and  

intracardiac shunts
R/O clots in RA, RV and PA

De-airing of RV  
and LV

RV, LV function

TR and RVSP
RV function
R/O PA clots

Fig. 20.15. Pulmonary embolism. Presence of thrombi (arrow) in the inferior vena cava (a) and right ventricle (arrow) (b) very often correlates 
with pulmonary embolism (c).

Fig. 20.16. Chronic pulmonary embolism. Chronic pulmonary embolism results in pulmonary hypertension and right ventricular overload 
and dilatation (a). TEE can detect thrombi in the right PA (b, arrow). Pulmonary endoarterectomy consists in removal of thrombi (arrow) and 
thorough endoarterectomy of the pulmonary circulation (c). (Photo is courtesy of Dr. M. De Perrot.).
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course of PE has found to be associated with poor in-hospital 
outcomes [94]. The assessment of PFO is crucial due to the 
high risk of paradoxical emboli and, when present, predisposes 
to poor outcomes [95].

Basic grading of TR at baseline is very important, and it 
can be performed in the ME 4C and the RV in–out views. It 
consists of tracing the area of the TR jet and measuring the 
TR jet width at the level of the TV leaflets (vena contracta) 
[96]. In the ME RV in–out view, Doppler measurement of the 
TV regurgitant jet peak velocity allows the calculation of the 
RV end-systolic pressure (RVSP). Due to the mal-alignment 
of the Doppler beam and the TR jet, the RVSP is often under-
estimated with TEE.

At separation from CPB, TEE is used to guide the careful 
de-airing of the heart chambers and for hemodynamic man-
agement.

A complete examination is then repeated at the end of the 
surgery and is needed to grade RV function, TR, and RVSP.

Improvements in RV function and TR are signs of a success-
ful surgery; in contrast, the persistence of RV dysfunction and 
the lack of improvement in TR do not constitute a reason for 
further surgery, as remodeling of the RV and improvement in 
TR often take weeks after PTE [97, 98].

Lung and Mediastinal Masses

TEE has been successfully used in the diagnosis and management 
of mediastinal masses:

TEE allowed the incidental diagnosis of mediastinal tumors 
in patients referred for drainage of pericardial effusion [98, 99]; 
TEE identified the presence of surgical sponges [100] and led to 
the diagnosis of esophageal cancer [101]; finally, the resection 
of large anterior [102] and middle [103] mediastinal tumors 
greatly benefited from intraoperative TEE.

TEE can assess all cardiac chambers and may define extrin-
sic compression and tumor invasion. As previously reported 
[99], the presence of mediastinal masses predisposes to cir-
culatory collapse at the induction of anesthesia, which is a 
Category I indication for the use of TEE.

In patients with cancer of the left lung, TEE has been used 
in the preoperative assessment of the invasion of the thoracic 
aortic wall and showed very high sensitivity when compared 
to CT scan [104].

Clinical Case Discussion

Case: A 54-year-old female presents for double lung trans-
plantation. The patient has a history of end-stage lung disease 
secondary to bronchiolitis obliterans. Preoperative echocar-
diogram showed normal RV and LV function, normal valves 
and RVSP of 34 mmHg. MUGA confirmed good LV function 
and excluded myocardial ischemia. After a smooth induction 
of anesthesia, a TEE probe is inserted. The ME 4C view is 
displayed. Color Doppler analysis is performed on the MV 
(Fig. 20.17).

Is there anything abnormal with the MV?

The base of the posterior mitral valve leaflet is calcified, a 
mass attached to its atrial aspect (arrow).

What could be the differential diagnosis of this pathology?
Thrombus, infective vegetation or tumor.
What should be done to better assess the MV?
Obtain multiple views of the mitral valve with and without 
color Doppler.
What may be the surgical implications of this finding?

Use CPB to surgically explore the mitral valve and eventually 
perform valve surgery. Gentle manipulation of the heart should 
prevent dislodging of the mass attached to the mitral valve.

A double lung transplant is performed without CPB. No sur-
gery is performed on the MV nor it is surgically inspected.

What should be the focus of immediate post CPB TEE 
examination?

Assess mitral valve for regurgitation and mass on the pos-
terior leaflet.

After weaning from CPB, the patient is hypotensive regardless 
high doses of inotropes.

Fig. 20.17. Case discussion. (a) Mid-esophageal four-chamber view, (b) zoom on mitral valve, (c) color Doppler of the mitral valve.



29320. Intraoperative Transesophageal Echocardiography for Thoracic Surgery

TEE shows the abnormal flow in the LVOT and severe MR 
(Fig. 20.18).

What is happening?

This is a case of dynamic LVOT obstruction and systolic 
motion of the anterior mitral valve leaflet with severe mitral 
regurgitation. The hyperdynamic, hypertrophic left ventricle 
generates a high pressure gradient across the LVOT and for a 
Bernoulli effect sucks in the anterior leaflet of the mitral valve.

What is the treatment?

Volume load, avoid inotropes, short-acting beta-blockers, 
and vasopressor.

The postoperative course is complicated by decreased level 
of consciousness. Seven days postoperatively, a CT scan of 
the brain showed multiple strokes. We cannot exclude that 
embolization of material from the MV mass may have con-
tributed to the clinical picture.
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21
Intra-Operative Ventilation Strategies  
for Thoracic Surgery
Denham S. Ward 

Key Points

Ventilatory strategies for one-lung ventilation (OLV) should 
take into account preventing both intra-operative hypoxemia 
and postoperative ventilator-induced lung injury (VILI).
Although a lung-protective strategy utilizing low tidal vol-
umes (6 mL/kg) and limited inflation pressures (<30 cm 
H

2
O) are clearly indicated for patients with acute respira-

tory distress syndrome, the evidence for the use of low tidal 
volumes for OLV is not as compelling.
However, it seems prudent at this time to limit tidal vol-
umes and inflation pressures during OLV, providing high 
breathing frequencies or P

a
CO

2
 are not required.

With appropriate use of pressure and tidal volume alarms, 
either pressure- or volume-controlled ventilation may be 
used.
Intrinsic positive end-expiratory pressure (PEEP) is com-
mon with OLV (utilizing a double-lumen endotracheal 
tube) and caution is warranted when high respiratory rates 
(short exhalation times) are utilized. The addition of exter-
nal PEEP does not consistently improve oxygenation and 
has not been shown to reduce the incidence of VILI.
An “open lung” maneuver utilizing several breaths of high 
inspiratory and expiratory pressures may improve oxygen-
ation, but the hemodynamic consequences of the maneuver 
must be considered.
No evidence-based specific recommendations can be made 
for OLV, but available evidence does help the anesthesi-
ologist select the best strategy for an individual patient and 
surgery.

Introduction

While not all thoracic surgery requires specialized intra-
 operative ventilation, techniques that ventilate only a single 
lung are the hallmarks of anesthesia for this type of surgery. 
One-lung ventilation (OLV), with the collapse of the contral-
ateral lung, greatly facilitates surgery within the thorax. With 
the development of video-assisted thoracoscopic surgery, the 
collapse of the lung on the operative side has become a neces-
sity. OLV during these operations must ensure adequate gas 
exchange (arterial oxygenation and venous carbon dioxide 
removal), full contralateral lung deflation, and reduction of 
the incidence of postoperative lung injury. This last concern 
has grown more important as it has become clear that pre-
vention of ventilator-induced lung injury (VILI) is important 
in intensive care unit treatment of acute respiratory distress 
syndrome (ARDS) and acute lung injury (ALI) (see Chaps. 10 
and 42 for a discussion of the definitions and treatment of ALI 
and ARDS). It may not always be possible to fully achieve 
these three goals, and anesthesiologists’ skills are required to 
determine the best compromise for each individual patient.

Postthoracotomy ALI, while not common, has a high mor-
tality rate [1]. Early studies indicated a correlation with high 
intra-operative fluid administration [2], but subsequent stud-
ies have not shown as strong a correlation [3]. Although the 
causes are multifactorial [4–6], including a possible genetic 
predisposition [7], recent studies have pointed to intra-
 operative mechanical ventilation with large tidal volumes as 
an important risk factor [1, 3, 8, 9]. In an observational study, 
Licker et al. [10] used historical controls to compare outcomes 
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from a protective lung ventilation protocol. The protocol 
resulted in a decrease of ALI from 3.7 to 0.9% (P < 0.01) and 
an odds ratio of 0.34 (95% confidence interval of 0.23–0.75) 
adjusted for the other significant risk factors of chronic alcohol 
consumption, chemo-radiation therapy, more advanced cancer 
stage, pneumonectomy, and increased fluid administration. 
Their protocol utilized pressure-controlled ventilation (PCV), 
increased positive end-expiratory pressure (PEEP) (6.2 ± 2.4 
vs. 3.3 ± 2.1 cm H

2
O) and periodic lung opening maneuvers. It 

resulted in a lower tidal volume, 5.3 ± 1.1 vs. 7.1 ± 1.2 mL/kg 
(predicted body weight [PBW]), and lower inspiratory plateau 
pressure, 14 ± 6 vs. 20 ± 7 cm H

2
O, when compared with the 

historical controls before implementation of the protocol. The 
protocol consisted of several factors (low tidal volume, PCV, 
PEEP, and lung opening maneuvers) that could influence the 
development of VILI; each of these factors will be discussed 
in the following sections.

Although mechanical ventilation has been in common 
clinical use during anesthesia since the mid-twentieth century, 
modern equipment has permitted the development of new 
modes that improve gas exchange while minimizing VILI. 
OLV in the operating room most commonly uses ventilators 
available in the operating room rather than more sophisticated 
intensive care unit ventilators, although the use of other ven-
tilators has been reported [11]. While the evidence available 
from physiological understanding, animal studies and clini-
cal trials is extensive, there is still no full agreement on an 
optimal strategy for ventilation during thoracic surgery. While 
the chosen ventilation strategy clearly has an immediate effect 
on oxygenation, the potential for opposing effects as well as 
many other important patient and surgical factors have made it 
difficult to determine the single best ventilation mode, or even 
predict the best mode for an individual patient. Because there 
are so many options for ventilator parameters, few studies are 
directly comparable. The clinician needs a deep understand-
ing of ventilation and gas exchange physiology to place the 
clinical and animal studies into context and to be equipped for 
making appropriate clinical decisions.

Physiology of Single-Lung Mechanical 
Ventilation (see Chap. 6 for a more 
complete discussion)

Although there is wide terminology describing certain “modes” 
of ventilation (e.g., pressure-controlled, volume-controlled, 
inverse I:E ratio, etc.), mechanical ventilation, in a fully para-
lyzed patient without any spontaneous ventilatory effort, fun-
damentally provides a time-varying pressure waveform at the 
interface between the lung and its external environment. For 
thoracic surgery, this is invariably at the proximal end of the 
endotracheal tube. The resulting movement of gas into and out 
of the lung depends on both this waveform and the resistance 
and compliance of the lung, chest wall, and endotracheal tube 

(see Chap. 8 of Nunn’s Applied Respiratory Physiology [12]). 
Even more germane, the flow of gas into and out of the indi-
vidual gas-exchanging units depends on the relative airway 
resistance and alveolar compliance of each unit.

While this pressure waveform can be quite complex, obvi-
ously the key characteristic is a cyclic variation in pressure 
through a cycle of high (inspiration) to low (expiration). 
Several basic clinical measurements describe this waveform, 
including peak and plateau inspiratory pressure, inspiratory 
and expiratory times, inspiratory (tidal) volume and end-
expiratory pressure. This waveform not only determines the 
distribution of gas in the lung, but through changes in pul-
monary vascular resistance and intra-thoracic pressure, will 
influence regional perfusion and total cardiac output. The lat-
ter can become quite important during OLV, since the unventi-
lated lung creates an obligate shunt and the oxygen level in the 
venous admixture directly determines arterial oxygenation.

While modern double-lumen endotracheal tubes and bron-
chial blockers, combined with the routine use of fiberoptic 
flexible bronchoscopy, have greatly reduced the incidence of 
hypoxemia during OLV [13, 14], the selection of the mechani-
cal ventilation mode clearly still plays a role. Hypoxemia dur-
ing OLV is caused by venous admixture through shunts and 
areas of low ventilation–perfusion ratio (V/Q) gas-exchanging 
units. Thus, during OLV the collapsed lung is an obligate 
shunt, while the dependent lung also causes a venous admix-
ture through shunt and areas of low V/Q. This is primarily 
through atelectatic areas of the lung seen with general anes-
thesia [15], and is perhaps increased with the lateral decubitus 
position through the weight of the mediastinum, abdominal 
organs and low compliance of the chest wall in the depen-
dent position [16]. The ventilation strategy should therefore 
minimize perfusion to the collapsed lung and reduce areas of 
low V/Q in the ventilated lung. Since gas exchange not only 
involves providing adequate oxygenation but also adequate 
removal of CO

2
, the total alveolar ventilation required is 

determined by the desired P
a
CO

2
. These considerations have 

resulted in the classic recommendation that tidal volume for 
OLV not be reduced (preventing atelectasis and maintain-
ing elimination of CO

2
) and the two-lung minute ventilation 

be maintained, often resulting in normocapnia to moderate 
hypocapnia with typical tidal volumes of 10 mL/kg. In this 
situation, the addition of PEEP causes a decrease in cardiac 
output and an increase in venous admixture, Fig. 21.1 [17].

Traditionally, the avoidance and treatment of arterial 
hypoxemia has been the essential concern of anesthesiologists 
during thoracic surgery with OLV [14]. Using the classic three-
compartment model of gas exchange (see Chap. 8 of Nunn’s 
Applied Respiratory Physiology [12]), the determinants of 
arterial oxygen content are: hemoglobin concentration; hemo-
globin dissociation curve (P

50
); oxygen consumption; total 

cardiac output (Q
t
) [18, 19]; inspired oxygen fraction (F

i
O

2
) 

and arterial carbon dioxide (P
a
CO

2
) (both of which determine 

the alveolar oxygen level, P
A
O

2
); blood flow through the 

unventilated lung, and unventilated (or low V/Q) areas of 
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the ventilated lung [14, 19]. The latter two factors are often 
lumped together as shunt (Q

s
) or shunt fraction (Q

s
/Q

t
) [20]; 

however, when considering the effects of ventilation on arte-
rial oxygenation during OLV, it is often better to consider the 
blood flow through the unventilated lung (V/Q = 0) separately 
from the ventilation of the low V/Q areas of the ventilated 
lung, since ventilation strategy may have opposing effects on 
these causes of venous admixture. Changes in ventilation have 
both direct and indirect effects on these factors (Table 21.1). 

The first counter to hypoxemia during OLV is to utilize an 
F

i
O

2
 of 100%, and many anesthesiologists use 100% F

i
O

2
 rou-

tinely for OLV. The high-inspired oxygen concentration will 
reduce any residual hypoxic pulmonary vasoconstriction and 
increase P

A
O

2
 in the ventilated lung [21]. While concerns have 

been expressed about the absorption atelectasis caused by 
high F

i
O

2
 and the possibility of oxidative damage to the lung, 

neither of these factors has been explicitly studied as a pos-
sible contributor to postoperative ALI. Utilizing continuous 
positive airway pressure to the unventilated lung, while not 
possible in many procedures, e.g., video-assisted thoracotomy 
(VATS), this maneuver most often will ameliorate any signifi-
cant hypoxemia [14, 22]. Since selection of the F

i
O

2
 and the 

use of continuous positive airway pressure are not ventilatory 
strategies, they will not be discussed further in this chapter.

By not decreasing total tidal volume during OLV, the dis-
tension of the ventilated lung is essentially doubled. That is, if 
two-lung total ventilation is typically a tidal volume of 10 mL/
kg (5 mL/kg/lung) with a rate of 8–12 breaths/minute, going 
to OLV would be the equivalent of increasing the total tidal 
volume to 20 mL/kg when still ventilating two lungs. In addi-
tion, the distribution of ventilation is not uniform and is deter-
mined by regional airway resistance and alveolar compliance 
(see Chap. 8 of Nunn’s Applied Respiratory Physiology [12]); 
thus low-resistance, high-compliance alveoli may be greatly 
over-distended by such high tidal volumes. The pressure–
volume curve for the whole lung has an idealized sigmoid 
shape (Fig. 21.2). The relatively low compliance at low pres-
sures represents the pressure needed to inflate the atelectatic 
collapsed portions of the lung, and the flatter, less compli-
ant portion at high pressures represents the limits of elastic-
ity. Tidal volumes at the lower end of the curve (no PEEP) 
may involve opening and closing atelectatic areas of the lung 
(atelec-trauma); tidal volumes at the upper end (high PEEP) 
may cause baro-trauma. However, Slinger et al. [23] actually 
measured the single-lung compliance curve and while approx-

Table 21.1. Effects of different ventilatory strategies on the determinants of arterial oxygenation.

Determinants of arterial oxygen content Effect of changes in ventilation

P
50

 of the hemoglobin dissociation curve Increased ventilation will cause a respiratory alkalosis, left shifting the curve (  P
50

). While this may increase 
arterial saturation, unloading of oxygen in the tissue may be impaired

Decreased ventilation will cause a respiratory acidosis, right shifting the curve (  P
50

). While this may decrease 
the arterial content when the P

a
O

2
 is low, this may be offset by the increased ease of unloading O

2
 at the tis-

sue (increased tissue PO
2
)

Arterial carbon dioxide (P
a
CO

2
) Hyperventilation lowers the P

a
CO

2
 and, for a given inspired oxygen tension (F

i
O

2
), will increase the alveolar 

oxygen (P
A
O

2
), while hypercapnia will lower the P

A
O

2
. These are relatively small effects except at the 

extremes of P
a
CO

2

Total cardiac output (Q
t
) Increased ventilation requires a higher mean alveolar pressure which can reduce the cardiac output via a 

decreased venous return and increased right ventricular after-load
Blood flow through the unventilated  

lung (Q
s
)

Increased ventilation and/or increased PEEP to dependent lung (higher mean alveolar pressure) may 
cause more blood to be diverted away from the ventilated lung and increase the blood flow to the 
unventilated lung

Blood flow through the unventilated 
(atelectatic or low V/Q) areas of the 
ventilated lung

Lower tidal volumes and/or ZEEP (zero end-expiratory pressure) may result in more atelectasis and shunt in 
the ventilated lung

Fig. 21.1. Effect of 10 cm H
2
O of positive end-expiratory pressure 

at tidal volumes of 8 and 16% of total lung capacity (approximately 
7 and 17 mL/kg) during one-lung ventilation (OLV) (mean ± SEM, 
n = 11). Mean P

a
CO

2
 during all conditions was 35–38 mmHg. 

*P < 0.05 different from the other conditions by two-way ANOVA. 
P

a
O

2
 arterial oxygen partial pressure; F

i
O

2
 fractional concentration 

of inspired oxygen; Q
T
 cardiac output; and Q

S
/Q

T
 physiological shunt 

(based on data from Katz et al. [17]).
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imately a quarter of their patients did not have a lower inflec-
tion point, at volumes of 1,500 mL or a maximum pressure 
of 30 cm H

2
O there was no decrease in compliance (no upper 

inflection point).

Modes of Mechanical Ventilation for OLV 
in the Operating Room

While modern operating room ventilators have a wide range 
of settings, a primary variation between ventilator types is the 
pressure waveform generated by a constant inspiratory pres-
sure vs. a waveform generated by a constant inspiratory flow. 
These types are commonly referred to as pressure-controlled 
ventilators and volume-controlled ventilators. The result-
ing tidal volume may be the same, but the pressure and flow 
waveforms are quite different, although when the constant 
flow ventilator is used with an end-inspiratory pause, the dif-
ferences in the change in lung volume with time are not as 
pronounced (Fig. 21.3). While not commonly used, the use of 
high-frequency ventilation has also been reported [11]. There 
are three main areas of controversy in selecting the ventila-
tion mode for OLV: (1) pressure vs. volume ventilation; (2) 
high vs. low tidal volume, and (3) use of PEEP. Until recently, 
most studies focused on which mode would most improve 
oxygenation. However, the use of modern double-lumen 
tubes (DLTs) or bronchial blockers correctly positioned with 
bronchoscopic confirmation has actually greatly reduced the 
incidence of clinically significant hypoxemia [13]. Since the 

pulse oximeter permits continuous monitoring, saturations in 
the high 80s are frequently well tolerated (by both the patient 
and the anesthesiologist) during OLV. Current research has 
thus focused more on the ventilator mode, primarily high vs. 
low tidal volume, to prevent VILI.

Pressure- vs. Volume-Controlled Ventilation

The two primary modes of ventilation commonly used in 
the operating room are either PCV or volume-controlled 
ventilation (VCV). Short-term effects of PCV or VCV on 
oxygenation during OLV as well as possible effects of VILI 
postoperatively are controversial. No definitive studies can 
conclusively provide specific recommendations. As can be 
seen from Fig. 21.3, the difference in the waveforms produced 
by the modes results from the decreasing airflow with PCV, 
when compared with the constant airflow with VCV. By add-
ing an end-inspiratory pause to VCV, the volume trajectories 
of the two modes are not too dissimilar. Figure 21.4 illustrates 
the airway and average alveolar pressures that are generated 
by each of the two waveforms. The peak pressure generated 
by VCV for a given tidal volume is due to both airway resis-
tance and compliance and the plateau pressure is due to the 
dynamic compliance (the difference between the peak and 
plateau pressure is determined by the airway resistance and 
flow). The plateau pressure for both modes is representative 
of the average maximum alveolar pressure and the resulting 
tidal volume. The mean airway pressure (the time-averaged 
pressure over the whole inspiratory–expiratory cycle) deter-
mines the average lung inflation.

Another way of looking at the two modes is that PCV has 
a high peak-inspiratory flow, which is limited in VCV, while 
VCV has a high peak-airway pressure that is limited in PCV. 
Although primarily based on animal studies, both high peak-
inspiratory flows [24] and high peak-airway pressures [25] 
may contribute to VILI. By limiting the tidal volume and 
maintaining an adequate inspiratory time, both these factors 
can be minimized for either PCV or VCV. It is important to 
note that in acutely injured and inflamed lungs, the heteroge-
neity of the compliance, airflow resistance, and capillary blood 
flow of alveolar units results in a very uneven distribution of 
airflow, volume, and pressure throughout the respiratory cycle 
(Fig. 21.5). This may cause gross over-inflation (volu-trauma) 
of some units even though the airway pressure and total tidal 
volume are both limited. Both VCV with an end-inspiratory 
pause and PCV may permit a better distribution of the inspira-
tion across alveolar-capillary units with different airflow time 
constants because of the relatively longer time at full inspi-
ration. However, this distribution fundamentally requires an 
adequately long total inspiratory time. This lengthened inspira-
tory time may be difficult during OLV because of the conflict 
between the need to increase the respiratory rate (to compen-
sate for the lower tidal volumes now recommended) and the 
concern about development of intrinsic PEEP as the expiratory 
time becomes crowded out (see next sections of this chapter).

Fig. 21.2. Idealized lung pressure–volume curve. Under anesthesia, 
the functional residual capacity (FRC) falls too close to the residual 
volume, potentially causing a relatively noncompliant lung at low 
airway pressures as atelectatic regions of the lung are opened. At 
high airway pressures, the limits of distensibility may be reached. 
The lower inflection point (LIP) represents the pressure when the 
compliance increases as all atelectatic regions are opened; the upper 
inflection point (UIP) represents the pressure when alveoli are 
becoming less compliant due to overdistension.
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Prella et al. [26] found that in patients with ARDS, the use 
of PCV permits lower peak airway pressures when tidal vol-
umes of 9 mL/kg are used. However, no differences in blood 
gas values were observed. Although not commonly available 
in the operating room, VCV with a decreasing inspiratory 
flow pattern (rather than the constant inspiratory flow pat-
tern shown in Fig. 21.3) seems to provide all the advantages 
of PCV but limits the possible damaging effects of the initial 
high peak-flow seen with PCV [27, 28].

There have been a few direct comparisons of VCV and 
PCV in laparoscopic surgery [29, 30] and in thoracic  surgery 

[31–34]. In general, these studies have shown either no or only 
small improvement in oxygenation with PCV over VCV. All 
studies for OLV used relatively large tidal volumes (9–10 mL/
kg) with resulting normocapnia to mild hypocapnia. Among 
the four studies, only Tugrul et al. [34] showed a significant 
statistical improvement in P

a
O

2
, and that improvement was 

not clinically significant since the average S
a
O

2
 was above 

98% with either mode. All studies used a 10% inspiratory 
pause during VCV. The addition of an end-inspiratory pause 
in this type of ventilation can help with distribution of the 

Fig. 21.3. Pressure, flow, and volume gener-
ated by constant flow or volume-controlled 
ventilation (VCV) (left) and constant pres-
sure or pressure-controlled ventilation (PCV) 
(right). The constant flow ventilator incorpo-
rates an end-inspiratory pause, resulting in 
peak and plateau pressures, while the constant 
pressure ventilator only has a plateau pressure. 
With PCV, the airflow constantly declines 
from the initial maximum.

Fig. 21.4. Comparison of the airway (P
airway

, black line) and alveolar 
(P

ALV
, red line) pressures for VCV (top) and pressure-control venti-

lation (bottom). For VCV, both a peak (P
peak

) and a plateau (P
Plateau

) 
are observed. The difference between these pressures represents the 
resistance to gas flow. The PCV has only a plateau pressure.

Fig. 21.5. The distribution of inspiratory pressure to different areas 
of the lung with different time constants for VCV (top) and PCV 
(bottom).
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inspired gas and improve oxygenation, but, particularly in 
patients with chronic obstructive pulmonary disease undergo-
ing OLV, a reduction in expiratory time to accommodate the 
end-inspiratory pause may increase intrinsic PEEP and reduce 
oxygenation [35]. No clinical studies have looked at PCV vs. 
VCV for prevention of postthoracotomy lung injury.

Monitoring for changes in airway pressure for VCV and 
in tidal volume for PCV can provide important early warning 
indicators of a malpositioned DLT. A possible advantage of 
PCV is that the tidal volume alarms can be set for increases or 
decreases from the current tidal volume. An increase in resis-
tance or compliance (e.g., a left-sided DLT migrating into 
the left lower lobe during left lung ventilation) would cause 
a decrease in the delivered volume (for the set pressure) and 
would thereby sound the low-volume alarm. Alternately, a 
leak from the left side to right (e.g., from a leak around the 
bronchial cuff into the left lung when ventilating the right lung 
with a left DLT) would cause an increase in the delivered vol-
ume (but often a decrease in the returned volume, resulting in 
the bellows of the ventilator not completely filling if the fresh 
gas flow is low enough). For VCV, the airway pressure would 
increase if the left-sided DLT migrated into the left lower lobe 
orifice, but for a partial leak only the loss of the full return 
volume would cause an alarm. Whichever mode is used, the 
anesthesiologist should carefully set the appropriate alarms 
close to the volume currently being delivered, and understand 
the likely causes for any alarm activation. A timely response 
to an alarm, by repositioning the DLT under bronchoscopic 
guidance, can often prevent desaturation or unwanted infla-
tion of the operative lung.

High vs. Low Tidal Volume

In a patient with ARDS, there is strong evidence that a lung-
protective strategy improves outcomes [36–38] although 
Putensen et al. [39] have pointed out that there are still only 
a limited number of randomized controlled trials. This lung-
protective strategy may include tidal volume of 6 mL/kg and 
plateau pressure below 25–30 cm H

2
O, with the respiratory 

frequency adjusted to maintain CO
2
 elimination (normocapnia 

to mild hypercapnia) and PEEP as needed to improve oxy-
genation without increasing the plateau pressure above 30 cm 
H

2
O. This ventilation strategy is intended to prevent both the 

cyclic opening and closing of collapsed alveoli at the start of 
inspiration (atelec-trauma) as well as the overdistension (baro-
trauma) of some alveoli at the end of inspiration (Fig. 21.5) 
[40, 41]. The mild to moderate hypercapnia and respiratory 
acidosis induced by this strategy are not thought to be harmful 
[42, 43], and may even have some beneficial effects [44]. The 
basic mechanisms for low tidal volumes providing protection 
are not entirely known, but the prevention of the induction 
of a pulmonary and systemic inflammatory response seems 
to be the common pathway [25, 45–47]. Of interest, there is 
increasing evidence that a further reduction in tidal volume 

may be beneficial even when the P
peak

 is less than 30 cm H
2
O 

[48] and a significant hypercapnia can be tolerated.
One point does need clarification and that is whether the 

tidal volume is expressed as mL per actual or per PBW. Since 
lung volume is more closely related to height than body 
weight, using actual body weight may result in particularly 
large tidal volumes in short, obese individuals. It is better to 
set the tidal volume on the basis of PBW. PBW is calculated in 
males: PBW (kg) = 50 + 2.3 (height (in) −60); and in females: 
PBW (kg) = 45.5 + 2.3 (height (in) −60) [49].

Although the anesthesiologist may be more concerned about 
acute intra-operative hypoxemia [14], the not infrequent rate 
of ARDS or ALI following thoracic surgery [3, 4, 9, 50, 51] 
has brought into focus the question of using a protective lung 
strategy during OLV [52]. While the use of such a strategy 
during OLV is currently controversial [53, 54], a recent large 
observational study [10] and other smaller clinical studies 
examining risk factors for ALI following OLV [3, 9] support 
the use of such a protective strategy. Fernández-Pérez et al. 
found an odds ratio for postoperative respiratory failure after 
pneumonectomy of 1.56 (95% confidence interval of 1.12–
2.23) per each mL/kg of PBW (Fig. 21.6). However, the use 
of lower tidal volumes during anesthesia has been implicated 
in the development of intra-operative atelectasis which may 
contribute to both intra-operative hypoxemia and postopera-
tive lung injury [55].

The role of tidal volume in influencing the development of 
lung or systemic inflammatory markers in patients without 
ALI undergoing short-term mechanical ventilation has been 
investigated in several studies, with some finding a correlation 
[56, 57] but others not finding that high tidal volumes had a 
pro-inflammatory effect [58]. In addition, other factors may 
also play a role in the development of inflammatory markers 

Fig. 21.6. Risk factors associated with postpneumonectomy acute 
lung injury. Odds ratio and 95% confidence interval from multivari-
ate logistic regression analysis: V

T
 (tidal volume) is per each mL/kg 

predicted body weight; FVC (forced vital capacity) is for each per-
cent decline; fluid is for each liter of fluid infused intra-operatively; 
and V

T 
× fluid is the cross-product in the logistic regression model 

(based on data from Fernández-Pérez et al. [3]).
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following OLV, including genetics [59], the length of time of 
OLV [60, 61], and the patient’s capacity to handle an oxidative 
stress [62].

The recommendations for low tidal volumes even in patients 
without ALI [63, 64] are based on the observed synergistic 
effects of high tidal volume with other lung injuries that might 
by themselves be subclinical (“two hit” hypothesis) [65]. This 
is clearest in situations where the second lung injury occurs 
during high tidal volume ventilation in previously healthy 
lungs or in a patient with developing ALI [63]. It is not as 
clear if the same synergism applies when the nonprotective 
ventilation occurs for a short period of time (intra-operative) 
and precedes rather than is concurrent with a second event that 
could cause lung injury.

Until there is a definite prospective clinical trial of sufficient 
size to decide the question, several factors must be considered 
when deciding the best strategy to use. First, as noted previ-
ously, OLV requires relatively high tidal volumes to a single 
lung to ensure even normocapnia to moderate hypercapnia. 
The recommended protective lung ventilation of 6 mL/kg is 
only 3 mL/kg/lung. Thus, with two-lung ventilation, 6 mL/kg 
may require a frequency of 12–16 breaths/min to maintain 
moderate hypercapnia (P

a
CO

2
 40–55 mmHg); initiating OLV 

and maintaining the 3 mL/kg/lung tidal volume may require 
a frequency of over 20 breaths/min and still may result in 
excessive hypercapnia. This rapid rate, together with the high-
resistance DLT, may not permit adequate exhale time and 

excessive intrinsic positive end-expiratory pressure (PEEPi) 
may occur [66].

Positive End-Expiratory Pressure

The use of PEEP is a mainstay for increasing oxygenation in 
patients with ARDS or ALI. It can also be useful in preventing 
cyclic opening and closing of atelectatic areas of the lung (see 
Figs. 21.2 and 21.7), thus potentially reducing VILI in these 
patients. By increasing the functional residual capacity, PEEP 
can prevent the closure of alveoli at the end of expiration and 
accomplish both an increase in oxygenation and a reduction of 
VILI. However, the optimal level of PEEP for both objectives 
is still controversial [67]. The ARDS Clinical Trials Network 
investigators found no difference in outcomes in patients with 
ARDS with either low PEEP (8.3 ± 3.2 cm H

2
O) or higher 

PEEP (13.2 ± 3.5 cm H
2
O) adjusted to maintain oxygenation 

[68]; subsequent studies have confirmed this finding [69, 70]. 
However, there is still no clear means of determining the 
“optimal” PEEP in ARDS/ALI [67], and there may even be 
subgroups that would particularly benefit from a higher level 
of PEEP (while maintaining the peak airway pressure below 
30 cm H

2
O) [71].

The factors considered for selecting PEEP for the venti-
lated lung in OLV differ from the factors determining PEEP in 
ARDS/ALI patients. First is the level of intrinsic PEEPi that 
is already present; second is the fact that the presence of the 

Fig. 21.7. The pressure–volume curve shown in the middle represents the compliance curve of a patient with acute respiratory distress syndrome. 
At low volumes, compliance is increased because of alveolar collapse, and at high volumes it is decreased because of overdistension. In the illus-
tration, these inflection points occur at 14 and 26 cm H

2
O, respectively. With conventional high tidal volume (12 mL/kg) and no PEEP, alveoli 

collapse and are overdistended on every breath (left). With low tidal volumes (6 mL/kg) plus PEEP (LIP plus 2 cm H
2
O), the tidal volume range 

stays in the nondistended, noncollapsed region (right). Note the increase in respiratory frequency with low tidal volume to maintain CO
2
 elimina-

tion (reprinted with permission from Tobin [40]. © 2001 Massachusetts Medical Society. All rights reserved).
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large shunt fraction in OLV is due to the blocked ventilation to 
the nondependent lung rather than to the heterogeneous lung 
injury in ARDS. Intrinsic PEEP results from incomplete emp-
tying of the lung back to its passive recoil equilibrium by the 
start of the next inspiration (end exhale) and can result from 
factors related both to the patient (lung resistance and com-
pliance) and to the mechanical ventilation (endotracheal tube 
expiratory resistance, tidal volume, and exhale time). Patients 
undergoing thoracic surgery with OLV are at risk for develop-
ing PEEPi (Fig. 21.8a) [72, 73]. However, the magnitude of 
PEEPi is not correlated with P

a
O

2
 during OLV (Fig. 21.8b) 

[72, 74]. It is important to remember that the magnitude of 
PEEPi is not indicated on the usual airway pressure manom-
eter, but requires a special maneuver to determine its presence 
[75, 76]. Additional factors to be considered include the rela-
tionship between PEEP and total cardiac output, and relative 
blood flow between the ventilated and unventilated lungs. As 
PEEP is increased, the average alveolar pressure increases and 
causes compression of the pulmonary vasculature, increas-
ing the pulmonary vascular resistance in the ventilated lung. 
This increased resistance may cause more blood to flow to 
the nonventilated lung, resulting in a greater venous admix-
ture. In addition, the increased after-load on the right heart and 
increased intra-thoracic pressure may decrease total cardiac 
output and reduce the mixed venous oxygen hemoglobin satu-
ration, also resulting in an increased venous admixture. These 
negative effects of PEEP are countered by the improved oxy-
genation of the ventilated lung by assuring more open alveoli. 
It is not surprising that clinical studies of the effects of PEEP 
on arterial oxygenation during OLV have shown conflicting 
results [23, 77].

Early studies of the best ventilatory pattern during OLV 
indicated that external PEEP tended to decrease P

a
O

2
; in these 

studies, the best ventilatory strategy was for relatively large 
tidal volumes and no PEEP to the ventilated lung (Fig. 21.1) 
[17] unless continuous positive airway pressure with oxygen 
was applied to the unventilated lung [22]. More recent stud-
ies have generally confirmed this finding [78, 79], although 

there may be sub-groups in which PEEP will improve 
oxygenation [80, 81].

Since PEEPi is so common in OLV, it is important to under-
stand the complex relationship between external PEEP and 
PEEPi: actual total PEEP is different from applied, measured 
PEEP, depending on preexisting PEEPi [66]. The interaction 
between applied PEEP and PEEPi is not straightforward, 
although it is apparent from the study by Slinger and Hickey 
[66] that total PEEP does not increase greatly beyond PEEPi 
until the added PEEP approaches the value of PEEPi. It has 
been suggested that applying an external PEEP equal to 
PEEPi results in the best oxygenation [82] but PEEPi is not 
readily measurable in the operating room. Slinger et al. clari-
fied the effects of PEEP on oxygenation in a study measur-
ing the static lung compliance curve [23]. By measuring the 
static compliance curve, the lower inflection point (Fig. 21.2) 
could be identified. Without the application of external PEEP, 
the lower inflection point was 4.5 ± 3.5 cm H

2
O, but no lower 

inflection point could be identified in 24% of the 42 patients 
studied. The value of the lower inflection point was not sig-
nificantly changed by the addition of 5 cm H

2
O of external 

PEEP. When patients were ventilated with a tidal volume of 
10 mL/kg at a rate of 10 breaths/min, the measured PEEPi was 
4.2 ± 3.4 cm H

2
O, and the total PEEP with 5 cm H

2
O added 

externally was 6.8 ± 1.8 cm H
2
O.

Overall, no significant improvement in oxygenation was 
observed with the addition of PEEP. However, improvements 
in oxygenation were seen when total PEEP was closest to the 
lower inflection point. Thus, external PEEP improved oxy-
genation depending on the relationship between the lower 
inflection point, intrinsic PEEP, and total PEEP at the time 
external PEEP was added. The minority of patients benefit-
ing from external PEEP had a larger lower inflection point 
pressure and had good elastic recoil. Presumably this good 
recoil resulted in an end-expiratory lung volume in the depen-
dent lung during OLV below the normal functional residual 
capacity with resulting atelectasis and increased vascular 
resistance.

Fig. 21.8. The amount of intrinsic positive end-expiratory pressure (Auto-PEEP) was measured in patients with moderate or no obstructive 
lung disease (open circle), severe emphysema (open triangle) or severe fibrotic lung disease (open square) during OLV with tidal volumes of 
10 mL/kg and respiratory rates of 10–12. The amount of PEEP

i
 was inversely related to FEV

1
/FVC% (a). P

a
O

2
 was not correlated with PEEP

i
 

(b) (reprinted from Ducros et al. [74]. © 1999 with permission from Elsevier).
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Open-Lung Procedures

Atelectasis commonly occurs even in healthy lungs under 
general anesthesia, and the cyclic opening and closing of 
atelectatic areas of the lungs (Fig. 21.7) during mechanical 
ventilation may contribute to VILI (atelec-trauma) [55]. Even 
with a protective lung ventilation strategy, it may be necessary 
to periodically apply higher pressures, on both inspiration and 
end-expiration, to open atelectatic areas of the lung [83]. Such 
maneuvers are often called “alveolar recruitment” or “open 
lung” maneuvers [83]. While such a strategy may improve 
oxygenation in the heterogeneously inflamed lung of ARDS, 
there may not be any decrease in mortality when combined 
with established low-tidal volume protective lung ventilation 
[69, 84].

The use of an open-lung procedure during OLV has been 
proposed, not to reduce VILI by prevention of atelec-trauma, 
but rather to prevent or treat intra-operative hypoxemia. As 
with the use of PEEP, in OLV the open-lung procedure in a 
noninflamed lung is quite different from its use in ARDS or 
ALI. However, areas of atelectasis in the dependent lung may 
benefit from a lung-opening procedure. While the details of 
the procedure vary somewhat, in essence it consists of sev-
eral breaths (often 6–10) at an inspiratory pressure of 40 cm 
H

2
O and a PEEP of 20 cm H

2
O. There is also a several-breath 

“ramp-up” to these high pressures. Tusman et al. [85] found 
that such a lung recruitment procedure, when combined with 
a tidal volume of 6 mL/kg (peak pressures less than 30 cm 
H

2
O), respiratory rate of 15–18, and a PEEP of 8 cm H

2
O, 

significantly increased P
a
O

2
 (see Chap. 6, Fig. 6.8). Subse-

quently, Cinnella et al. studied the physiological effects of a 
lung recruitment procedure during OLV with a tidal volume 
of 8 mL/kg and a respiratory rate of 12, and found a similar 
lasting increase in P

a
O

2
 [86]. They also noted a decrease in 

cardiac output and mean arterial pressure during the maneu-
ver, but the hemodynamic variables returned to baseline fol-
lowing the maneuver.

Conclusion

Anesthesiologists have many options to consider in deter-
mining the intra-operative ventilation and there is no defi-
nite evidence supporting a single strategy to prevent both 
intra-operative hypoxemia and postoperative ALI. A reason-
able strategy would be to maintain end-inspiratory plateau 
pressures no greater than 30 cm H

2
O, preferably less than 

25 cm H
2
O. To do so, tidal volume should be reduced to a 

range of 5–8 mL/kg of PBW during OLV, and respiratory rate 
increased to maintain normocapnia to moderate hypercapnia 
(P

a
CO

2
 in a range of 40–50 mmHg). Using the measured 

P
a
CO

2
 (the P

ET
CO

2
 can be used as a guide, but there is often 

a significant gradient between the two) greatly facilitates the 
adjustment of the ventilator, but an initial ventilator setting 
should be based on ideal or PBW, since lung volume is more 

closely related to height than to actual weight [54]. Caution 
is warranted if the respiratory rate must be increased above 
the mid-teens, since excessive PEEPi may develop, causing a 
reduced cardiac output and hypoxemia. The initial use of low 
to moderate PEEP (4–8 cm H

2
O) is probably unnecessary 

to maintain adequate oxygenation, but the use of low PEEP 
(5 cm H

2
O) is often used to prevent atelec-trauma. However, 

the actual total PEEP may not change significantly with the 
addition of low external PEEP because of the probable exis-
tence of PEEPi during OLV. Either PCV or VCV can be used, 
as long as proper monitoring for changes in airway pressure 
and tidal volume is maintained. This ventilation strategy 
should prevent intra-operative hypoxemia in most patients, 
and may even reduce the incidence of postoperative VILI, 
particularly in high-risk situations (e.g., pneumonectomy, 
patients with a history of alcohol abuse, large intra-opera-
tive fluid requirements, men over 60 years old, longer OLV, 
fresh frozen plasma administration, and/or preexisting ALI). 
If intra-operative hypoxemia develops, then careful adjust-
ment of PEEP and a lung-opening maneuver can be tried. Of 
course, correct positioning of the DLT or bronchial blocker 
must be verified whenever there is hypoxemia during OLV, 
and continuous positive airway pressure with oxygen to the 
unventilated lung may be successful if compatible with the 
surgical procedure.

Clinical Case Discussion

A 59-year-old man, weight = 151 kg, height = 180 cm 
(BMI = 46.4, PBW = 75.3 kg) and with a 60 pack-year smok-
ing history (stopped smoking 2 years ago) presents for right 
upper lobectomy for small cell carcinoma via a right VATS. 
Past medical history includes hypertension and obstructive 
sleep apnea (CPAP at 16 cm H

2
O nightly).

Preoperative pulmonary function testing showed:

FVC = 2.82 L (57% predicted).
FEV

1
 = 1.58 (42% predicted).

FEV
1
/FVC = 56%.

DLCO = 23.9 mL/min/mmHg (79% predicted).

A left 41 French DLT was placed without difficulty and 
its correct position was confirmed via fiberoptic bronchos-
copy. Two-lung ventilation was initiated while the patient was 
supine with VCV incorporating a 10% end-inspiratory pause 
with a tidal volume of 750 mL and a rate of 10 breaths/min. 
Peak airway pressures were 20 cm H

2
O and the P

ET
CO

2
 was 

41 mmHg. SpO
2
 = 99% on 100% oxygen.

(a) What mode of ventilation and inspiratory gas concentra-
tion would you use for initiating OLV? What tidal volume 
would you use?
Either PCV or VCV would be acceptable. Initial tidal 
volume should be set based on the PBW, typically at 
4–6 mL/kg. 6 mL/kg × 75.3 kg PBW = 450 mL, so initial 
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tidal volume should be reduced and the OLV peak and 
plateau pressures noted.

(b)  After setting the tidal volume to 450 mL with a rate 
of 14 and zero end-expiratory pressure (ZEEP), the 
peak inspiratory pressure was 29 cm H

2
O and the P

ET
CO

2
 

was 42 mmHg. Is any further adjustment of the venti-
lator required? Would other clinical measurements be  
useful?
With the peak inspiratory pressure less than 30 mmHg 
(presumable if VCV is being used, the plateau pressure, 
which is more reflective of the alveolar distending pres-
sure, will be less than the peak) and the end-tidal CO

2
 at 

an acceptable level, no further adjustments are needed. 
Initially observing the end-tidal CO

2
 (P

ET
CO

2
) can guide 

the respiratory rate setting but a blood gas would be help-
ful because the increased alveolar dead space associated 
with this patient’s COPD may result in a significant arte-
rial to end-tidal gradient.

(c)  What would your recommendation for PEEP be after 
making these adjustments?
At low tidal volumes and in patients with ALI, PEEP may 
help reduce the opening and closing of atelectatic regions 
of the lung, improving oxygenation and possibly prevent 
further lung injury. However, PEEP may also reduce oxy-
genation during OLV by forcing more blood flow to the 
unventilated lung. PEEP up to 5 cm H

2
O may be used but 

higher levels should be instituted cautiously.

(d)  Thirty minutes after the start of OLV, S
p
O

2
 falls to 

88%. What maneuvers could be employed to stabilize 
the S

p
O

2
?

Whenever there is an acute decrease in the S
p
O

2,
 the posi-

tion of the DLT must be carefully checked with a fiberop-
tic bronchoscopy. In this case entry of the left bronchial 
lumen into the left lower lobe orifice would result in a 
significant increase in the shunt fraction.

If hypoxemia still persists after optimal positioning of 
the DLT, then CPAP to the unventilated lung is the most 
reliable way of decreasing the venous admixture, however, 
this is unlikely to provide acceptable operating conditions 
for a VATS. Switching to PCV or increasing the end-in-
spiratory pause with VCV may be useful. With a large DLT 
and a respiratory rate of only 14, then significant intrinsic 
PEEP is unlikely, but a reduction in the inspiratory rate 
(with perhaps an increase in the tidal volume) can be tried.

An “open lung procedure” with a few breaths of high 
PEEP and inspiratory pressure may also be of benefit, 
but caution must be exercised if there is any indication of 
hemodynamic instability.

A blood gas should be obtained and the surgeon notified 
that it may be necessary to return to two-lung ventilation 
intermittently if the saturation falls any lower. Since a low 
cardiac output will cause hypoxemia during OLV inter-
ventions to increase the cardiac output may be of value.
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Anesthesia for Open Pulmonary Resection:  
A Systems Approach
E. Andrew Ochroch, Eric Lambright, Miklos Kertai, and Bernard J.C.J. Riedel 

Key Points

Perioperative morbidity and mortality is common following 
lung resection, with most deaths (>75%) attributed to major 
adverse pulmonary events (MAPE; including pneumonia, 
acute lung injury [ALI], and acute respiratory distress syn-
drome [ARDS]).
Perioperative risk can be managed by dividing risk into two 
broad categories: iatrogenic risk and patient-attributed risk. 
Clinical care pathways manage iatrogenic risk, while peri-
operative strategies that allow identification and optimal 
management of high-risk patients manage patient-attributed 
risk. These factors will improve outcomes and reduce hos-
pital costs.
Patient safety and the delivery of quality care, with empha-
sis on systems improvement, have emerged as central tasks 
for healthcare providers. In fact, benchmarking of data 
will increasingly allow patients to identify institutions that 
deliver on the value proposition – providing medical care 
that measures up in safety and quality and yet is delivered 
at significantly lower costs.

General Concepts

Perioperative morbidity and mortality is common following 
lung resection (Table 22.1). Importantly, while the studies 
summarized in Table 22.1 highlight an increasing incidence 
of morbidity and mortality with increased volume of lung 
resected [1], these studies consistently report a need for 
improved predictors of adverse postoperative outcome. 

 Further, major adverse pulmonary events (MAPE; including 
pneumonia, acute lung injury [ALI], and acute respiratory 
distress syndrome [ARDS]) have a high rate of mortality and 
contribute singularly to most (>75%) perioperative deaths. 
While a decline in adverse outcome has been witnessed over 
the last 50 years, it is important that we continue to seek 
strategies to improve perioperative outcome following open 
lung surgery. Recent strategies that have contributed to a 
reduction in the incidence and the mortality associated with 
ALI/ARDS include surgical attempts to limit the volume of 
lung resected (e.g., performing a sleeve resection rather than 
a pneumonectomy) and protective lung ventilation strategies 
(tidal volume reduction proportional to the number of seg-
ments resected) [2].

Strategies to further improve surgical outcome require 
a global approach, with implementation of (1) clinical care 
pathways that reduce iatrogenic risk and (2) perioperative 
strategies that focus on identifying and optimally managing 
the high-risk patient to reduce patient-attributed risk. Clini-
cal care paths should embrace safety and quality initiatives, 
which when implemented within clinical practice, should 
encompass improvements in reliability (reduced variability), 
processes, performance, and be combined with cost measures 
to assess the value of the care delivered. With society increas-
ingly intent on actualizing the value proposition of healthcare, 
we are obligated to deliver optimized quality care within the 
constraints of cost [3]. Driven by the unsustainable growth in 
healthcare expenditure – accounting for 10–16% of the Gross 
Domestic Product in developed nations – the need to improve 
quality and reduce costs has rapidly become the mantra of the 
healthcare industry.

General Concepts ......................................................................................................... 309

A Systems Approach .................................................................................................... 311

Patient Care Processes in Thoracic Anesthesia............................................................ 311

Lung Cancer ................................................................................................................. 319

Surgical Procedure ....................................................................................................... 320

Clinical Case Discussion .............................................................................................. 325



310 E.A. Ochroch et al.

Ta
bl

e 
22

.1
. S

um
m

ar
y 

of
 k

ey
 s

tu
di

es
 il

lu
st

ra
tin

g 
th

e 
in

ci
de

nc
e 

of
 p

er
io

pe
ra

tiv
e 

m
or

bi
di

ty
 a

nd
 m

or
ta

lit
y 

as
so

ci
at

ed
 w

ith
 m

aj
or

 lu
ng

 r
es

ec
tio

n.

A
ut

ho
r

Y
ea

r
N

M
or

bi
di

ty
M

or
ta

lit
y

Fa
ct

or
s 

as
so

ci
at

ed
 w

ith
 m

or
ta

lit
y

C
om

m
en

ta
ry

K
op

ec
 e

t a
l.

19
98

A
ll

 m
or

bi
di

ti
es

 
40

–6
0%

R
ig

ht
 v

s.
 le

ft
 p

ne
u-

m
on

ec
to

m
y

10
–1

2%
 v

s.
 1

–3
.5

%

1.
 R

ev
ie

w
 o

f 
lit

er
at

ur
e 

on
 p

ne
um

on
ec

to
m

y
2.

 M
or

ta
lit

y 
ha

s 
de

cr
ea

se
d 

si
gn

if
ic

an
tly

 f
ro

m
 5

6.
4%

 r
ep

or
te

d 
in

 
w

w
w

–1
94

0
K

ut
lu

 e
t a

l.
19

91
–1

99
7

1,
13

9
3.

5%
C

au
se

 o
f d

ea
th

1.
 R

ev
ie

w
 o

f 
al

l l
un

g 
re

se
ct

io
ns

 p
er

fo
rm

ed
 a

t a
n 

si
ng

le
 in

st
itu

tio
n

2.
 W

hi
le

 in
ci

de
nc

e 
of

 A
L

I/
A

R
D

S 
is

 lo
w

 (
3.

9%
) 

it 
is

 a
 le

ad
in

g 
ca

us
e 

of
 

m
or

ta
lit

y
3.

 >
75

%
* 

of
 m

or
ta

lit
y 

is
 a

ss
oc

ia
te

d 
w

ith
 m

aj
or

 a
dv

er
se

 p
ul

m
on

ar
y 

ev
en

ts

A
L

I/
A

R
D

S 
=

 7
2.

5%
*

D
ys

rh
yt

hm
ia

 =
 1

2.
5%

Pn
eu

m
on

ia
 =

 5
%

*
Pu

lm
on

ar
y 

em
bo

lis
m

 =
 5

%
R

en
al

 f
ai

lu
re

 =
 2

.5
%

D
IC

 =
 2

.5
%

V
ap

or
ci

ya
n 

et
 a

l.
20

02
  

25
7

M
A

P
E

 o
nl

y 
12

.8
%

O
ve

ra
ll

 m
or

ta
li

ty
6.

2%
M

or
ta

li
ty

 in
 p

at
ie

nt
s 

w
it

ho
ut

 a
nd

  
w

it
h 

M
A

P
E

 
2.

1%
 v

s.
 3

9.
3%

1.
 S

in
gl

e 
in

st
itu

tio
n 

re
vi

ew
 o

f 
pn

eu
m

on
ec

to
m

y
2.

 S
m

ok
in

g 
ce

ss
at

io
n 

w
ith

in
 1

 m
on

th
 o

f 
su

rg
er

y 
w

as
 o

nl
y 

m
ul

tiv
ar

ia
te

 
pr

ed
ic

to
r 

of
 r

is
k

3.
 H

ig
h 

m
or

ta
lit

y 
ob

se
rv

ed
 in

 p
at

ie
nt

s 
th

at
 s

uf
fe

r 
a 

m
aj

or
 a

dv
er

se
 

pu
lm

on
ar

y 
ev

en
t

D
ul

u 
et

 a
l.

20
02

–2
00

4
2,

03
9

In
ci

de
nc

e 
of

 
A

L
I/

A
R

D
S

2.
5%

M
or

ta
li

ty
 a

ss
oc

ia
te

d 
w

it
h 

A
L

I/
A

R
D

S 
40

%

In
ci

de
nc

e 
(a

nd
 m

or
ta

li
ty

) 
of

 A
L

I/
A

R
D

S 
by

 ty
pe

  
of

 lu
ng

 r
es

ec
ti

on
Pn

eu
m

on
ec

to
m

y:
 7

.9
%

 (
50

%
)

L
ob

ec
to

m
y:

 2
.9

6%
 (

42
%

)

1.
 R

ev
ie

w
 o

f 
in

ci
de

nc
e 

of
 A

L
I/

A
R

D
S 

fo
llo

w
in

g 
lu

ng
 r

es
ec

tio
ns

 p
er

-
fo

rm
ed

 a
t a

 s
in

gl
e 

in
st

itu
tio

n
2.

 I
nc

re
as

ed
 in

ci
de

nc
e 

of
 A

L
I/

A
R

D
S 

w
ith

 in
cr

ea
si

ng
 lu

ng
 v

ol
um

e 
re

se
ct

ed
Se

gm
en

te
ct

om
y:

 0
.8

8%
 (

22
%

)
3.

 H
ig

h 
m

or
ta

lit
y 

in
 p

at
ie

nt
s 

th
at

 s
uf

fe
ri

ng
 A

L
I/

A
R

D
S

Ta
ng

 e
t a

l.
19

91
–1

99
7

20
00

–2
00

5
1,

37
6

In
ci

de
nc

e 
of

 
A

L
I/

A
R

D
S 

3.
2%

1.
6%

M
or

ta
li

ty
 a

ss
oc

ia
te

d 
w

it
h 

A
L

I/
A

R
D

S
72

%
45

%

Pn
eu

m
on

ec
to

m
y 

ra
te

 =
 1

7.
4%

 o
f 

re
se

ct
io

ns
Pn

eu
m

on
ec

to
m

y 
ra

te
 =

 6
.4

%
 o

f 
re

se
ct

io
ns

1.
 R

ev
ie

w
 o

f 
in

ci
de

nc
e 

of
 A

L
I/

A
R

D
S 

fo
llo

w
in

g 
lu

ng
 r

es
ec

tio
ns

 p
er

-
fo

rm
ed

 a
t a

 s
in

gl
e 

in
st

itu
tio

n 
ov

er
 tw

o 
tim

e 
pe

ri
od

s
2.

 H
ig

h 
m

or
ta

lit
y 

in
 p

at
ie

nt
s 

th
at

 s
uf

fe
ri

ng
 A

L
I/

A
R

D
S

3.
 R

ed
uc

ed
 in

ci
de

nc
e 

(a
nd

 a
ss

oc
ia

te
d 

m
or

ta
lit

y)
 o

f 
A

L
I/

A
R

D
S 

af
te

r 
2,

00
0 

as
so

ci
at

ed
 w

ith
 tw

o 
fa

ct
or

s:
a.

 A
gg

re
ss

iv
e 

st
ra

te
gi

es
 to

 a
vo

id
 p

ne
um

on
ec

to
m

y
b.

 L
un

g 
pr

ot
ec

tiv
e 

ve
nt

ila
tio

n 
st

ra
te

gi
es

 (
re

du
ce

d 
tid

al
 v

ol
um

e 
pe

r 
nu

m
be

r 
of

 r
es

ec
te

d 
se

gm
en

ts
)



31122. Anesthesia for Open Pulmonary Resection: A Systems Approach

The Institute of Medicine’s report on patient safety To Err is 
Human: Building a Safer Health System estimates that 100,000 
people die each year from medical errors in U.S. hospitals 
[4]. This report, a landmark study in modern medicine, is an 
important contributor to the current patient-safety movement, 
with patient safety and the delivery of quality care emerging 
as central issues in medicine and as central tasks for healthcare 
providers in the last decade. In fact, quality healthcare is now 
a worldwide goal. Consequently, an important paradigm shift 
occurred: with (1) emphasis shifting to systems improvement 
rather than exhortations to individual health professionals and 
(2) recognition that leadership in healthcare institutions is a 
key catalyst in improving patient safety and in the delivery 
of quality care. The Institute of Medicine defines “quality” as 
“the degree to which health services increase the likelihood of 
desired health outcomes, consistent with current professional 
knowledge” and as such recommends six standards of care 
(safe, effective, patient-centered, timely, efficient, and equi-
table) to achieve the delivery of quality healthcare [5].

Additionally, economic factors, such as reimbursement 
programs, market forces, and globalization of healthcare, 
will continue to drive the need to deliver quality care. Hospi-
tals will increasingly compete for patients on the grounds of 
quality at local, regional, and global (medical tourism) levels. 
In this regard, reimbursement programs, such as pay for per-
formance (P4P) or refusal of payment for preventable “never 
events,” will increasingly be used to link patient outcomes 
with reimbursement. Benchmark data will increasingly allow 
patients to identify institutions that deliver on the value propo-
sition – providing medical care that measures up in safety and 
quality at a lower cost.

A Systems Approach

Continued improvement in patient outcome is feasible when 
one understands and manages the risk types found within the 
complexity of a patient presenting for thoracic surgery. This 
complexity originates in the patient’s disease process and 
associated comorbidities (patient-attributed risk; Fig. 22.1) 
and within the complexity of the healthcare system (iatro-
genic risk). The majority of risk is derived from the burden 
of disease and the comorbidities that patients present with. 
However, iatrogenic risk, the risk of adverse outcome associ-
ated with therapy (medical, including anesthesia, or surgical 
therapy, or lack thereof, imposed by a third-party, the health-
care provider), remains sizeable, with an estimated 100,000 
deaths occurring each year in the U.S [4]. Importantly, this 
risk is largely preventable.

A strategy for understanding, examining, and improving 
care patterns, with the intended consequence of improved 
surgical outcome, and based on the two broad risk categories 
(iatrogenic and patient-attributed risk) is outlined in Fig. 22.2. 
This systems approach divides care into three broad areas 
based on decision points at Q1 and Q2.

Decision point Q1 delineates elective surgical care from 
emergent surgical care. While emergency procedures account 
for a small fraction of the thoracic surgical case load, these 
patients nevertheless are often critically ill, have limited time 
for preoperative optimization, and are at significant risk for a 
protracted and costly length of hospital stay. Decision point 
Q2 delineates care into processes that: (1) deliver the value 
proposition of the surgical procedure – delivering uncompli-
cated surgical outcome in a cost-effective manner through the 
implementation of clinical care pathways, thereby reducing iat-
rogenic risk; and (2) provide cost-effective perioperative risk 
stratification and optimization of high-risk patients – reducing 
patient-attributed risk and associated postoperative morbidity 
and mortality. The former processes are predominantly directed 
at the surgical disease and accompanying surgical procedure, 
while the latter are predominantly directed at the underlying 
disease burden and the medical comorbidities of the patient.

Patient Care Processes in Thoracic  
Anesthesia

The events involved between a patient presenting for thoracic 
surgery and having him/her discharged safely represent an 
extraordinarily complex system. This requires the collection, 
verification, and distribution of a large volume of information 
through multiple healthcare providers (including primary care 
physicians, pulmonologists, thoracic surgeons, oncologists, 
radiologists, cardiologists, nurse practitioners, and physio-
therapists). Further complexity is added by the sophistication 
of the high acuity perioperative environment, with numerous 
perioperative physiological monitors and surgical instruments. 
A high volume of information must be processed in real time, 
communicated effectively throughout the operative team, and 
acted upon. Harm can originate at a multitude of levels. The 

Fig. 22.1. Complexity and risk for adverse outcome originates in 
the patient’s disease process and associated comorbidities (patient-
attributed risk) and within the complexity of the healthcare system 
(iatrogenic risk).
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uncertainty and urgency inherent in the decision-making pro-
cesses produce risk, which is compounded by external stres-
sors, such as work load, fatigue, and a great degree of variability 
in organizational and/or environmental structures that support 
decision making and physical tasks. After completion of the 
surgical procedure, patients then typically reside in the post-
anesthesia care unit where care decisions are divided between 
anesthesiologists, surgeons, and the acute pain team, all of 
whom have ongoing responsibilities. Even when the patient is 
ensconced on the hospital ward, care for chest tubes, pulmo-
nary toilet, X-ray follow up, medication therapy, etc., require a 
continuous flow of interactions and communication.

Recent progress in patient safety originates from the adop-
tion of a systems analysis approach developed in other high-risk 
environments such as aviation. Vincent et al. [6] (among others) 
adopted these approaches for patient care (Table 22.2) and fur-
ther modified these specifically to suite the perioperative care of 
the surgical patient (Table 22.3). Improved safety evolves from 
the study of this exhaustive list, which covers all aspects of the 
patient, the patient’s interactions with the care team, the interac-
tion amongst members of the care team, and the interactions of 
the patient and care team with the hospital environment. This 
has changed the focus of care from one of a surgeon’s skill vs. 
the patient’s disease to one of care that encompasses develop-
ment of the care pathways that ensure consistent best practice 
regardless of the care giver, individual performance within a 
team setting, optimal team coordination and communication, 
and the interaction of all of these aspects within the larger  
hospital organization/environment – all of which can help or 
hinder performance. Such approaches require a nonpunitive 
culture that promotes open dialog with a focus on improved 
patient outcomes.

While there have been few specific studies of a systems 
approach in thoracic surgery, clear examples abound. Although 
controversial, increasing data support benefits through reduced 
morbidity and improved survival in patients having high-risk 
operations performed by subspecialty-trained surgeons in  

Fig. 22.2. A strategy for understanding, exam-
ining, and improving care patterns, with the 
intended consequence of improved surgical out-
come. CPAP continuous positive airway pres-
sure; EGT early goal directed therapy; HDU 
high dependency unit; ICU intensive care unit; 
IT information technology; LOS length of stay; 
postop postoperative; Q1, Q2 decision points.

Table 22.2. Framework of factors influencing clinical practice.

Factor types Influencing contributory factors

Institutional context Economic and regulatory context
National health service executive
Clinical negligence scheme for

Trusts
Organizational and  

management factors
Financial resources and constraints
Organizational structure
Policy standards and goals
Safety culture and priorities

Work environment factors Staffing levels and skills mix
Workload and shift patterns
Design, availability, and maintenance  

of equipment
Administrative and managerial support

Team factors Verbal communication
Written communication
Supervision and seeking help
Team structure (consistency, leadership, 

etc.)
Individual (staff) factors Knowledge and skills

Competence
Physical and mental health

Task factors Task design and clarity of structure
Availability and use of protocols
Availability and accuracy of test results

Patient factors Condition (complexity and seriousness)
Language and communication
Personality and social factors

Reproduced from British Medical Journal. Vincent C, Taylor-Adams S, Stanhope 
N. 316; © 1998 with permission from BMJ Publishing Group LTD.



31322. Anesthesia for Open Pulmonary Resection: A Systems Approach

high-volume practices [7,  8]. Such results are especially  evident 
in esophageal cancer surgery, colorectal cancer surgery, and 
vascular surgery [7, 9–11]. While the volume effect may speak 
for the technical proficiency of the surgeon, it is likely to also 
reflect on the wider care services provided by other team 
members, including anesthesiologists, intensive care physi-
cians, nurses, physiotherapists, etc. The effect of wider care 
services has been demonstrated in patients requiring thora-
cotomy for lobectomy where defined clinical care pathways 
both improved outcomes and reduced hospital costs [12, 13]. 
These pathways have the further benefit of patient education, 
managing patient and family expectations, educating junior 
house staff and new care team members, and defining points 
of care and team interaction with the patient where data can be 
collected, analyzed, and benchmarked.

Care patterns and outcomes need to be assessed and examined 
both for benchmarks; to track changes from trends in technol-
ogy, reimbursement, or patient issues; and to seek improvement 

in outcomes. These outcomes need to be examined locally and 
against national data such as the General Thoracic Surgery 
Database – a component of the Society of Thoracic Surgeons 
(STS) National (U.S.) Database, which comprises, as of Janu-
ary 2009, data on 88,000 surgical procedures submitted by 126 
participating sites. Potential biases in these data include the vol-
untary reporting process and the fact that most of the participat-
ing centers are affiliated with surgical training and/or research 
institutions – with the potential for such institutions to have 
sicker or more complicated patients and thus worse outcomes 
if the data are not appropriately adjusted for risk. Mandatory 
reporting, such as the National Surgical Quality Improvement 
Program (NSQIP) in the U.S., may provide more reliable com-
parative data due to wider data capture, incorporating more 
diverse patients, and thereby facilitate risk adjustment.

Once the care pathway has been defined and the internally 
collected data have been reviewed and examined against 
external benchmark data, meaningful changes can then be 
implemented. For example, as a result of the NSQIP program, 
the changes implemented in the U.S. Veterans Affairs hospital 
system decreased the 30-day morbidity from major surgery by 
45% and decreased 30-day mortality by 27% [14, 15]. Such 
improvements promise expansion into other surgical avenues 
and potentially into outcomes other than morbidity and mor-
tality that include patient and provider satisfaction with the 
care process [14, 15].

Preoperative Care

In the North America and Europe the majority of patients 
present for open thoracic procedures with a confirmed diag-
nosis of cancer or an intrathoracic process suspicious for can-
cer. In contrast, patients in the developing world are likely 
to present with trauma or pulmonary infection. Patients also 
often present with comorbidities, especially smoking-related 
comorbidities that dramatically increase their risk for peri-
operative pulmonary and cardiac complications. Irrespective 
of the underlying disease mechanism, all patients require a 
thorough preoperative assessment to address and improve 
correctable physiological problems and to assure adequate 
physiological reserve following surgical intervention. The 
preoperative evaluation needs to be focused on preoperative 
risk stratification, identification of reversible pathologies, and 
decreasing the patient’s risk through preoperative optimiza-
tion (see Chap. 2 for a detailed review). Beyond reducing risk, 
preoperative interaction with the patient allows practitioners 
to mentally prepare patients for the rigors of recovery.

Preoperative smoking cessation and pulmonary reha-
bilitation have not been consistently noted to be effective in 
improving outcomes [16, 17]. Practitioners should ensure 
continuation of bronchodilator therapy throughout the peri-
operative period. Patients need to understand the importance 
of complying with their pulmonary toilet; moreover, it should 
be explained that even with aggressive postoperative epidural 
analgesia combined with multimodal therapy visual analog 

Table 22.3. Principal features of the operation profile.

Patient factors
 Principal complaint
 Comorbidities
 ASA, BMI, age, and other relevant clinical information
The surgical team
 Personnel
 Experience of previous work together
 Familiarity with procedure
 Fatigue, sleep loss, stress, etc.
Processes and procedures
 Adequacy of notes and management plan
 Consent and preparation
 Anesthetic procedures
Key operative events
 Blood loss
 Minor and major complications
 Error compensation and recovery
Flow of information regarding patient
 Adequacy of notes and consent
 Specific intraoperative communications
 Handover
Technical skills
 Ratings of good general surgical practice
 Ratings of operation-specific steps
 Identification of specific technical errors
Team performance and leadership
 Leadership
 Coordination between team members
 Willingness to seek advice and help
 Responsiveness and flexibility
Decision-making and situation awareness
 Patient limitations
 Operation limitations
 Surgeon’s limitations
 Team limitations
The operative environment
 Availability and adequacy of equipment
 Availability of notes, records
 Noise and lighting
 Distractions
Interruptions
 Phone calls, messages, outside theater events, etc.
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pain scores with pulmonary toilet are typically 5 out of 10 for 
the first 5 postoperative days [18].

For patients with cardiovascular comorbidities, the acute 
introduction of beta-blocker therapy may increase the risk for 
cardiovascular harm [19]. Similarly, randomized trials of coro-
nary revascularization before major surgery have not shown any 
clear benefits [20–24]. As such, it is currently recommended 
that the preoperative evaluation of coronary artery disease 
should only be addressed in those patients with acute changes 
in symptoms, while focusing on optimized medical therapy 
and exploring other cardioprotective strategies (e.g., statins) 
for the remaining patients with stable coronary disease.

If beta-blockers are indicated for intercurrent medical con-
ditions, then these medications should be started well before 
rather than at the time of surgery. In cases where coronary 
heart disease is only recognized at the time of admission for 
elective surgery, results of the POISE trial suggest that while 
acute perioperative administration of beta-blocker therapy 
may confer cardioprotection, it increases the risk of stroke and 
all-cause mortality [19]. Further, beta-blocked patients seem 
to tolerate surgical anemia less than patients who are naïve 
to beta-blockers, resulting in increased adverse postoperative 
events [25].

Studies suggest that the pleiotropic effects (nonlipid lower-
ing effects, including antiinflammatory effects and endothelial 
modulation) of statins improve outcomes in the perioperative 
period in patients undergoing major cardiac and noncardiac sur-
gery [26, 27]. The best evidence comes from vascular surgery 
patients where preoperative fluvastatin, commenced at least 30 
days before (and continued for at least 30 days after surgery), 
significantly reduced postoperative myocardial ischemia and 
death from cardiovascular causes, without adverse skeletal 
muscle or hepatic injury. These pleiotropic effects of statin ther-
apy may translate into perioperative protection of heart, brain, 
and kidney for other major surgeries, but more robust data are 
required. Specific to the thoracic surgery population, preopera-
tive statin therapy is reported to result in a threefold reduction 
in the incidence of postoperative atrial fibrillation [28].

Antihypertensive medications (including beta-blockers), 
HMG Co-A reductase inhibitor (statin) therapy, and where 
possible antiplatelet therapy, should be continued to avoid 
potential cardiovascular harm associated with drug with-
drawal [29–31]. Controversy, however, surrounds the preop-
erative management of antiplatelet therapy, with increasing 
data supporting the continuation of clopidogrel and aspirin in 
the perioperative period to reduce both stroke and myocardial 
infarction [32]. Factors increasing the risk for such thrombotic 
adverse events include poor endothelialization of drug-eluting 
coronary stents, hypercoagulability induced by the surgical 
stress response, and a rebound response from the periopera-
tive withdrawal of antiplatelet therapy. To prevent acute in-
stent thrombosis, patients with bare metal and drug-eluting 
coronary stents should continue dual antiplatelet therapy for a 
minimum of 3 and 12 months, respectively, after stent place-
ment, with consideration for lifelong antiplatelet monother-
apy; thereafter patients at increased risk may require lifelong 

dual antiplatelet therapy. If possible, elective surgery should 
be performed beyond this 3- or 12-month window and strong 
consideration given to continue dual antiplatelet therapy, with 
a minimum of antiplatelet monotherapy with aspirin, through-
out the perioperative period. This continuation protocol needs 
to be balanced against the risk of perioperative bleeding and 
the need for epidural analgesia.

Intraoperative Care

Operating room preparation needs to occur as with every 
case to ensure patient safety. In addition to a routine setup, 
typical airway management equipment includes methods of 
establishing (double lumen tubes [DLT], bronchial blockers, 
or Univent tubes) and verifying (pediatric fiberoptic bron-
choscope) lung isolation. A circuit for delivering continuous 
positive airway pressure (CPAP) to the nondependent lung 
should be immediately available. Other devices that should be 
in the room include the following: a “bean bag” placed on the 
operating table prior to the patient’s arrival; an arm holder for 
positioning the nondependent arm; warming devices such as 
intravenous fluid warmers and warm air blankets for maintain-
ing normothermia in patients and thereby negating the adverse 
effect of hypothermia on hypoxic pulmonary vasoconstriction 
(HPV), coagulopathy, and wound healing; and mechanical 
compression devices to prevent thromboembolism.

Once consent is obtained and the patient has been properly 
identified and the surgical site marked, an intravenous cath-
eter should ideally be placed in the hand/wrist/forearm of the 
operative (nondependent) side. The antecubital fossa is not 
ideal due to the position of the arms in the lateral decubitus 
position where the arms will be bent at 90° and the flow poten-
tially inhibited. An 18-gauge intravenous catheter is sufficient 
for medication and fluid management since a thoracotomy in 
a hemithorax that has not had previous surgery, chest tubes, 
trauma, or radiation therapy, the operative blood loss should be 
minimal. However, after induction of anesthesia, an additional 
intravenous cannula is typically placed in case of sudden unan-
ticipated blood loss. This is especially mandatory in reopera-
tive cases or cases that require an extrapleural approach (e.g., 
extrapleural pneumonectomy for mesothelioma). If surgical 
dissection is required around the greater veins (vena cavae or 
subclavian veins), contralateral access, central access, and/or 
lower extremity access should then be considered.

Patient safety decisions need to be incorporated into the 
preoperative and early operative phase. These include the fol-
lowing: surgical site marking, thromboembolic prophylaxis 
(sequential compression stockings or subcutaneous heparin), 
strategies to maintain normothermia, antibiotic administration 
within 1 h prior to incision, universal precautions (gown and 
gloves) as mandated for invasive procedures, and a type and 
screen for blood cross-matching sent to transfusion services.

Paravertebral and epidural catheter placement are equally 
efficacious for postoperative analgesia [33–35]. Regional anes-
thesia is typically established in the preoperative area or in the 
operating room prior to induction, with the goal of establishing 
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adequate analgesia prior to completion of the surgical procedure 
and emergence from anesthesia. Once the patient is positioned 
for regional anesthesia, noninvasive monitoring (pulse oxime-
ter and blood pressure cuff) and nasal oxygen are applied, and 
sedation is then administered to facilitate regional anesthesia. 
Typical sedative regimens used to facilitate the induction of 
regional anesthesia include titrated doses of midazolam and/
or fentanyl as dictated by patient anxiety and medical status. 
Dexmedetomidine is a viable alternative for sedation, espe-
cially if it is planned to be used as part of the general anesthetic 
technique or if awake fiberoptic bronchoscopy (usually for an 
anticipated difficult airway) is planned preceding the induction 
of general anesthesia.

After securing the regional anesthesia catheter, the patient 
is positioned in the supine position and the standard Ameri-
can Society of Anesthesiologists (ASA) monitors placed. The 
placement of the EKG leads requires an understanding of the 
surgical approach. For a thoracotomy, care should be taken to 
avoid trapping the electrodes and leads between the patient 
and the bed as this can lead to pressure necrosis. For a left- 
sided thoracotomy, the V

5
 lead cannot be placed in its usual 

position over the fourth interspace in the anterior axillary line 
as this intrudes on the surgical field. It is typically placed 
in the V

1
 position (second interspace, right of the sternum). 

These factors (modified lead placement and lateral decubitus 
positioning) are likely to reduce the sensitivity of such moni-
toring for ischemic events.

After all noninvasive monitors are secured, preoxygenation 
is commenced. Five minutes of tidal breathing preoxygenation 
compensates for delayed nitrogen washout in patients with 
chronic obstructive pulmonary disease (COPD) [36]. During 
this period, a preinduction arterial line can be placed if needed; 
however, in hemodynamically stable patients this is typically 
done after induction of anesthesia. Placement of the arterial 
line is typically preferred in the dependent arm to avoid wave-
form damping by compression of the ono-dependent wrist by 
the over-head arm holder.

Induction agents are chosen in relation to the patient’s 
medical status, and are intended to blunt the sympathetic 
stimulation associated with laryngoscopy and intubation 
without producing deleterious hypotension. Propofol doses 
of 0.5–1 mg/kg can adequately ensure unconsciousness with 
minimal hemodynamic impact. Etomidate doses of 0.1–
0.2 mg/kg are reasonable alternatives. A reduction in the dose 
of the induction agent, thereby avoiding hypotension, can be 
achieved by incorporating analgesic agents during induction 
and by ensuring that the peak effect of analgesia coincides 
with laryngoscopy. The onset of significant analgesia fol-
lowing intravenous fentanyl, sufentanyl, and remifentanil is 
noted to be 2–5 min [37]. Doses of fentanyl would typically 
be 2–4 g/kg. Lidocaine 0.5–1 mg/kg can also be used for 
reducing this sympathetic response.

An understanding of the physiology of one-lung ventilation 
(OLV), the strategies for inducing OLV, and the means to address 
intraoperative challenges associated with OLV is required to 
improve operative efficiencies and patient outcomes.

A plan to maintain a patent airway and adequate ventilation 
at all times will ensure maintenance of hyperoxia and nor-
mocarbia. To this effect, mask ventilation needs to be rapidly 
established after loss of consciousness; and neuromuscular 
blockade rapidly induced – to accommodate the reduction in 
functional residual capacity (FRC), which shortens the apneic 
oxygenation time in these patients. Sevoflurane is initially 
employed in patients with reactive airways disease until suf-
ficient depth of anesthesia is obtained. No significant outcome 
differences have been established in terms of maintenance of 
anesthesia for currently used volatile agents, such as isoflu-
rane, sevoflurane, and desflurane (see HPV).

If the patient is scheduled for a diagnostic bronchoscopy, 
a laryngeal mask airway (LMA) may be placed. This allows 
the upper airway to also be assessed for associated smoking-
related laryngeal cancers. However, if the patient is scheduled 
for a mediastinoscopy, a standard single lumen endotracheal 
tube (preferably 8.0 mm, internal diameter) may be preferred. 
Once bronchoscopy and/or mediastinoscopy are complete, 
lung isolation using a DLT or bronchial blocker needs to be 
implemented to facilitate the thoracotomy. The endotracheal 
tube (DLT or single lumen tube with bronchial blocker) 
should then be secured with tape to the nondependent side, 
allowing easy access to the tape if the tube needs to be repo-
sitioned while in the lateral decubitus position. The patient is 
then positioned in the lateral decubitus position, 100% FiO

2
 

maintained, and lung isolation then established. Proper posi-
tioning of the endotracheal tube should be reconfirmed after 
the patient’s repositioning, because flexion or extension of the 
neck can potentially displace the endotracheal tube. The “tip 
of the tube follows the tip of the nose”; therefore, head exten-
sion causes the endotracheal tube to move proximally, and the 
endobronchial balloon can herniate across the main carina. 
Confirmation of tube position with fiberoptic bronchoscopy 
after placement and position change decreases the incidence 
of inadequate lung isolation.

The use of a left double lumen endotracheal tube for a left 
thoracotomy carries the increased risk of acute intraoperative 
hypoventilation if the endotracheal tube displaces proximally 
with the endobronchial balloon herniating across the carina. 
This can also occur from overinflation of the endobronchial 
balloon. The astute anesthesiologist may notice decreased 
tidal volumes as the balloon partially obstructs the right main 
stem orifice. Minute ventilation alarms may be triggered if 
there is a partial occlusion, or the high-pressure alarms will be 
triggered if there is a total or near total occlusion. The anesthe-
siologist reacts based on the patient’s oxygenation and the sur-
geon’s flexibility. If the patient is appropriately oxygenated, 
then ventilation can be briefly suspended and the fiberoptic 
bronchoscope utilized to check tube position and the endo-
bronchial cuff deflated prior to tube advancement. If the 
patient deoxygenates acutely to dangerously low levels, then 
quick communication should inform the surgeon of the urgent 
need to re-establish two-lung ventilation. This is achieved by 
re-establishing ventilation through both the tracheal and endo-
bronchial lumens of the DLT and, importantly, by deflation of 
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the endobronchial balloon. The endotracheal tube can then be 
repositioned and OLV re-established once oxygenation levels 
are satisfactory.

OLV strategies are covered in detail in Chaps. 6 and 21. 
Briefly, the patient is maintained on 100% oxygen (or com-
bined with nitrous oxide) during initial two-lung ventilation. 
This denitrogenation allows for faster deflation – through 
absorption atelectasis – of the nondependent (surgical) lung 
on the initiation of OLV. ALI increases with greater peak 
inspiratory pressures [38, 39]. Ventilation parameters during 
OLV therefore typically strive to reduce the risk of ALI asso-
ciated with barotrauma or volutrauma through tidal volume 
reduction (<6 mL/kg), respiratory rate >10 breaths per min-
ute, I:E ratio of 1:2, and peak inspiratory pressure <25 mmHg. 
Such a protective ventilatory strategy aims to maintain base-
line CO

2
 levels or tolerate permissive hypercapnia (pH > 7.25) 

rather than mild hypocapnia. This protective ventilatory 
strategy is supported by evidence that reduced tidal volume 
(5 mL/kg) during OLV decreases the proinflammatory sys-
temic response, improves lung function, and results in earlier 
extubation after esophagectomy [40]. Similarly, mechanical 
ventilation with lower tidal volumes (6 mL/kg and 10 cm H

2
O 

positive end expiratory pressure; PEEP) after 5 h of two-lung 
mechanical ventilation is noted to induce lowered activa-
tion of bronchoalveolar coagulation, as reflected by reduced 
thrombin–antithrombin complexes, soluble tissue factor, and 
factor VIIa levels in lavage fluids when compared to higher 
tidal volumes (12 mL/kg ideal body weight) without PEEP 
[41, 42].

In patients with significant COPD with a prolonged exha-
lation phase and CO

2
 retention, the respiratory rate and I:E 

ratio need to be adjusted to avoid hyperexpansion from breath 
stacking. In patients with right ventricular dysfunction or pul-
monary hypertension, ventilator parameters should aim to 
maintain hyperoxia and induce mild hypocarbia in an attempt 
to reduce pulmonary vasoconstriction and any further strain 
on the right heart.

Optimal ventilation can be achieved by maintaining an 
appropriate plane of anesthesia to decrease the risk of reactive 
airways, inducing neuromuscular blockade to prevent abdom-
inal or chest wall contractions, suctioning the double lumen 
to prevent mucus plugs, and visual bronchoscopic checks of 
the tube placement to correct tube malposition, kinking, and 
misalignment.

Typically, for a patient on 100% oxygen, the initiation of 
OLV does not bring on any immediate changes except for 
changes in ventilatory pressures or parameters. Oxygenation 
is maintained due to apneic oxygenation. The duration of 
apneic oxygenation is proportional to the FRC and dependent 
on oxygen utilization. This can last a few minutes in COPD 
patients with reduced FRC or longer (8–15 min) in healthy 
nonsmokers. Once the nondependent lung is bereft of oxygen, 
a shunt develops and hypoxemia can ensue. HPV (discussed 
below) is initiated by the mitochondria sensing decreased 
oxygen levels.

Should hypoxia develop during OLV, the first response 
should be to communicate the same to the surgeon in case 
two-lung ventilation needs to be resumed. Delivery of 100% 
oxygen through a properly positioned endotracheal tube needs 
to be ensured. Assuming that the rate of descent of the satura-
tion is not too rapid and the nadir is safe (moderate hypoxemia,  
88–90% saturation), then the nadir can be tolerated for sev-
eral minutes until HPV has a chance to decrease the shunt. 
If unsafe levels of hypoxemia are reached, then the shunt needs 
to be decreased. This can be achieved through the application 
of CPAP, with 100% O

2
 delivery to the nondependent lung. 

PEEP to the dependent lung can eliminate atelectasis, but this 
typically has a lesser impact on saturation than does CPAP. 
Restoration of adequate cardiac output and blood pressure can 
also restore oxygenation by improving the blood flow (per-
fusion zones) and V/Q matching in the dependent lung. It is 
important to advise the surgeon to any changes in ventilation, 
particularly when they are dissecting around the hilum. Obvi-
ously, if the oxygen saturation falls to a dangerous level then 
either two-lung ventilation needs to be resumed or a temporary 
clamp on the pulmonary artery of the nondependent lung can 
be placed. While the temporary pulmonary artery clamp will 
significantly reduce the shunt, extreme care should be taken as 
it can incite right heart strain and right heart failure.

After positioning the patient, prior to surgery, the multi-
disciplinary (anesthesia, surgical, and nursing) team should 
“time out” and pause for open dialog to ensure that the correct 
patient, correct surgical side, sterility of instruments, patient 
safety procedures (including surgical site marking, throm-
boembolic prophylaxis, strategies to maintain normothermia, 
antibiotic administration within 1 h prior to incision, type and 
screen for blood cross-matching, correct surgical instruments, 
etc.) are verified and to provide an opportunity to address any 
potential concerns that need clarification or may harm the 
patient. In the future, computerized information technology 
(anesthesia information management systems, AIMS) will 
increasingly assist supportive decision making, with smart 
alerts prompting for critical items such as timely antibiotic 
administration, risk prediction modeling, and allow bench-
marking against national outcomes databases.

At rest, the normal pulmonary vascular system is noted as 
a high-compliance, high-flow, low-pressure system. This con-
trasts the systemic circulation, which has much higher resting 
levels of arterial and venous tone. This difference stems partly 
from the anatomy because the pulmonary precapillary arteri-
oles have a thinner media and less smooth muscle than their 
systemic counterparts. Furthermore, at rest, there are far more 
recruitable vessels in the pulmonary bed that allow dramatic 
increases in flow with minimal impact on pressure.

The difference between the systemic and arterial systems is 
also due to the way in which the pulmonary vascular endothe-
lium responds to the challenges of hypoxia (HPV). This vaso-
constriction is known as the Euler–Lijestrand reflex. While 
the basic mechanism of HPV is controversial, it appears that 
mitochondria play a key role as the primary sensors of hypoxia, 



31722. Anesthesia for Open Pulmonary Resection: A Systems Approach

with intracellular calcium levels increasing as a key response 
[43]. Voltage-gated K+ channels directly alter mitochondrial 
responses. L-type Ca2+ channels are facilitated by the depo-
larization of the K+ channels, and they directly increase intra-
cellular Ca2+. Classical transient receptor potential channel 6 
(TRPC6) also increases intracellular Ca2+ as do store-operated 
channels (SOC) and Na+/Ca2+ exchangers (NCX) [43]. This 
rise in intracellular Ca2+ triggers further Ca2+ release from the 
sarcoplasmic reticulum via activation of the ryanodine recep-
tors. The end result is constriction of the smooth muscle of 
the precapillary sphincters and pulmonary arterioles. This cal-
cium-dependent vasoconstriction is the primary phase of HPV 
and lasts 15–30 min. The calcium-independent phase (the 
sustained phase) of pulmonary vascular constriction starts at 
15 min and can last for several hours. It is highly dependent on 
RhoA/Rho kinase (ROCK)-mediated Ca2+ sensitization [44], 
and may play a key role in the development of pulmonary 
hypertension [45]. Interestingly, NO-induced relaxation and 
endothelin-1-induced vasoconstriction of pulmonary arteries 
has been demonstrated to be due to the regulation of ROCK-
mediated Ca2+-sensitization, rather than altered Ca2+ metabo-
lism [46, 47].

End tidal CO
2
 can influence HPV. Alveolar hypercapnea, 

but not arterial hypercapnea, can inhibit NO synthetase [48]. 
This inhibition augments the increase in pulmonary vascular 
tone following endothelin-induced vasoconstriction. Con-
sequently, mild hypercapnea can reduce shunt. However, 
hypoventilation can worsen hypoxemia, as can right heart 
strain and decreasing cardiac output.

Anesthetics can influence pulmonary vascular function and 
inhibit HPV. Inhalational agents (halothane and enflurane; 
and to a lesser degree, isoflurane, desflurane, and sevoflurane) 
will inhibit HPV, but at concentrations of greater than 1 MAC 
[49]. Propofol may have a less profound impact on HPV than 
the inhalational agents [50], but this effect is not significant 
when a BIS of 40–60 is targeted [51]. Opioids, benzodiaz-
epines, and epidural and paravertebral analgesics/anesthesics 
have minimal impact. Normothermia, mild hypercapnia, and 
mild acidosis may enhance HPV. Direct vasodilators such as 
sodium nitroprusside and nitroglycerine should be avoided 
as they abolish HPV, thus increasing the shunt and causing 
hypoxemia [44, 49]. Antihypertensives such as beta-block-
ers, calcium channel blockers, and angiotensin-converting 
enzyme (ACE) inhibitors may theoretically reduce HPV but 
have minimal impact in clinical practice [44, 49].

It is unlikely that the routine patient would tolerate the sole 
use of regional anesthesia, especially during an open thoraco-
tomy. The techniques of general and epidural or paravertebral 
anesthesia often are combined to utilize the benefits of each. 
The relative contribution of each technique to combined anes-
thesia can vary. The regional block may either be used for 
postoperative analgesia or as the major anesthetic, with light 
general anesthesia used for amnesia and sedation. Regional 
block has the advantages of reduction in afterload, improved 
pulmonary function [52–56], decreased incidence of venous 

thromboembolism [52, 57, 58], and suppression of the stress 
response [56, 59–62]. Potential disadvantages include the 
time required to establish the block, potential increased fluid 
requirements, relative decrease in blood pressure associated 
with sympathectomy, and the potential for adverse complica-
tions such as epidural hematoma.

A prospective, randomized, controlled clinical study has 
previously examined the effects of epidural anesthesia and 
postoperative analgesia on the postoperative morbidity rate in 
high-risk surgical patients [63]. Patients who received epidural 
anesthesia and analgesia had fewer overall complications and 
fewer cardiovascular or major infectious complications, lower 
urinary cortisol secretion (a marker of the stress response), 
and lower hospital costs [63]. Vital capacity and lung com-
pliance are known to decrease after general anesthesia and 
neuromuscular blockade in patients undergoing thoracotomy. 
Epidural analgesia with light general anesthesia results in a 
comparatively lesser decrease in static compliance and fewer 
alterations in postoperative pulmonary function [64, 65]. The 
perioperative use of epidural anesthesia is also associated 
with fewer major postoperative infections. This may result 
from (1) the decreased duration of endotracheal intubation 
and mechanical ventilation, which diminishes many of the 
defense mechanisms against infection [66, 67]; (2) decreased 
duration of intensive care unit (ICU) stay postoperatively and 
reduced risks of nosocomial infection; and (3) suppression 
of the endocrine stress response to the surgery, which has an 
inhibitory effect on the immune system. Immune competence 
is better preserved postoperatively when epidural anesthesia 
is used compared with other anesthetic/analgesic techniques 
[59, 61, 62]. Epidural anesthesia is also reported to be asso-
ciated with fewer cardiovascular complications, such as a 
lower incidence of congestive heart failure [64] and decreased 
size of myocardial infarctions, which are probably related to 
improved regional subendocardial perfusion [60, 68, 69]. Pos-
sible mechanisms for the improved function include afferent 
sensory blockade, decreased adrenergic tone, and coronary 
and systemic vasodilation with a reduction in cardiac preload 
and afterload [60, 68, 69].

The timing of initiation of regional anesthetic is a mildly 
contentious issue. There has been no consistent benefit from 
a preemptive analgesic approach when measuring long-term 
outcomes (chronic pain, survival, readmission, etc.) where 
the regional anesthetic is established well prior to surgical 
incision [18, 70–73]. Similarly, it remains unclear what the 
concentration of intraoperative local anesthetics should be, 
since concentrations of bupivacaine an order of magnitude 
apart (0.5–0.05%) have similar short- and long-term pain 
outcomes as well as similar morbidity and mortality [70–73].  
It is considered that if an epidural is employed, a thoracic epi-
dural and a combination of local anesthetics and opioids [74]  
are superior to local anesthetics or opioids alone. For para-
vertebral blockade there is no advantage of adding opioids to 
local anesthetics [75]. A real advantage of utilizing a com-
bined regional and general anesthetic approach is the ability to 
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limit the amount of inhaled anesthetics, thereby theoretically  
reducing the inhibition of HPV. The risk of hypotension 
is reduced with a paravertebral catheter as compared to an 
 epidural catheter [34], but even with an epidural it can be eas-
ily managed with alpha agonists and minimal fluid therapy.

Maintenance of anesthesia during thoracic surgery requires 
attention to the activities of the surgeon. Given the typically 
long time between induction and incision, epidural or para-
vertebral bupivacaine loaded after incision should blunt the 
majority of sympathetic stimulation from the incision and 
retractor insertion. Manipulation of visceral pleura and the 
bronchi, which have vagal and phrenic afferents, is not blocked 
by the epidural; accordingly, these may require supplemental 
inhalational or intravenous agents.

Volatile, halogenated anesthetic drugs have several desir-
able properties for use during thoracic procedures. They 
decrease airway irritability and obtund airway reflexes in 
patients who usually have reactive airways, and they maintain 
adequate anesthesia while allowing increased inspired oxy-
gen concentrations. They can be eliminated rapidly, allowing 
tracheal extubation in the operating room with less concern 
for postoperative respiratory depression. Although volatile 
anesthetics allow high inspired O

2
 concentrations, they may 

reduce PaO
2
 by increasing the shunt caused by the partial 

inhibition of HPV. Because large intrapulmonary shunts are 
anticipated with the initiation of OLV, it is prudent to increase 
the inspired concentration of oxygen. Nitrous oxide should be 
avoided in patients who have marginal preoperative oxygen-
ation or in those with large bullae and emphysematous lungs 
to avoid expansion of bullae by nitrous oxide.

The management of perioperative fluid therapy remains 
controversial without conclusive data to guide treatment [76]. 
The origins of the controversy stem from the significant risk of 
mortality in patients who develop ALI (previously also termed 
“postpneumonectomy pulmonary edema”) after thoracic sur-
gery. Retrospective reviews have highlighted the possible 
role of fluid management in the development of ALI, with 
large volumes of crystalloid and blood component therapy 
predicting postpneumonectomy pulmonary edema in regres-
sion analysis [77]. Obviously, these predictors can simply 
represent more complex surgery on sicker patients. However, 
typical guidelines that are promulgated suggest minimizing 
crystalloid therapy by not replacing the overnight losses, uti-
lizing alpha agonists rather than fluid boluses to compensate 
for vasodilatation from regional anesthesia, disregarding low 
urine output, and consider utilizing appropriate blood transfu-
sion to replace lost blood [38, 78]. These guidelines appear 
prudent, especially given that concomitant smoking-related 
cardiac disease can decrease systolic function, and potentiate 
right heart strain from surgery and associated changes in pul-
monary vascular resistance.

In brief, much data has been accumulated to suggest that 
perioperative ALI is an inflammatory response to periopera-
tive stress [39, 79]. Regardless of the volume of fluid, 0.9% 
(normal) saline appears to induce a stress response in research 

settings [80]. However, since there is little data to suggest 
that other balanced salt solutions would result in an improved 
outcome, the use of colloids to reduce overall extracellular 
fluid gain seems reasonable. The concern over the antiplate-
let/antithrombotic effect of hydroxylethyl starch results from 
the effects of the early high-molecular weight compounds, 
the so-called HES 200/0.5 when dosed greater than 15 mL/kg 
[81–83]. The newer formulation with small starch particles, 
the HES 130/0.42, has fewer risks and may be a better alter-
native to older HES formulations and large-volume crystal-
loid therapy for blood loss that needs replacement. Albumin 
therapy probably has an insignificant role in perioperative 
fluid management unless a large volume of pleural effusion 
or peritoneal effusion has been drained at the time of surgery 
[84, 85].

Overall, perioperative fluid management goals for a lobec-
tomy or pneumonectomy attempt to maintain a euvolemic 
state – favoring fluid restriction (~1.0–1.5 L total crystalloid) 
and the judicious use of vasoconstrictors such as phenyleph-
rine to provide hemodynamic stability, in an attempt to pre-
serve renal function. Although large volumes of blood loss 
are rare, any blood loss should be replaced with packed red 
blood cells. Fresh frozen plasma should only be considered 
when directed by perioperative testing indicating coagulopa-
thy. Platelet therapy is rarely indicated except in the case of 
severe thrombocytopenia or perioperative platelet inhibitors 
associated with widespread oozing, where there are few other 
therapeutic choices available.

Postoperative Care

On the basis of the evidence available showing improved post-
operative outcomes with aggressive postoperative manage-
ment in high-risk general surgical patients [86] and thoracic 
surgery patients [87], a decision-making algorithm may guide 
the need for elective admission into a high dependency unit 
(HDU) or ICU postoperatively [87]. Proposed criteria include 
the following: age >70 years; those at increased risk of general 
anesthesia, as judged by ASA risk score, performance status 
scores, and cardiovascular risk assessment; and those patients 
with preexisting fibrotic lung disease. Patients undergoing 
OLV, especially with a predicted postoperative forced expi-
ratory volume in one second (FEV

1
) of less than 44%, and 

those undergoing extensive lymphatic dissection, should be 
monitored closely for signs of ALI in the first 5 days postop-
eratively. These high-risk categories, together with any indi-
cation of postoperative complications such as bronchopleural 
fistula (BPF) or empyema, should mandate immediate trans-
fer to the ICU.

Early identification of high-risk individuals will allow close 
monitoring and early institution of therapy during the “golden 
hours” immediately following surgery. Such therapy may 
include early goal-directed therapy with hemodynamic opti-
mization, early institution of CPAP for hypoxemia, aggres-
sive pain management, and early mobilization. Such strategies 
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are expected to improve postoperative outcomes and shorten 
length of hospital stays.

Lung Cancer

Lung cancer is currently the most common cause of cancer 
mortality throughout the world, with 219,440 new cases diag-
nosed and 159,390 deaths reported in the U.S. in 2009. The 
World Health Organization (WHO) classification of lung 
tumors, revised most recently in 2004, remains the foundation 
for lung carcinoma nomenclature [88]. Lung cancer is divided 
into two broad categories: small cell lung carcinoma (SCLC, 
~20%) and nonsmall cell lung carcinoma (NSCLC, ~80%). 
Less common, are other types of cancers, e.g., bronchial car-
cinoid tumors (~5%). SCLC has been demonstrated to have a 
strong correlation with cigarette smoking [89]. NSCLC com-
prises several broad categories based on histology: adenocar-
cinoma (25%), squamous cell carcinoma (SCC, ~35%), large 
cell carcinoma, and adenosquamous carcinoma [89].

Intrathoracic Manifestations

The clinical manifestations of lung cancer are varied. Common 
symptoms include shortness of breath, hemoptysis, chest pain, 
and increasing dyspnea. Pleural effusions are a common but 
nonspecific finding observed on chest radiographs. Such effu-
sions result from obstruction of lymphatic drainage or malig-
nant extension of the tumor to the lung surface. Chest pain 
associated with lung cancer is generally a dull or mild nonspe-
cific pain occurring ipsilateral to the tumor. Metastasis to the 
chest wall and ribs can result in local tenderness and pleuritic 
chest pain. Shoulder pain may result from tumor growth at 
the lung apex and invasion or encroachment of the brachial 
plexus (such as in Pancoast’s tumor). Tumor extension into 
the pericardium can result in pericarditis, cardiac arrhythmias, 
and pericardial effusions that cause tamponade. In addition, 
superior vena cava obstruction by local growths or lymphatic 
metastases would impede venous return from the head and 
upper extremities. Other manifestations of lung cancer include 
neurologic symptoms caused by mechanical encroachment 
or invasion of the nerve plexus. Involvement of the brachial 
plexus may result in not only shoulder pain but also upper 
arm weakness. Involvement of the phrenic nerve can lead to 
unilateral diaphragmatic dysfunction, and involvement of the 
recurrent laryngeal nerve can result in hoarseness.

Extrathoracic Metastatic Manifestations

Common extrathoracic sites of metastases include lymph 
nodes, brain, bone, liver, skin, and adrenal glands [90]. The 
neurologic manifestations of metastatic brain tumors include 
hemiplegia, personality changes, cerebellar disturbances, 
seizures, headache, and confusion. Metastases to bone occur 

primarily in the ribs, vertebra, humerus, and femur. Although 
metastases to the spinal cord and vertebral column are less 
common, they have implications for positioning and postop-
erative management of pain.

Extrathoracic Nonmetastatic Manifestations

The extrapulmonary manifestations of lung cancer affect the 
metabolic, neuromuscular, skeletal, dermatologic, vascular, 
and hematologic systems. Although uncommon, the sys-
temic manifestations of such paraneoplastic syndromes, espe-
cially the metabolic and neuromuscular manifestations, and 
other nonspecific findings such as malaise, weight loss, and 
cachexia, may affect perioperative management and impact 
the patient’s recovery and survival.

Metabolic manifestations result from endocrine secretions 
by the tumor as follows: [91–94]

Adrenal corticotrophic hormone (ACTH, Cushing’s syn-
drome): most often associated with small cell carcinoma [95].
Antidiuretic hormone (syndrome of excessive ADH): asso-
ciated with small cell carcinoma; it may manifest as nau-
sea, vomiting, anorexia, hyponatremia, seizures, or other 
neurologic disturbances.
Serotonin (Carcinoid syndrome): diagnosed by elevated 
5-hydroxyindoleacetic acid (5-HIAA).
Parathyroid hormone-like polypeptide: associated with 
bronchogenic carcinoma; results in hypercalcemia and  
hypophosphatemia.
Ectopic gonadotropin production and hypoglycemia are 
more rare manifestations.

Neuromuscular manifestations are the most frequent 
extrathoracic nonmetastatic effects of lung cancer, most often 
associated with small cell carcinoma of the lung [90, 96]. The 
paraneoplastic myopathy, Eaton-Lambert syndrome, may 
appear as a myasthenic-like syndrome characterized by prox-
imal muscle weakness, particularly of the pelvic and thigh 
muscles. The defect in neuromuscular transmission is a result 
of an antibody-mediated impairment in presynaptic neuro-
calcium channel activity, which reduces the release of ace-
tylcholine [96]. Patients with this syndrome do not respond 
as well to anticholinesterase drugs as do patients with myas-
thenia gravis. In contrast, these patients exhibit an increased 
sensitivity to succinylcholine and nondepolarizing muscle 
relaxants.

Other neuromuscular manifestations include subacute cere-
bral degeneration, encephalomyelopathy, and polymyositis. 
The cause and the pathogenesis of these neuropathies are not 
completely understood. Immunologic factors are believed to 
be important in the pathogenic process, because antibody and 
T-cell responses are directed against shared antigens that are 
ectopically expressed by the tumor, but otherwise exclusively 
expressed by the nervous system [90, 97].

In general, these extrathoracic symptoms resolve and labora-
tory studies return to normal after successful tumor resection.
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Treatment Options

SCLC tumors often have distant metastases at the time of 
diagnosis and are therefore managed primarily by chemother-
apy. Only ~50% of people with SCLC survive for 4 months  
without chemotherapy. With chemotherapy, their survival time 
is increased by 4–5-fold. Chemotherapy may be given alone, 
as an adjuvant to surgical therapy, or in combination with 
radiotherapy. While a number of chemotherapeutic drugs have 
been developed, the platinum-based class of drugs has been 
the most effective in the treatment of lung cancers. Chemo-
therapy alone is not particularly effective in treating NSCLC, 
but it may prolong survival when NSCLC has metastasized.

Radiation therapy may be employed as a treatment for both 
NSCLC and SCLC. Radiation therapy may be given as cura-
tive therapy, palliative therapy (using lower doses of radiation 
than with curative therapy), or as adjuvant therapy in combi-
nation with surgery or chemotherapy. Radiation therapy can 
be administered if a person refuses surgery, if a tumor has 
spread to areas such as lymph nodes or the trachea – making 
surgical removal impossible, or if a person has other condi-
tions that disallow major surgery. Radiation therapy generally 
only shrinks a tumor or limits its growth when given as a sole 
therapy; however, in 10–15% of patients it leads to long-term 
remission and palliation of the cancer. Combining radiation 
therapy with chemotherapy can further prolong survival.

NSCLC tumors are more localized and thus better candi-
dates than other types of tumors for curative resection. Surgical 
removal of the tumor is generally performed for limited-stage 
NSCLC (Stage I or some Stage II, see Chap. 2, Table 2.6) [98]. 
About 10–35% of lung cancers can be removed surgically, but 
removal does not always result in a cure, since the tumors may 
already have spread and can recur. Lobectomy, the surgical 
removal of an anatomic lung segment, is generally accepted as 
the optimal procedure for early-stage NSCLC because of its 
ability to preserve pulmonary function [98]. Limited (sublobar, 
segmentectomy) resection is increasingly used to treat patients 
who cannot tolerate a full lobectomy because of severely com-
promised pulmonary function, advanced age, or extensive 
medical comorbidities. Among people who have an isolated, 
slow-growing lung cancer resected, the 5-year survival is 
25–40%. In addition to surgery, adjuvant chemotherapy may 
be administered for selected patients with Stage IB and Stage 
II disease [99, 100]. Current research focuses on biomarkers 
and genetic markers that would predict the response to therapy 
and may also point to novel treatments [101, 102].

Anesthesia and Long-Term Cancer Outcomes

It is increasingly recognized that anesthetic factors (volatile 
agents, opioid analgesics, surgical neuroendocrine response, 
blood transfusion, etc.) may shift the balance toward the pro-
gression of residual disease after potentially curative cancer 
surgery [103–105]. Anesthetics may inhibit both cellular and 
humoral immune functions through the impairment of neu-
trophil, macrophage, T cell, and natural killer cell functions. 

Regional analgesia attenuates these adverse events by largely 
preventing the neuroendocrine surgical stress response and min-
imizing the amount of volatile anesthetic and opioids required. 
Preliminary animal and human data suggest that regional anal-
gesia may reduce tumor recurrence after cancer surgery [106].

Other perioperative strategies that may impact long-term 
cancer outcomes seem to focus on antiinflammatory path-
ways. Statins, via the inhibition of the rate-limiting step of the 
mevalonate pathway, have potential anticancer effects [107, 
108]. There is some evidence for the anticancer effects of sta-
tins in patients with esophageal [109] and lung cancer [110, 
111]. Additionally, other agents with known antiinflammatory 
effects also point to the potential for improved outcomes in 
cancer patients. In this regard, aspirin use is reported to be 
associated with prolonged survival in breast cancer patients 
[112], while the perioperative use of antiinflammatory agents 
(Cox-II inhibitor use in lung cancer; aprotinin use in mesothe-
lioma) [113, 114] is associated with improved postoperative 
survival. Moreover, the use of regional analgesia is commonly 
employed in the thoracic surgery population and has been 
associated with attenuation of metastasis and improvement 
in recurrence rates for some types of cancers [115–117]. It is 
imperative that further research is conducted in this field as 
we strive to improve long-term outcomes.

Surgical Procedure

To allow anesthesiologists to function within the combined 
expertise of the multidisciplinary team and to ensure optimal 
patient safety and outcome, a thorough understanding of the 
salient features of procedure-specific issues is required.

Pulmonary Resection

In most thoracic surgery practices, approximately two-thirds 
of surgical interventions are related to the management 
of intrathoracic malignancy or clinical sequelae of cancer. 
 Anatomic resections (segmentectomy, lobectomy, and pneu-
monectomy) are most commonly performed for lung cancer, 
while nonanatomic resections (wedge) are typically performed 
for pulmonary nodules with diagnostic or therapeutic inten-
tion. Lobectomy with mediastinal lymph node dissection 
remains the standard surgical recommendation for the tech-
nical management of lung cancer. Segmental resection is a 
sound oncological operation that is typically used in patients 
with smaller cancers and marginal pulmonary reserve, such as 
those patients with COPD [118]. Pneumonectomy offers some 
more unique possible challenges including a higher mortality 
rate. The mortality rate of pneumonectomy is 8–10% vs. 2% 
for lobectomy [119].

Pulmonary resections can be performed via an open or tho-
racoscopic approach. The technical aspects of the resection 
are essentially identical whether by an open or thoracoscopic 
approach. Evolution of surgical technique and technical 
advances in electronics and instrumentation has renewed 
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interest in thoracoscopy, especially video-assisted thoracic 
surgery (VATS). As such, thoracoscopy permits the visualiza-
tion of the pulmonary cavity through several small portals. 
These portals provide access for the video camera and allow 
manipulation of thoracic structures and use of surgical instru-
ments such as staplers, dissectors, coagulators, and lasers. 
Although initially used for only minor surgical procedures, 
the application of VATS has expanded considerably for both 
diagnostic and therapeutic procedures and increasingly uti-
lized in anatomic (lobectomy, segmentectomy) and limited 
(wedge) resections in selected patients.

Data suggests that VATS procedures may offer advantages 
beyond open thoracotomy, including decreased postoperative 
pain, reduced pulmonary impairment, reduced postoperative 
morbidity, shortened hospital stay, and potentially improved 
1-year survival [120, 121]. If access is inadequate or if bleed-
ing complications occur, a thorascopic approach is easily 
converted to a limited open thoracotomy. VATS procedures 
for larger resections such as lobectomy seem to derive ben-
efit from more aggressive pain management strategies and 
epidural techniques may be beneficial. As such, careful com-
munication between surgeon, patient, anesthesiologist, and 
the acute pain service is warranted to determine the best pain 
management strategy for each patient.

A thorough physiological assessment with attention to physi-
ological and cardiac reserve is required prior to proceeding with 
surgical therapy. Spirometry, quantitative ventilation-perfusion 
scanning, and exercise cardiopulmonary testing can be helpful 
to determine physiological reserve for resection considerations. 
When considering pulmonary resection, a postoperative pre-
dicted FEV

1
 or D

L
CO of greater that 40% is a general require-

ment for resection considerations. In this regard, patients whose 
preoperative FEV

1
 or D

L
CO is less than 60% predicted, a quan-

titative lung scan is performed to determine the predicted post-
operative lung function. If the predicted postoperative ppoFEV

1
 

or D
L
CO is greater than 40%, then surgical resection is feasible.  

In patients with predicted postoperative FEV
1
 or D

L
CO less 

than 40%, additional workup with cardiopulmonary exercise 
testing is required to delineate patient risk. Adequate aerobic 
exercise capacity (preoperative VO

2
 max >15 mL/kg/min and 

predicted postoperative VO
2
 max >10 mL/kg/min or stair climb  

>3 flights of stairs [54 steps]) improves patients’ safety of 
operation [118]. In those patients who fail to meet these criteria 
alternatives to resection should be considered. Relative con-
traindications for pulmonary resection that point to inadequate 
pulmonary reserve include chronic oxygen use, severe hyper-
carbia (PaCO

2
 >55 mmHg), and moderate pulmonary hyperten-

sion (PA pressure greater than one-half systemic pressures).
Anesthetic management for pulmonary resection requires 

effective isolation of the operative lung, judicious fluid man-
agement, and an appropriate ventilation strategy of the depen-
dent lung [122, 123]. Intraoperative bleeding is not a common 
challenge; however, catastrophic hemorrhage can occur in 
association with pulmonary arterial injury. This necessitates 
that patients have preoperative typing and screening for poten-
tial transfusion, with good venous access and hemodynamic 

monitoring – typically an arterial line and two large peripheral 
cannulae. More central cancers generally increase the risk for 
an intraoperative event.

The primary cause of perioperative mortality of lung resec-
tion remains ALI which can be secondary to infection, trans-
fusion related, pulmonary embolism, but often there is no 
specific identifiable etiology. Two factors: intraoperative fluid 
administration and prolonged elevated airway pressures dur-
ing OLV have been consistently implicated with perioperative 
lung injury [122, 123]. Optimal intraoperative management of 
these factors is thus required.

During the conduct of an anatomic pulmonary resection, 
three structures (the pulmonary artery, pulmonary vein, and 
bronchus) are identified and divided at the segmental level 
(segmentectomy), the bronchial level (lobectomy), or the at 
the mainstem bronchus (pneumonectomy). Prior to division of 
any structure, there must be assurance that anesthetic “hard-
ware” (endotracheal tubes, suction catheters, nasogastric tube, 
pulmonary arterial catheters) are absent from the site of resec-
tion. Additionally, during the conduct of a segmental resection 
or lobectomy, patency of the remaining airway must be con-
firmed prior to airway division. This requires temporary ven-
tilation of the lung in the surgical field to ensure expansion of 
nonresected segments or lobes. Intraoperatively, chest drains 
are placed for perioperative management. During chest closure 
while the patient is still requiring positive pressure ventilation, 
these drainage catheters should be placed to suction. Provided 
that postoperative air leak is minimal, most surgeons manage 
chest drainage tube without suction (i.e., “water seal”) [124].

Regardless of the type of pulmonary resection performed, 
extubation should be planned following surgery. Adequate 
postoperative analgesia is required to optimize patient out-
come by ensuring the patient can cough and has adequate 
tidal volumes with breathing. As a result, liberal use of tho-
racic epidural analgesia is encouraged. Resumption of spon-
taneous breathing will avoid possible lung barotrauma as well 
as the risk of bronchial stump disruption and resultant BPF 
formation. Attention to optimal analgesia, pulmonary toilet, 
and pleural space management is required to achieve optimal 
patient outcome. Regional analgesia with epidural catheter 
provides superior pain control and promotes effective pulmo-
nary toilet. Early mobilization is required with ambulation 
initiated the first postoperative day. Most patients will have a 
component of underlying reactive airways disease and regu-
lar administration of bronchodilator therapy is typically used. 
Awake, bedside bronchoscopy is used liberally for secretion 
management. Noninvasive ventilator support, such as CPAP 
or BiPAP, can be used, but more often, endotracheal intuba-
tion is optimal for postoperative respiratory failure so as to 
decrease risk of aspiration event and subsequent pneumonia.

Lobectomy

Lobectomy with mediastinal lymph node dissection remains 
the standard surgical recommendation for the technical man-
agement of lung cancer. Lobectomy, commonly performed 
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via open thoracotomy or VATS, is associated with lower local 
tumor recurrence compared to lesser resections. An open tho-
racotomy is usually performed through a postero-lateral thora-
cotomy incision but antero-lateral and muscle-sparing lateral 
incisions are used occasionally. In cases where the clinical 
staging of the lung cancer is advanced, an elective lobectomy 
may be converted to a bi-lobectomy or pneumonectomy dur-
ing the operation. Potential intraoperative problems include 
damage to the airway while using lung isolation devices, 
potential for bleeding, and hypoxemia during OLV.

After the lobe and blood vessels have been dissected, a test 
maneuver is performed by the surgeon clamping the surgical 
bronchus and confirming that the correct lobe is extirpated. 
The anesthesiologist then unclamps the DLT on the respec-
tive side, or in the case of a bronchial blocker, deflates the 
blocker balloon, and re-expands the lung with manual ventila-
tion. During VATS lobectomy, re-inflating the residual lobe 
may interfere with the surgical field and so the anesthesiolo-
gist may be asked to fiber-optically inspect the bronchial tree 
to confirm patency of the bronchus of the noninvolved lobe. 
Once the lobectomy has been performed, the bronchial stump 
is usually tested with 30 cm H

2
O positive pressure in the anes-

thetic circuit to detect the presence of air leaks. Following an 
uncomplicated lobectomy the patient is usually extubated in 
the operating room, provided preoperative respiratory function 
is adequate. Emergence of the patient in a comfortable man-
ner with good inspiratory effort and ability to cough requires 
aggressive postoperative analgesia, commonly achieved 
through the use of either a thoracic epidural or through a para-
vertebral analgesia technique.

Pancoast tumors are carcinomas of the superior sulcus of 
the lung and can invade/compress local structures including 
the lower brachial plexus, subclavian blood vessels, stellate 
ganglion (resulting in Horner’s syndrome), and vertebrae. 
More complicated resection may entail a two-stage proce-
dure with an initial operation for posterior instrumentation/
stabilization of the spine. During lobectomy extensive chest 
wall resection may be required and massive transfusion is a 
possibility. Peripheral lines and monitoring should be placed 
in the contra-lateral arm due to frequent compression of the 
ipsilateral vessels during surgery.

Sleeve Lobectomy

Bronchogenic carcinoma is the most frequent indication for 
a sleeve lobectomy, followed by carcinoid tumors, endobron-
chial metastases, primary airway tumors, bronchial adenomas, 
and occasionally benign strictures. Sleeve lobectomy involv-
ing parenchyma-sparing techniques in patients with limited 
pulmonary reserve, provides an alternative surgery for patients 
that cannot tolerate a pneumonectomy. The sleeve technique 
involves mainstem bronchial resection without parenchy-
mal involvement and possibly resection of pulmonary arter-
ies to avoid pneumonectomy (Fig. 22.3). Sleeve resection, 
with re-implantation of the remaining lobe, associates with 

shorter periods of postoperative mechanical ventilation, 
shorter duration of ICU stay, fewer loco-regional recurrences,  
and improved overall survival. Immediate and long-term sur-
vival is better after sleeve lobectomy compared with right 
pneumonectomy for comparable stages of right upper lobe 
cancer [125].

Ideally, patients undergoing sleeve lobectomy require lung 
isolation with a contra-lateral DLT or endobronchial tube 
thereby improving surgical exposure for resection and re-
implantation. High-frequency jet ventilation can be used for 
resections close to the tracheal carina. In rare cases a sleeve 
lobectomy may require transplant of vessels, thereby neces-
sitating temporary heparinization. In these cases, thoracic 
epidural catheters should not be manipulated for 24 h follow-
ing heparin administration. During pulmonary arterioplasty 
uncontrollable bleeding may occur. For this reason, large bore 
intravenous catheters should be used. Patients undergoing 
sleeve lobectomy are usually extubated in the operating room 
before transfer to the postanesthesia recovery room.

Pneumonectomy

Complete removal of the lung is required when a lobectomy 
or its modifications (bilobectomy or sleeve lobectomy) is not 
adequate to remove the local disease and/or ipsilateral lymph 
node metastases. However, pneumonectomy offers more 

Fig. 22.3. Illustration of a sleeve resection for carcinoma of the left 
upper lobe, with re-implantation of the left lower lobe.
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unique challenges, including a higher incidence of morbidity 
(cardiac complications, ALI, ARDS) and mortality (8–10% 
for pneumonectomy vs. 2% for lobectomy) [119]. The overall 
operative mortality correlates inversely with the surgical case-
volume [126].

The technical conduct of the resection is typical as with 
any pulmonary resection. The pneumonectomy is usually 
performed through a standard postero-lateral incision. The 
mediastinal pleura are incised and the pulmonary artery, the 
superior and inferior pulmonary veins, and the mainstem 
bronchus are evaluated for resectability. After all vessels are 
stapled, stapling of the bronchus occurs and the entire lung 
is taken from the chest. A test for air leaks is generally per-
formed at this point and reconstruction of the bronchial stump 
is completed. The bronchial stump should be as short as pos-
sible to prevent a pocket for the collection of secretions.

Patients undergoing a pneumonectomy commonly receive 
a thoracic epidural catheter for postoperative analgesia, unless 
there is a contraindication. The placement of large bore intra-
venous lines is necessary in case blood products need to be 
administered. An invasive arterial line is placed for measure-
ment of beat-to-beat blood pressure and to monitor arterial 
blood gases. A central venous pressure catheter is recom-
mended to help guide intravascular fluid management, specifi-
cally in the postoperative period. Management of lung isolation 
in a pneumonectomy patient can be achieved with a DLT, 
bronchial blocker, or single-lumen endobronchial tube. When 
using a DLT for a pneumonectomy patient, it is preferable to 
use a device that does not interfere with the ipsilateral airway; 
however, the preference to use a left-sided DLT (or left-sided 
bronchial blocker) requires that during a left pneumonectomy 
these devices are withdrawn prior to stapling the bronchus, in 
order to avoid accidental inclusion into the suture line.

Challenges can arise related to the empty hemithorax 
following pneumonectomy. There is no consensus among 
thoracic surgeons as to the best management of the post-
pneumonectomy space. Some thoracic surgeons do not 
place a chest drain after a pneumonectomy, while others 
prefer a temporary drainage catheter to add or remove air. 
The removal of air, ranging from 0.75 to 1.5 L, is neces-
sary to empty the chest and to keep the mediastinum and 
trachea “balanced” (in the midline). Some surgeons place 
a specifically designed postpneumonectomy chest drain-
age system with both high- and low-pressure under-water 
relief valves to balance the mediastinum. A chest X-ray  
is mandatory after the patient arrives in the postanesthesia 
care unit or in the surgical ICU to assess for mediastinal 
shift. If suction is applied to an empty hemithorax or a chest 
drain is connected to a standard under-water seal system it 
may cause mediastinal shift, impingement of venous return 
to the heart, and hemodynamic collapse. This requires correc-
tion with appropriate instillation or evacuation of air from the 
empty hemithorax. Although rare, cardiac herniation (more 
common following right pneumonectomy) can occur with 
catastrophic consequences and need for emergent correction.

The high morbidity and mortality associated with pneu-
monectomy is predominantly driven by ALI (also previously 
termed “postpneumonectomy pulmonary edema”), culminat-
ing in respiratory failure. While the incidence of ALI after 
pneumonectomy is only 4%, the mortality rate associated with 
ALI is 30–50%.

The etiology for ALI seems multifactorial. In a retrospec-
tive report by Zeldin et al. [127], the risk factors that were 
identified for the development of ALI, previously termed “post 
pneumonectomy pulmonary edema,” were a right-sided pneu-
monectomy, increased perioperative intravenous fluid adminis-
tration, and increased urine output in the postoperative period. 
However, close analysis of Zeldin’s data reveals that only 6 out 
of 10 cases had full intake and output data. A more recent study 
by Licker et al. has shown that the excessive administration 
of intravenous fluids in thoracic surgical patients (more than 
3 L in the first 24 h) is an independent risk related to an ALI 
[128]. Further, the decrease in ventilatory function, increase in 
pulmonary artery pressure, and pulmonary vascular resistance 
(right ventricular afterload) may have a significant detrimental 
effect on right ventricular function [129].

Consequently, in an attempt to reduce high risk for periop-
erative morbidity and mortality following a pneumonectomy, 
perioperative management should focus on the judicious man-
agement of perioperative fluid therapy, tidal volumes during 
mechanical ventilation, and improved ICU strategies. In this 
regard, a recent retrospective review (Table 22.1) suggested 
that the incidence and mortality of ARDS after lung resec-
tion is declining, and likely associated with more aggressive 
strategies to avoid pneumonectomy, greater attention to pro-
tective ventilation strategies during surgery and to improved 
ICU management of ARDS [2].

A retrospective report [130] involving 170 pneumonectomy 
patients showed that patients that received median tidal vol-
umes greater than 8 mL/kg had a greater risk of respiratory 
failure in the postoperative period after pneumonectomy. In 
contrast, patients that received tidal volumes less than 6 mL/
kg were at lower risk of respiratory failure. Schilling et al. 
[131] have shown that a tidal volume of 5 mL/kg during OLV 
significantly reduces the inflammatory response to alveolar 
cytokines. Considering these factors, it is prudent to use lower 
tidal volumes (i.e., 5–6 mL/kg, ideal body weight) in the 
pneumonectomy patient and limit peak and plateau inspira-
tory pressures (i.e., <30 and 25 cm H

2
O) during OLV.

The presentation of ALI is biphasic, with intraoperative 
strategies (fluid restriction and lower tidal volumes) aimed at 
reducing the incidence of the primary form, which typically 
has a clinical onset during the first 72 h. The secondary, or late 
form, appears after 72 h and is usually related to other compli-
cations such as aspiration, BPF, or surgical complications. At 
the present time only symptomatic management is appropriate 
for ALI, including fluid restrictions, diuretic administration, 
low ventilatory pressures and tidal volumes (if mechanical 
ventilation is used), and measures to decrease the pulmonary 
artery pressure.
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Sleeve Pneumonectomy

Tumors involving the most proximal portions of the mainstem 
bronchus and the carina may require a sleeve pneumonec-
tomy. These are most commonly performed for right-sided 
tumors and can usually be performed without cardiopulmo-
nary bypass via a right thoracotomy. A long single-lumen 
endobronchial tube can be advanced across into the left main 
stem bronchus during the period of tracheo-bronchial anasto-
mosis. High-frequency positive pressure ventilation (has also 
been used for this procedure). Since the carina is surgically 
more accessible from the right side, left sleeve pneumonec-
tomies are commonly performed as a two-stage operation,  
with a left thoracotomy to perform the pneumonectomy and a 
right thoracotomy to perform the carinal excision. The com-
plication rate and mortality are higher and the 5-year survival 
significantly lower than for other pulmonary resections. Post-
pneumonectomy pulmonary edema is particularly a problem 
following right sleeve pneumonectomy.

Limited Pulmonary Resections: Segmentectomy 
and Wedge Resection

Segmentectomy and wedge resection are limited pulmonary 
resections. Segmentectomy is a sound oncological operation that 
is typically used in patients with smaller cancers and marginal 
pulmonary reserve, such as those patients with COPD [118]. 
It entails an anatomic pulmonary resection of the pulmonary 
artery, vein, bronchus, and parenchyma of a particular segment 
of the lung. Lung cancers that are considered for limited resec-
tion are usually less than 3 cm in size, located in the periphery 
of the lung, and with regional lymph nodes free of metastatic 
cancer.

In contrast, a wedge resection is a nonanatomic removal 
of a portion of the lung parenchyma with a 1.5–2.0 cm mar-
gin, and can be accomplished by open thoracotomy or VATS. 
Wedge resections are most commonly performed for diagno-
sis of lung lesions with unknown histology or as palliation 
in patients with metastatic lesions in the lungs from distant 
primary tumors.

A group of patients considered for limited pulmonary 
resection are those who develop a new primary lesion after 
a previous lobectomy or pneumonectomy. The patient with 
compromised lung function presents a greater risk in the 
intraoperative period (hypoxemia during OLV or prolonged 
intubation after surgery). Cerfolio et al. [132] reported that 
lung cancer patients with compromised pulmonary function 
can safely undergo limited pulmonary resection if selected 
appropriately. Segmentectomies and wedge resections can 
be performed with any of the standard thoracotomy or VATS 
incisions. Segments that are most commonly resected are in 
the upper lobes or the superior segments of the lower lobes.

Anesthetic technique and monitoring are essentially the 
same as for larger pulmonary resections. In order to facili-
tate surgical exposure and achieve OLV, it is necessary to 

use either a DLT or a bronchial blocker. If the patient had a 
previous contra-lateral lobectomy or a pneumonectomy selec-
tive lobar collapse with the use of a bronchial blocker will 
facilitate surgical exposure while maintaining oxygenation. 
In selected cases the combined use of a DLT and a bronchial 
blocker will allow selective lobar collapse/ventilation in the 
ipsilateral lung [133]. It is very important to use low tidal vol-
umes (i.e., 3–5 mL/kg) during selective lobar ventilation, par-
ticularly in patients with previous pneumonectomy to prevent 
over-inflation in the remaining lobes.

Segmentectomy plays a significant role in the management 
of patients with a second primary lung cancer. Many of these 
patients have previously undergone thoracic surgery, this 
includes previous lobectomy or pneumonectomy, therefore 
the potential for increased intraoperative bleeding is always 
a risk. In addition, because many of these patients have com-
promised lung function, early extubation may not be feasible. 
A common complication after surgery is an air leak. Chest 
tubes are placed to maximize postoperative expansion and 
minimize space complications. Suction and under-water seal 
chest drainage is used in the postoperative period.

Bronchopleural Fistula

BPF can result as a consequence of surgical therapy (Fig. 22.4) 
or from the complications of intrathoracic infection or malig-
nancy (see also Chap. 33). The classic presentation is a patient 
who has undergone a resection 10–14 days previously, who 
feels unwell and who has developed a productive cough of 
“salmon–colored” sputum. Patients can succumb to the resul-
tant soilage of the lung and pneumonitis. If surgical therapy is 
required for BPF, the surgeon and anesthesiologist must com-
bine their efforts to prevent any further lung injury.

Fig. 22.4. CT image of a bronchopleural fistula in the right main 
stem bronchus, which developed after pneumonectomy, with accom-
panying pneumonitis in the contralateral lung.
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In order to achieve satisfactory and sustainable ventilation, 
the team must have a command of the airway options as well 
as knowledge of nonstandard ventilation strategies. Positive 
pressure ventilation is achievable in patients with a small 
fistula. However, with larger fistula, the ability to ventilate 
without isolating the fistula may be limited, and maintaining 
spontaneous ventilation may be a requisite. The initial man-
agement of the fistula is indeed drainage of the infected pleural 
space. Patient positioning should be kept in mind, and the side 
of the fistula should be maintained in a dependent position. 
Surgical management of the fistula typically involves closure 
with vascularized flap coverage or window thoracostomy for 
drainage. Rarely, additional pulmonary parenchyma resection 
is required. As with tracheal surgical interventions, the use 
of jet ventilation and appropriate airway isolation strategies 
could potentially be necessary. Prompt discontinuation of pos-
itive pressure ventilation is also required. In fact, if patients 
need positive pressure ventilation in the presence of a BPF 
and this provides satisfactory ventilation and oxygenation, the 
surgical treatment of the BPF is relatively contraindicated.

Clinical Case Discussion

Case: A 68-year-old male presents for anesthesia. He has a 40 
pack-year smoking history, hypertension controlled with dilti-
azem, and hypercholesterolemia controlled with simvastatin. 
He gives no history of exertional angina. The chest X-ray indi-
cates a mass in the left upper lobe (Fig. 22.5), with absence of 
metastatic disease as assessed by computerized tomography 
and by a nuclear bone scan. Pulmonary function testing shows 
impaired function, characteristic of moderate COPD, with a 
negligible reversible component and a predicted postoperative 
FEV

1
 of 48%.

Previous diagnostic bronchoscopy revealed encroachment 
of a nonsmall cell lung cancer onto the left main stem bron-
chus. Consequently, he is now scheduled for a bronchoscopy, 
mediastinoscopy and left upper lobectomy with sleeve resec-
tion, and reattachment of the left lower lobe.

Questions:

1. How does the mediastinoscopy alter perioperative manage-
ment?

2. What airway management technique would be optimal?
3. What invasive monitoring is necessary?
4. Is there an optimal analgesic regimen?
5. Can perioperative fluid management affect outcome?
6. What ventilation strategy would promote optimal outcome?

Discussion:

Given the rarity of blood loss requiring blood transfusion an 
18- or 16-gauge intravenous catheter, preferably placed in the 
nondependent hand, wrist or forearm, would be appropriate. 
It is best to avoid the antecubital veins as the arms are bent at 
90° when the patient is positioned in a lateral decubitus position 
and this will hamper flow of the intravenous fluids. In antici-
pation of continuation to thoracotomy after mediastinoscopy a 
thoracic epidural (alternatively, a paravertebral block) is placed 
in the T5–T8 region prior to induction. Standard noninvasive 
monitors will be used, with ECG leads placed as for any median 
sternotomy, thereby allowing the entire chest to be prepped in a 
sterile fashion in case an emergent sternotomy is required due to 
massive bleeding resulting from the mediastinoscopy.

After induction, tailored to the patient, the airway is secured 
using an 8.0-mm single lumen endotracheal tube to facilitate 
bronchoscopy. A LMA can be used for bronchoscopy if medi-
astinoscopy is not required. The endotracheal tube is usually 
brought out to the side of the mouth closest to the anesthesia 
machine once the bed is turned 90° for mediastinoscopy.

Given the absence of significant cardiac disease invasive 
monitoring, with placement of an arterial line, can be deferred 
until after the mediastinoscopy is completed and the decision 
is made to proceed to a thoracotomy – based on the absence of 
mediastinal lymph node involvement by the cancer. Placement 
of the arterial line is preferred in the dependent radial artery. 
This allows vigilant hemodynamic monitoring since acute 
hemodynamic embarrassment often occurs during surgical 
manipulation and due to the risk of catastrophic pulmonary 
vasculature injury. Significant fluctuations in blood pressure 
are especially seen with left-sided procedures where compres-
sion of the heart may occur during surgical manipulation.

A right-sided DLT would be of greater advantage in this 
case. Since a thoracotomy with sleeve resection requires surgi-
cal re-implantation of the left lower lobe bronchus (Fig. 22.3), 
a left-sided DLT may hamper optimal surgical exposure. 
If intubation is profoundly difficult, to the point where even Fig. 22.5. Chest X-ray demonstrating a carcinoma of the left upper lobe.
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changing the endotracheal tube over a tube changer would 
place the patient at significant risk, then alternative strategies 
including placement of a left main stem bronchial blocker or 
advancement of the single lumen endotracheal tube into the 
right main stem bronchus should be considered.

Clear communication between the surgical and anesthetic 
team is essential if the pulmonary artery requires resection 
and reconstruction. In this case blood products should be 
readily available in the operating room and steps to reduce the 
pulmonary artery pressure should be implemented. Such steps 
may include increased oxygenation (FiO

2
, 100%), moderate 

hypocarbia (PaCO
2
, 30–35 mmHg), an appropriately “deep” 

level of anesthesia, minimized use of phenylephrine (consider 
vasopressin if blood pressure is low), and inhaled epopros-
tenol therapy to the ventilated lung.

Timing of initiation of the epidural and the choice of 
neuraxial medications remains controversial. A common 
practice is to initiate the epidural prior to induction so that 
inhalational anesthetics can be reduced to levels where HPV 
is not hampered. The intraoperative use of the epidural also 
helps to minimize the use of systemic opioids to reduce the 
risk of postoperative respiratory depression. Typically, more 
concentrated local anesthetics (± opioids) are used intraopera-
tively and more dilute combinations of local anesthetics and 
opioids used postoperatively.

The management of perioperative fluid therapy remains a 
controversy without conclusive data to guide treatment. The 
origins of the controversy stem from the significant risk of mor-
tality from patients who develop ALI after thoracic surgery, in 
particular, those that develop postpneumonectomy pulmonary 
edema. Typical guidelines suggest minimizing crystalloid ther-
apy to 1.0–1.5 L, as this may help to reduce postlobectomy pul-
monary edema and facilitate early postoperative extubation.

Ventilation parameters during OLV typically strive to reduce 
the risk of ALI associated with barotrauma or volutrauma 
through tidal volume reduction (<6 mL/kg), respiratory rate 
>10 breaths per minute, I:E ratio of 1:2, and peak inspiratory 
pressure <25 mmHg. Such a protective ventilatory strategy 
aims to maintain baseline CO

2
 levels or tolerate permissive 

hypercapnia (pH >7.25) rather than mild hypocapnia. Impor-
tantly, prolonged positive pressure ventilation may hamper the 
tenuous blood supply of the sleeve anastomosis, and increase 
the risk for a BPF and its associated complications. As such, 
this necessitates that the overall anesthetic technique be tailored 
to afford prompt and comfortable extubation of the patient.
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23
Anesthesia for Video-Assisted 
Thoracoscopic Surgery
Edmond Cohen

Key Points

Limited options to treat hypoxemia during one-lung venti-
lation (OLV) compared to open thoracotomy. Continuous 
positive airway pressure (CPAP) interferes with surgi-
cal exposure during video-assisted thoracoscopic surgery 
(VATS).
Priority on rapid and complete lung collapse.
Possibility of prolonged periods of OLV. Particularly dur-
ing the learning phase of the surgical team.
Decreased postoperative analgesic requirements compared 
to open thoracotomy.
Surgical delay in treating major intraoperative hemorrhage.
The option of doing minor VATS procedures with local or 
regional anesthesia.

Historical Considerations  
of Video-Assisted Thoracoscopy

Thoracoscopy involves intentionally creating a pneumothorax 
and then introducing an instrument through the chest wall to 
visualize the intra-thoracic structures. Recent application of 
video cameras to thoracoscopes for high-definition magnified 
viewing coupled with the development of sophisticated surgi-
cal instruments and stapling devices has greatly expanded the 
endoscopist’s ability to do increasingly more complex proce-
dures by thoracoscopy. It was widely believed that the first to 
perform a documented thoracoscopy using a Nitze cystoscope 
in a human patient was the Swedish internist Hans Christian 

Jacobaeus Thoracoscopy, the introduction of an illuminated 
tube through a small incision made between the ribs, was 
first used in 1910 for the treatment of tuberculosis. In 1882 
the tubercle bacillus was discovered by Koch, and Forlanini 
observed that tuberculous cavities collapsed and healed after 
patients developed a spontaneous pneumothorax. The tech-
nique of injecting approximately 200 cc of air under pressure 
to create an artificial pneumothorax became a widely used 
technique to treat tuberculosis [1].

Jacobaeus [2], however, was able to directly visualize pleu-
ral adhesions using thoracoscopy, and described a method for 
cutting them to facilitate lung collapse. Closed intrapleural 
pneumolysis, also called the Jacobaeus operation, consisted 
in inserting a galvanocautery into the pleural cavity through 
another small opening in the chest wall and dividing the adhe-
sions under thoracoscopic control. Thus the two-point entry 
technique of medical thoracoscopy was born.

After the introduction of tuberculostatic medications this sur-
gical approach was practically abandoned until the early 1990s 
when advancement in fibro-optic light transmission, image dis-
play and instrumentation made video-assisted thoracoscopic sur-
gery (VATS) possible. The improvements in video endoscopic 
surgical equipment and a growing enthusiasm for minimally 
invasive surgical approaches, brought VATS to the practice of 
surgery for diagnostic and therapeutic procedures. Most of these 
procedures required general anesthesia, a well collapse lung and 
are an indication for one-lung ventilation (OLV).

A variety of medical and surgical procedures are performed 
by VATS [3] (see Table 23.1). The patient population tends to 
be either very healthy, undergoing diagnostic procedures, or 
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high-risk patients who are undergoing VATS to avoid the risks 
of thoracotomy. Patients with advanced cardiopulmonary 
disease, malignancies, and heavy smoking history deserve 
an extensive preoperative evaluation and optimization since 
conversion to an open procedure is always a possibility. Intra-
operative monitoring in these high-risk patients should be the 
same as for thoracotomy.

Medical Thoracoscopy

Medical Thoracoscopy is mainly performed for diagnostic 
procedures. Initially it was limited to the use of rigid thora-
coscope, however, with the introduction of optical fibers it 
was expanded to include diagnostic procedures with flexible 
thoracocscopy. Unlike VATS, which consist of multiple access 
ports, medical thoracoscopy involves the insertion of an endo-
scope through a single entry port into the thoracic cavity and 
pleural space. Medical Thoracoscopy is limited to diagnosis 
and biopsy of pleural disease, pleural effusions, infectious dis-
eases, staging procedures, chemical pleurodesis, and occasion-
ally for lung biopsy. It is often performed by the pulmonologist 
in the clinic rather then the operating room and is generally 
under local anesthesia. A small incision is made in through 
the lateral chest wall, and with the insertion of the instrument, 
fluid and biopsy specimens are easily obtained. Medical tho-
racoscopy has somewhat limited applications which are con-
fined by the inability, in most cases, to perform more extensive 

therapeutic procedures such as wedge resection, lobectomy or 
pneumonectomy.

Surgical Thoracoscopy

VATS was introduced to thoracic surgical practice in the early 
1990s and entails making multiple small incisions in the chest 
wall, which allow the introduction of a video camera and sur-
gical instruments into the thoracic cavity through access ports. 
Most commonly, it is performed by a thoracic surgeon in the 
operating room under general anesthesia. In more recent years 
surgical techniques, instruments, and video technology have 
improved to permit a wide variety of therapeutic procedures 
to be performed using VATS.

Indications: In recent years, VATS has gained increasing 
popularity and continues to replace many procedures that 
formerly required thoracotomy. Clinicians offer less invasive 
approaches for complex surgical treatment of lung pathology 
and patients are appropriately drawn to the prospect of less 
postoperative pain and faster recovery. Whether VATS cancer 
surgery, which still may involve a limited thoracotomy, car-
ries a higher risk of local recurrence, is still unclear [4]. Some 
large-scale studies found no differences in overall survival 
between patients undergoing lobectomy and those undergoing 
limited resection. In fact, there is a clear difference in the treat-
ment approach between the European schools and those of 
North America. There is less popularity among the European 
schools regarding cancer treatment through a VATS approach. 
This is secondary to the belief that extensive malignant tumors 
are best approached via open thoracotomy and proper surgical 
field evaluation and appropriate lymph node dissection may 
be limited with the VATs approach [5].

Initially, when introduced to clinical practice, VATS was 
limited to diagnostic procedures of short duration and lim-
ited extension. Most surgeons were unfamiliar with technique 
and the available equipment. Increased familiarity with tho-
racoscopic techniques, as with laparoscopic techniques, had 
enabled surgeons to perform almost any major thoracic surgi-
cal procedure in a minimally invasive manner. VATS opera-
tions can be used for all structures in the chest and are not 
limited to the lungs, pleura, and mediastinum.

Diagnostic Procedures

With VATS, diagnosis of pleural disease, thoracentesis, and 
pleural biopsy of a specific area under direct vision can be 
performed. In many cases this is indicated for an undiagnosed 
pleural effusion, in which the cytology is inconclusive. VATS 
for parenchymal lung pathology such as biopsy, wedge resec-
tion for solitary lung nodules or for diffuse interstitial lung dis-
ease is a common indication. In the past, such a diagnosis was 
possible only by subjecting the patient to an open thoracotomy, 
despite the associated morbidity, or the patient was treated 
empirically. VATS, which offers an extensive visualization of 

Table 23.1. Spectrum of minimally invasive thoracic surgical 
 procedures.
Diagnostic
 a. Pleural disease
  Biopsy, thoracentesis
 b. Staging
  Lung, pleural, esophageal cancer
 c. Parenchymal disease
  Fibrosis, solitary nodules, pneumonitis
 d. Mediastinal tumors
  Thymoma, lymphoma, sarcoma, germ cell
 e. Pericardial disease
  Pericarditis, tumors
Theraputic
 a. Pleural disease
  Pleurodesis, decortication
 b. Parenchymal disease
   Wedge resection, segmentectomy, lobectomy, pneumonectomy, bleb/

bullae resection, lung volume reduction
 c. Cardiovascular disease
   Pericardial window, valve repair, coronary artery bypass, arrhythmia 

ablation
 d. Mediastinal disease
  Tumor excision, thymectomy, chylothorax
 e. Esophageal surgery
  Vagotomy, myotomy, antireflux surgery, esophagectomy
 f. Sympathectomy
  Hyperhidrosis, reflex sympathetic dystrophy
 g. Spinal surgery
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the entire chest cavity, essentially has replaced the traditional 
mini-thoracotomy particularly in cases where percutaneous 
needle aspiration biopsy is inconclusive. Other diagnostic 
procedures are performed on the mediastinum for biopsy of 
lymph nodes not accessible via traditional mediastinoscopy 
such as the subcarinal lymph nodes or for mediastinal masses, 
either primary or metastatic. This procedure is essential when 
staging of the disease needs to be established. It is also useful 
for assessing resectability, to exclude direct invasion of the 
mediastinal structures. Lymphomas or germ-cell tumors that 
require a tissue diagnosis may benefit from a VATS approach. 
Diagnostic procedures involving the pericardium such as a 
pericardial biopsy and/or drainage of a pericardial effusion 
can be accomplished both for diagnosis and therapy with a 
VATS pericardial window.

Therapeutic Procedures

Therapeutic procedures using VATS have increased rapidly in 
recent years. In some institutions, the vast majority of the tho-
racic procedures are performed thoracoscopically.

Pleural disease can be managed by VATS including plurocen-
tesis, pleural abrasion for recurrent pleural effusion from malig-
nancy or pneumothorax, decortication, empyectomy, and lysis 
of adhesions. In the past, thoracotomy was performed for for-
mal decortication to permit reexpansion of the lung. With VATS, 
thoracotomy can be avoided, particularly in the early stages of 
empyema. Malignant pleural effusions, particularly those with 
multiple loculated collections, are difficult to drain with tube 
thoracostomy and can be effectively treated with VATS.

Lung parenchymal disease such as wedge resection of a 
lesion, lobectomy or pneumonectomy can routinely be per-
formed with VATS. These are better tolerated by the compro-
mised patient with decreased pulmonary reserve [6]. VATS 
offers the opportunity to both diagnose and treat parenchymal 
lesions at the same time. Management of bullous disease, par-
ticularly giant bullae with significant compression of the adja-
cent lung, is frequently managed with VATS. Often these cases 
present with recurrent pneumothoraces or air-leaks associated 
with apical blebs. Lung volume reduction (LVR) performed 
by VATS is better tolerated by the patient with severe emphy-
sema (see also Chap. 36). Resection of mediastinal masses 
such as thymoma or mediastinal cyst or resection of posterior 
mediastinal neurogenic tumors, treatment of chylothorax by 
ligation of the thoracic duct, bilateral sympathectomy are all 
possible with VATS.

A variety of esophageal procedures can be performed 
minimally invasively. Vagotomy, Heller myotomy, antireflux 
procedures, or staging of esophageal cancer are common pro-
cedures done with VATS. Finally, the dissection of the thoracic 
esophagus in cases of esophago-gastrectomy is increasingly 
performed with a combined VATS and laparotomy.

VATS sympathectomy is usually performed for hyper-
hidrosis or reflux sympathetic dystrophy. The sympathetic 
chain is visualized as it lies along the vertebral bodies. 

The magnification provided by VATS facilitates the  procedure, 
which is usually done bilaterally during the same anesthetic.

Benefits

The incisions for a VATS are usually 3–5 ports to allow for 
the passage of a video camera stapling device and forceps. 
Because the ribs are not spread, patients have lower narcotic 
requirements for postoperative pain, reduced shoulder dys-
function, and decreased time until return to preoperative activ-
ities. There is a reduced risk of respiratory depression, reduced 
risk of atelectasis due to splinting, or reduced ability to sustain 
deep breathing and reduction in retained secretions. A review 
of 1,100 VATS lobectomies with lymph node sampling or dis-
section in patients who had a mean age of 71.2 years demon-
strated low rates of mortality (1%) and morbidity, with 84.7% 
of patients exhibiting no significant complications [7].

The benefits of thoracoscopy should lead to greater patient 
satisfaction at a lower cost (as has been the experience with 
laparoscopic surgery). This view is supported by Weatherford 
et al. in his review of the experience of thoracoscopy vs. tho-
racotomy at a community hospital. Weatherford compared 
length of stay, morbidity, mortality, operative time, length of 
time to extubation length of intensive care unit stay, number 
of days of pleural drainage and found improvements in these 
categories with thoracoscopy [8]. A case–control study of 
lobectomies found a shorter hospital stay and fewer overall 
complications with VATS vs. open thoracotomy but no sig-
nificant decrease in postoperative atrial fibrillation [9] (see 
Table 23.2). Elderly patient have been shown to have fewer 
pulmonary, but not cardiac, complications after VATS lobec-
tomy [10] (see Table 23.3).

Surgical Technique

VATS is performed usually in the lateral position through 
three to five entry ports created in the chest wall on the side 

Table 23.2. Postlobectomy complications VATS vs. open thoracotomy.

Outcome VATS (n = 122) Open (n = 122) p value

Length of stay (days ± SD) 4.9 ± 2.4 7.2 ± 3.8 0.001
All complications 17% 28% 0.046
Atrial fibrillation 12% 16% 0.36
Prolonged air leaks 3.8% 5.7% 0.54
Pneumonitis 1.6% 4.1% 0.28

Based on data from Park et al. [9]

Table 23.3. Postlobectomy complications in elderly patients.

Outcome VATS Open p value

Median length of stay (days) 5 6 0.001
No complications 72% 55% 0.04
Pulmonary 15% 33% 0.01
Cardiac 17% 23% 0.44

Based on data from Cattaneo et al. [10]
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of the pathology (see Fig. 23.1). A video camera is inserted 
to allow for direct visualization of the entrance of trocars into 
the thorax. The lung is collapsed on the ipsilateral side by pas-
sive elastic recoil equilibrium of intrapleural and atmospheric 
pressure occurs through the access port. If the lung is not ade-
quately collapsed, the surgeon is not able to appreciate the sur-
gical field and identify a lung lesion when it is not located on 
the surface of the lung. Additionally, placing a stapler suture 
on a lung that is only partially deflated may result in inad-
equate closure lines which may be the source of continuous 
air-leak (see Fig. 23.2).

Although rarely used in thoracoscopic procedures, unlike 
laparoscopic procedures, some surgeons may elect to insuf-
flate CO

2
 gas into the ipsilateral hemi-thorax to assist in 

 collapsing the lung and breaking adhesions and to maintain 
the pneumothorax. There is no good evidence that a CO

2
 

insufflation has any benefit. Insufflation of CO
2
 into the ipsi-

lateral hemi-thorax can be associated with hemodynamic 
compromise and significant hypotension since the chest is a 
closed cavity and the increase in intra-thoracic pressure by 
insufflation of CO

2
 will reduce venous return and cardiac out-

put. The pressure inside the thorax must be measured and kept 
low. Keeping the intra-thoracic pressure below 10 cm of H

2
O 

should minimize the negative hemodynamic effects. This is a 
period when communication between surgeon and anesthesi-
ologist is crucial.

Anesthetic Management

After appropriate anesthesia and surgical evaluation, an 
anesthetic plan is devised to allow the patient to be safely 
anesthetized for the surgical procedure and to recover. Most 
patients find it reassuring to have a discussion with their anes-
thesiologist about the anesthetic and postoperative pain relief 
options. The choice of anesthetic technique is variable and 
dependent upon the wishes of the patient and the experience 
of the clinician. While simple diagnostic procedures can be 
performed under local anesthesia by infiltrating the chest wall  
accompanied by light sedation, more complex procedures 
that require sampling of tissue are best done under regional 
(epidural, intercostal blocks) or general anesthesia. The main 
disadvantage of local and regional anesthesia is that the patient 
is required to breathe spontaneously. While this is generally 
tolerated for brief periods of time, most VATS procedures 
today are performed under general anesthesia utilizing OLV 
techniques, which provides better exposure and guarantees a 
secure airway in the lateral decubitus position.

Each of the above techniques has its advantages and dis-
advantages. Decisions regarding postoperative pain relief 
should be made preoperatively. The management of an epi-
dural vs. patient-controlled analgesia (PCA) vs. PRN medica-
tions given by the nurse with or without adjunctive agents is 
best evaluated on a daily basis by a specialist in the field of 
pain management. Additional considerations regarding post-
operative pain management should be given to the likelihood 
of proceeding on to thoracotomy.

Local/Regional Anesthesia

The simplest technique is to use a local anesthetic to infil-
trate the lateral thoracic wall and parietal pleura combined 
with appropriate sedation and supplemental oxygen. Prefer-
ably intercostal nerve blocks can be performed at the level of 
the incision(s) and at two interspaces above and below (see 
Chap. 46). Thoracic epidural anesthesia can also be used [11]. 

Fig. 23.1. Video-assisted thoracoscopic surgery as viewed from the 
foot of the operating table. A well collapsed lung on the side of sur-
gery is necessary for any major procedure.

Fig. 23.2. A stapling devise is used to open the interlobar fissure as 
part of the initial surgical approach during a VATS lobectomy. If the 
lung is not well collapsed there is an increased risk of air-leaks from 
the staple lines.
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For VATS procedures under local or regional anesthesia, an 
ipsilateral stellate ganglion block is often performed to inhibit 
the cough reflex from manipulation of the hilum. To anesthe-
tize the visceral pleura topical local anesthetics can be applied. 
Intravenous sedation with propofol may be needed to supple-
ment regional nerve blocks.

For VATS performed under local or regional anesthesia 
with the patient breathing without assistance, partial collapse 
of the lung on the operated side occurs when air is allowed 
to enter the pleural cavity. The resulting atelectasis may pro-
vide suboptimal surgical exposure. The major disadvantage 
to VATS under local or regional anesthesia is that the patient 
must breathe spontaneously. This is usually tolerated for short 
periods of time, but for major VATS procedures, a general 
anesthetic with OLV is a better choice.

The collapse of the lung provides the surgeon with a work-
ing space, and a chest tube is placed at the conclusion of the 
surgery. Changes in PaO

2
, PaCO

2
, and cardiac rhythm are 

usually minimal when the procedure is performed using local 
or regional anesthesia. With local anesthesia, the spontane-
ous pneumothorax is usually well tolerated because the skin 
and chest wall form a seal around the thoracoscope and limit 
the degree of lung collapse. Occasionally, however, the pro-
cedure is poorly tolerated, and general anesthesia must be 
induced. The insertion of a double-lumen tube (DLT) with the 
patient in the lateral position may be difficult, in which case 
the patient may be temporarily placed in the supine position 
for the intubation.

If general anesthesia is required, a DLT is preferable to a 
single-lumen tube because positive-pressure ventilation via a 
single-lumen tube would interfere with endoscopic visualiza-
tion. In addition, if pleurodesis is being performed, general 
anesthesia through a DLT allows for recontrolled reexpansion 
of the lung. A regional approach is well suited to a patient 
who is motivated to maintain control of their environment, 
a surgeon who can work gently and for a procedure that is 
short in duration. A benefit of regional anesthesia is that it 
wears off slowly over a few hours allowing for oral opioids 
and adjuvant analgesics to be added as needed with minimal 
discomfort to the patient. The risks of this approach include 
accidental intravenous, epidural or spinal injection with asso-
ciated toxicity or cardiopulmonary embarrassment. In experi-
enced hands, complications are rare enough to allow for the 
routine use of regional anesthesia for minor VATS procedures. 
Because the patient is not under general anesthesia and local 
anesthetic has only been applied to the rib cage, the patients 
may complain of discomfort during manipulation of lung tis-
sue with pain referred to the shoulder. Referred shoulder pain 
may be difficult to differentiate from the anginal discomfort 
of cardiac disease.

General Anesthesia

Indications for OLV: “Lung isolation” includes the classical 
absolute indications for OLV, such as massive bleeding, pus, 

and alveolar proteinosis or bronchopleural fistula. The goal is 
to protect the nondiseased contra-lateral lung from contami-
nation. “Lung separation,” on the other hand, refers to cases 
with no risk of contamination to the dependent lung, and is 
performed primarily to improve surgical exposure such as for 
VATS. The inability to completely deflate the nondependent 
lung during VATS leads to poor surgical exposure, which in 
turn can jeopardize the success of the procedure, potentially 
requiring conversion to an open technique. Because of the 
increasing number of diagnostic and therapeutic procedures 
performed with VATS, the need to provide OLV has risen 
significantly. In my institution (EC), approximately 80% of 
the thoracic procedures either begin with or are performed 
entirely with VATS.

Treatment of Hypoxemia During VATS

The application of CPAP by oxygen insufflation to the 
nonventilated lung has traditionally been accepted as 
the best maneuver to treat hypoxemia during OLV [12] 
(see also Chap. 6). This maneuver is well accepted dur-
ing open thoracotomy. Unfortunately, the application of 
CPAP is poorly tolerated by the surgeon during VATS 
because of the obstruction of the surgical field by the 
partially inflated lung [13] (see Fig. 23.3). Since most 
patients will develop atelectasis in the ventilated depen-
dent lung during general anesthesia in the lateral posi-
tion (see Fig. 23.4), recruitment maneuvers [14], and the 
application of PEEP to the ventilated-lung are useful in 
the majority of patients, except those with severe obstruc-
tive lung disease [15] (see Fig. 23.5). A useful method of 
improving oxygenation during OLV for VATS is the bron-
choscopic-guided insufflation of oxygen into segments of 
the nondependent lung remote to the site of surgery [16] 
(see Chap. 6, Fig. 6.11).

Fig. 23.3. During a VATS lobectomy the excised lobe is placed in a 
retrieval bag before being removed through a small chest wall inci-
sion. Good collapse of the operative lung is required for the surgeon 
to perform this operation.
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Improving Lung Collapse During VATS

Since a collapsed immobile lung on the side of surgery is 
 fundamental to VATS for major pulmonary resections, one of 
the Anesthesiologists responsibilities is to facilitate collapse 
of the nonventilated lung. There are three basic manuvers that 
will increase the rate of lung collapse.

1. Eliminate all nitrogen from the operative lung prior to 
the initiation of lung collapse. The poorlysoluble nitrogen 
in air delays collapse in nonventilated alveoli. Although 

the use of air–oxygen mixtures are desirable to prevent 
the development of atelectasis in the ventilated lung dur-
ing one-lung anesthesia, if air is present in the nonventi-
lated lung at the start of OLV it will delay collapse [17] 
(see Chap. 6, Fig. 6.6). It is best to ventilate with a FiO

2
 of 

1.0 for a period of 3–5 min immediately prior to the start of 
OLV to de-nitrogenate the operative lung. After a recruit-
ment manuver of the ventilated dependent lung, air can then 
be reintroduced to the gas mixture after the start of OLV as 
tolerated, according to the arterial oxygen saturation.

2. Avoid entrainment of room air into the nonventilated lung 
during closed-chest OLV. Many anesthesiologists will begin 
OLV as soon as possible to encourage lung collapse prior 
to the start of surgery. However during closed-chest OLV, 
if the lumen of the DLT to the nonventilated lung is open 
to atmosphere, passive paradoxical ventilation of the non-
ventilated lung will occur (inspiration during the expiratory 
phase of the ventilated lung) and air will be drawn into the 
nonventilated lung delaying collapse (see Fig. 23.6). It has 
been shown that these passive tidal volumes are approxi-
mately 130 mL/breath [18] which far exceeds the dead-
space of one side of a DLT (10–15 mL). These passive tidal 
volumes cease as soon as atmospheric pressure is allowed 
into the operative hemi-thorax.

3. Apply suction to the lumen of the DLT or bronchial blocker 
to the nonventilated lung at the start of OLV. Low suction 
(−20 cm H

2
O) improves the rate of lung collapse for both 

open thoracotomy and VATS [19] (see Fig. 23.7). It is not 
clear whether the effect of suction is due to the negative pres-
sure or simply due to a suction catheter preventing passive en-
trainment of air into the nonventilated lung (see Fig. 23.8).

Fig. 23.5. A comparison of the effects of PEEP and CPAP on oxy-
genation during one-lung ventilation in patients with COPD (Capan) 
vs. normal pulmonary function (Fujiwara). PEEP improves PaO

2
 for 

most patients with normal pulmonary function during OLV (asterisk 
significant improvement p < 0.05) but decreases PaO

2
 in patients with 

COPD (based on data from Thomsen [13] and Fujiwara et al. [15]).

Fig. 23.6. Passive paradoxical gas exchange occurs in the nonventi-
lated lung during OLV if the chest is closed. As the mediastinum falls 
during exhalation of the ventilated lung, the resultant negative pres-
sure in the nonventilated hemi-thorax entrains room air into the non-
ventilated lung if the lumen of the DLT is open to atmosphere. This air 
is then expired during the inspiration phase of the ventilated lung. The 
passive tidal volumes depend on the size of the patient and cease once 
the initial VATS port allows atmospheric pressure to equilibrate in the 
nonventilated hemi thorax (based on data from Pfitzner et al. [18]).

Fig. 23.4. Chest CT scan during general anesthesia in the lateral 
position. The white arrow points to a plaque of atelectasis in the 
dependent lung. Most patients develop atelectasis in the dependent 
lung during anesthesia.
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Verifying Patency of Remaining Bronchi

During open thoracotomy for lobectomy, to ensure that the 
patency of a bronchus to a remaining lobe has not been com-
promised, the surgeon will often ask the anesthesiologist to 
temporarily reinflate the nonventilated lung after the stapling 
device has occluded the bronchus to the operative lobe or 
segment, just before the desired bronchus is cut and stapled. 

Reinflation of the ipsilateral remaining lobe(s) ensures the 
patency of their bronchi. However, during a VATS resec-
tion, this manuver impairs the surgeon’s ability to visualize 
the surgical field and to proceed with the resection. To avoid 
this potential for compromise of noninvolved bronchi during 
VATS the anesthesiologist may be asked to perform fiberoptic 
bronchoscopy at this stage to ensure that the bronchi to the 
remaining ipsilateral lobe(s) is/are patent (see Fig. 23.9a, b). 
To perform this, the anesthesiologist needs a detailed knowl-
edge endoscopic bronchial anatomy (see Chap. 16).

Lung Isolation

The use of DLT has classically been considered the “gold 
standard” for achieving OLV. Proper position of the DLT or 
endobronchial blocker is often confirmed in the supine posi-
tion, but it is when the patient has been placed in the lateral 
decubitus position that matters most since the surgery will take 
place in that position and dislocation during position changes 
are not uncommon. A study conducted by Narayanaswamy 
et al. [19] showed in 104 patients undergoing left-sided lung 
surgery that, in regards to quality of surgical exposure, there 
was no difference between the use of bronchial blockers 
(Arndt wireguided, Cohen Flexi-tip, Fuji Uni-blocker) and a 
left-sided DLT. However, significant differences were found 
favoring the use of DLTs with regards to time to initial lung 
deflation and amount of repositioning required after initial 
placement of the lung isolation device. Since most VATS pro-
cedures require lung separation and not isolation, the insertion 
of a bronchial blocker to obtain OLV is an attractive alter-
native to a DLT, especially since multiple intubations of the 
trachea will not be necessary when using a bronchial blocker. 
Additionally, a difficult intubation is even more difficult much 
when using a DLT.

Management of One-Lung Ventiliation

Peak airway pressure, delivered tidal volume (spirometry) and 
the wave-form of the capnogram, should be inspected to iden-
tify obstruction or reduced end-tidal carbon dioxide tension 
from inadequate gas exchange subsequent to DLT malposi-
tion. A peak airway pressure of up to 35 cm H

2
O during OLV 

is acceptable. A sudden increase in the peak airway pressure 
(during volume-controlled ventilation) may be from DLT 
or endobronchial blocker dislocation. These tube or blocker 
movements are often a consequence of surgical manipula-
tion. During pressure-controlled ventilation, this will present 
as a fall in tidal volume. When OLV is required, a FiO

2
 of 

1.0 provides the greatest margin of safety against hypoxemia. 
When using a FiO

2
 of 1.0, assuming a typical HPV response, 

the expected PaO
2
 during OLV should be between 150 and 

210 mmHg. I typically ventilate OLV patients with a tidal vol-
ume of 6–7 mL/kg, PEEP 5 cm H

2
O, and at a respiratory rate 

sufficient to maintain a PaCO
2
 of 35 ± 3 mmHg. Following 

the initiation of OLV, PaO
2
 can continue to decrease for up 

Fig. 23.7. The application of low suction to the channel of a bron-
chial blocker (in this case the Arndt blocker) or to the lumen of the 
DLT to the nonventilated lung significantly improves the speed of 
lung collapse measured both 10 min (shown here) and 20 min after 
the start of OLV (based on data from Narayanaswamy et al. [19]).

Fig. 23.8. Photograph of suction being applied via a catheter to the 
tracheal lumen of a left-sided DLT during a right-sided VATS proce-
dure. Low suction (−20 cm H

2
O) should be applied from the start of 

OLV until the nonventilated lung is completely collapsed.
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to 45 min; hence, a pulse oximeter is indispensable. Should 
hypoxia occur, proper positioning of the DLT should be recon-
firmed using fiberoptic bronchoscopy.

Other Anesthetic Considerations for VATS

In addition to the usual complications related to intra-thoracic 
surgery and anesthesia, thorascopic procedures can be associ-
ated with massive hemorrhage and decreased inability to con-
trol large blood vessels. Maintaining stable hemodynamics can 
present a challenge until the surgeon gets control of the source 
of bleeding which may require conversion to an open thoraco-
tomy. Therefore, large bore intravenous catheters are even more 
critical for VATS procedures than open thoracotomy where the 
hilar blood vessels can be controlled easier. Bleeding can be 
from placement of trocars into the lung or great vessels.

A false assumption that is made by patients coming for 
minimal invasive surgery is that the perioperative risk will 
also be “minimal.” VATS is frequently described to the patient 
and their family as a simple entry into the chest. While VATS 
is associated with improved healing, lung function and shorter 
hospital length of stay, by no means should one be lured 
into thinking that the procedure is any less invasive than an 
open thoracotomy. Diagnostic VATS procedures are being 
increasingly performed on ASA III–IV patients, who histori-
cally would have been classified as inoperable using an open 
approach. An example would be a patient on the cardiac trans-
plant list that needs a pretransplant tissue diagnosis of a lung 
lesion seen on a preoperative chest X-ray. Consequently, very 
ill patients requiring flawless lung separation techniques, who 
expect an uneventful perioperative course, pose an increased 
stress for the anesthesia team.

Postoperative Pain Management

Extensive discussion of the management of postthoracotomy 
pain can be found in Chap. 46. A commonly cited advantage 
of VATS when compared to open thoracotomy is a reduction 
in postoperative pain. While this is true in a relative sense, 
VATS procedures are still associated with a significant amount 
of postoperative pain, that is not only disturbing to patients, 
but may be associated with pain-related morbidities and pro-
longed hospital stays. The preponderance of literature sug-
gests that VATS lung resection is associated with decreased 
postoperative pain compared with conventional thoracotomy. 
Sugiura and colleagues found a reduced duration of epidu-
ral catheter use, less narcotic use, decreased frequency of 
analgesic administration, and possibly a lower incidence of 
postthoracotomy pain syndrome in patients undergoing VATS 
compared with those undergoing thoracotomy [20].

Thoracic epidural analgesia has a long track-record of effi-
cacy and safety and is considered by many anesthesiologists 
the gold standard in pain relief during the postoperative period 
for the thoracic patient. While other forms of postoperative 
analgesia are possible, many are associated with unwanted 
side effects. Systemic opioids are respiratory depressive and 
inhibit the cough reflex. Nonsteroidal antiinflammatory medi-
cation can inhibit coagulation and in isolation do not suffice to 
control the immediate postoperative pain experienced by this 
patient population. The utilization of paravertebral blocks has 
shown promise as an alternative to epidural analgesia.

The control of postoperative pain in patients after intra-
 thoracic surgery is critical to the rehabilitation of their respira-
tory function. Postoperative pain in the chest wall can cause 
splinting which will impair couching, deep breathing leading to 

Fig. 23.9. (a) Normal anatomy of the secondary carina of the left lung as seen during fiberoptic bronchoscopy during VATS lobectomy. 
The left upper lobe orifice is at the upper right. The posterior wall of the mainstem bronchus is identified by the longitudinal elastic bundles, 
seen at 9 o’clock, which extend into the left lower lobe. (b) A surgical stapler has been applied to the left upper lobe bronchus. The anesthe-
siologist is asked to ensure that the bronchus to the left lower lobe remains patent, as seen in the photograph, prior to firing the stapler.
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retention of secretions and a decrease in FRC. These problems 
have been shown to be a source of great morbidity and should 
be managed aggressively. The options for postoperative pain 
management should begin preoperatively and not postopera-
tively. A frank discussion with the patient will allow the patient 
to discuss their fears of anesthesia and postoperative pain. Pain 
control options include: Cognitive/behavioral (i.e., relaxation, 
distraction and imagery techniques), Intravenous administra-
tion of opioids and adjuvant agents (i.e., nonsteroidal antiin-
flammatory drugs, tri-cyclic agents) on an “around the clock” 
and or PRN basis, PCA intravenous pumps, neuraxial (epidural, 
intrathecal) agents (local anesthetics, opioids, ketamine, cloni-
dine, alpha agonists), intermittent neural blockade (with local 
anesthetics, cryoprobe, neurolytic agents ) or continuous neural 
blockade (with an intrapleural catheter), physical application 
of hot and cold compresses or TENS (transcutaneous electrical 
nerve stimulation). The surgical technique plays a very impor-
tant part in the level of pain the patient will have postopera-
tively. There should be less pain associated with a VATS vs. 
open thoracotomy since there is less chest wall muscle dam-
age. Controversy exists whether thoracic epidural analgesia is 
necessary for procedures performed with VATS since the pain 
experience is less dominated by the incisional component, com-
pared to a thoracotomy. Thoracoscopy pain reflects more the 
visceral, pleural and diaphragmatic nociceptive components. 
Multimodal techniques involving a combination of intraopera-
tive intercostal nerve blocks, pre and postoperative oral antiin-
flammatories and postoperative intravenous patient-controlled 
opioid analgesia is a common strategy for the majority of VATS 
patients in many centers. Thoracic epidural may be reserved for 
patients with severe pulmonary dysfunction who are at a high 
risk for postoperative respiratory complications.

Clinical Case Discussion

A 67-year-old-male with a right upper lobe nonsmall cell 
lung tumor is scheduled for VATS right upper lobectomy 
(see Fig. 23.10). He has COPD, preoperative FEV1 is 57% 
predicted and DLCO is 60%. No other comorbidities. After 
intravenous induction of anesthesia he is intubated with a left 
DLT. After turning the patient to the left lateral position and 
confirming the position of the DLT with fiberoptic bronchos-
copy, one-lung anesthesia is begun with sevoflurane (1MAC) 
and a FiO

2
 of 1.0, pressure-control ventilation, tidal volume 

6 mL/kg, resp. rate 12/min. When the surgeon places the VATS 
camera in the right chest the lung is not completely collapsed. 
What can be done to improve lung collapse?

Answer: The position of the DLT should be reconfirmed with 
bronchoscopy. The adequacy of lung isolation should be con-
firmed by verifying that the inspired and expired tidal vol-
umes of the left lung match using side-stream spirometry (the 
expired tidal volume is often a small percentage lower than 
the inspired volume due to the greater uptake of oxygen than 
the production of CO

2
). The use of FiO

2
 1.0 to the operative 

lung prior to the initiation of OLV will increase the rate of 

lung collapse and a low suction (20 cm H
2
O) applied to the 

nonventilated lung will also speed collapse (see text).

With the onset of OLV the arterial oxygen saturation begins 
to slowly decrease. All other vital signs are stable: HR 78, BP 
130/82 and PetCO

2
 32 mmHg. After 20 min of surgery the 

SpO
2
 has fallen to 89% and continues to decline. What is the 

most appropriate next step?

Answer: After reconfirming the FiO
2
 and the correct posi-

tion of the DLT with bronchoscopy, a recruitment manuver 
of the left lung is performed and PEEP 5 cm H

2
O is added to 

the left lung. In spite of these therapies the SpO
2
 continues to 

fall and is now 87%. The Anesthesiologist suggests applying 
CPAP to the operative left lung. The Surgeon is adamant that 
he/she will not be able to complete the operation as a VATS 
procedure if CPAP is necessary and will have to convert to an 
open thoracotomy. Is there any other therapy that can improve 
oxygenation and will not interfere with surgical exposure?

Answer: Guided insufflation of oxygen at 5 L/min into the 
basilar segments of the right lower lobe is performed for 30 s. 
via the suction channel of the fiberoptic bronchoscope while 
the surgeon monitors the insufflation using the VATS camera 
(see Chap. 6, Fig. 6.11). After partial reinflation of the anterior 
and lateral basal segments of the right lower lobe the SpO

2
 

increases to 93% and surgery continues. The bronchoscopic 
segmental insufflation needed to be repeated once again 20 min 
later when the SpO

2
 fell to <90%. Surgery was completed 

without complication or conversion to open thoracotomy. 
Management of hypoxemia during VATS procedures is out-
lined in Table 23.4.

Fig. 23.10. Chest X-ray of a patient with a right upper lobe nons-
mall cell lung cancer scheduled for VATS lobectomy. The patient has 
moderate COPD as evidenced by the hyperinflation of the lungs and 
the narrow cardiac silhouette.
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Table 23.4. Management of hypoxemia during VATS.
Severe or acute desaturation

Resume two-lung ventilation
Gradual desaturation

1. Assure FiO
2
 = 1.0

2.  Check double-lumen tube or bronchial blocker placement with 
fiberoptic bronchoscopy

3. Optimize cardiac output
4. Recruitment maneuver of the ventilated lung
5.  Apply PEEP 5 cm H

2
O to ventilated lung (except moderate-severe 

COPD patients)
6.  Partial ventilation of the nonventilated lung

(i) Segmental reinflation (with fiberoptic bronchoscopy)
(ii) High frequency jet ventilation
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24
Anesthesia for Patients with End-Stage  
Lung Disease
Martin Ma and Peter Slinger 

Key Points

Preoperative optimization with pulmonary rehabilitation, 
smoking cessation, and education can improve surgical out-
comes in patients with end-stage lung disease (ESLD).
ESLD is associated with a high incidence of pulmonary 
hypertension and right ventricular dysfunction. The anes-
thetic goals for these patients include optimizing preload, 
maintaining a low normal heart rate, maintaining con-
tractility, decreasing pulmonary vascular resistance, and 
ensuring systemic pressures are greater than pulmonary 
pressures.
Compared with general anesthesia, regional anesthesia and 
analgesia may reduce the risk of pulmonary complications 
and perioperative morbidity.
Even mild pulmonary insults will be poorly tolerated by 
patients with ESLD. Ventilation strategies that utilize low 
tidal volumes and low airway pressures may reduce the risk 
of volutrauma, barotrauma, and acute lung injury.

Intraoperative management can facilitate early recovery and early 
tracheal extubation after general  anesthesia.  Short-acting 
anesthetic agents are recommended. As  elimination of 
inhalational agents is impaired by ESLD, total intravenous 
anesthesia (TIVA) may be preferred. Maintenance of nor-
mothermia will avoid increases in ventilatory demand asso-
ciated with postoperative shivering.
Effective postoperative analgesia is essential in patients 
with ESLD. Regional analgesia is preferred over parenteral 
opioid analgesics. Adjuvant pain medications which have 
an opioid-sparing effect should be used.
Chronic obstructive pulmonary disease is a common cause 
of ESLD. Severe airflow obstruction results in a high risk of 
air-trapping, pneumothorax, and dynamic hyperinflation. In 
addition to aggressive bronchodilation, ventilation with low 
inspiratory:expiratory ratios (1:3 to 1:4.5) and low respira-
tory rates (6–10/min) will optimize expiratory airflow.
Cystic fibrosis is a multisystemic disease that results in 
abnormally viscous secretions. Inability to clear pulmonary 
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secretions results in airflow obstruction and chronic infec-
tion. Management focuses on improving sputum clearance 
and minimizing airway obstruction.
The interstitial lung diseases cause lung restriction and are 
characterized by chronic inflammation and fibrosis. Ven-
tilation strategies that minimize tidal volume and airway 
pressures should be used.

Introduction

Providing a safe anesthetic for patients with end-stage lung 
disease (ESLD) is a challenge. Postoperative pulmonary com-
plications are poorly tolerated in this group of patients and can 
result in significant morbidity and mortality. Ideally, efforts to 
minimize this risk begin in the preoperative period with patient 
education, pulmonary rehabilitation programs, and smoking 
cessation counseling. Although this is not always possible, 
participation in these programs can reduce perioperative com-
plications. Intraoperatively, problems may include inadequate 
oxygenation and ventilation, as well as barotrauma, volu-
trauma, and acute lung injury (ALI). In this high-risk patient 
population, an anesthetic technique that facilitates early recov-
ery and tracheal extubation is also of key importance. Optimal 
perioperative management of patients with ESLD requires a 
multidisciplinary medical team approach that includes respi-
rologists, surgeons, nurses, physiotherapists, respiratory ther-
apists, and of course anesthesiologists. This chapter begins 
with an overview of the management considerations that are 
applicable to all patients with ESLD. This discussion is sum-
marized in Table 24.1. Specific considerations for the most 
common causes of ESLD including chronic obstructive lung 
disease (COPD), cystic fibrosis (CF), and interstitial lung dis-
ease (ILD) are then outlined.

Preoperative Optimization

Pulmonary Rehabilitation

In patients with ESLD, pulmonary rehabilitation programs can 
improve overall functional status. The primary focus of this 
comprehensive intervention is the reversal of peripheral mus-
cle deconditioning through both aerobic and strength training. 
Patient education, improved nutrition, and psychosocial sup-
port are also key elements. Improved muscle function results in 
greater physical stamina. For any given activity this translates 
into decreased lactic acid production, decreased carbon dioxide 
(CO

2
) production, and thus, decreased ventilatory demand [1, 

2]. Although this benefits all patients with ESLD, it is particu-
larly relevant to those with COPD in whom hyperventilation 
causes inadequate expiratory time, dynamic hyperinflation, 
and worsened dyspnea. The educational component of pulmo-
nary rehabilitation aims to improve the patient’s understanding 
of the disease and its management. Common themes include 
smoking cessation, the early detection and treatment of pulmo-
nary exacerbations, the role of exercise in improving function, 
and promoting compliance with therapy. ESLD is often associ-
ated with poor nutritional status which results in muscle catabo-
lism. In and of itself, aggressive nutritional support in patients 
with advanced lung disease has not led to clinically relevant 
improvements in functional outcome [3–5]. When used in con-
junction with exercise, nutritional support may improve lean 
muscle mass function and improve exercise performance [6].

After studying most extensively in patients with COPD, 
pulmonary rehabilitation programs have been shown to sig-
nificantly improve exercise capacity and health-related qual-
ity of life while reducing the severity of dyspnea [5, 6]. In 
a metaanalysis of 18 studies by Cambach et al. [7], pulmo-
nary rehabilitation significantly improved maximal exercise 
capacity, endurance time, and walking distance of patients 
with COPD. In a more recent meta-analysis of 31 randomized 
controlled trials, the mean distance walked by patients with 
COPD in 6 min increased by 48 m following training. This 
approximated the estimated minimum clinically significant 
difference of 50 m [8]. In both reviews, a significant improve-
ment in quality of life measures of dyspnea, fatigue, emotion, 
and patient control over disease were observed [7, 8].

Although the impact of pulmonary rehabilitation is less 
well studied for other forms of ESLD, current evidence sug-
gests that it is beneficial. In a study comparing 309 patients 
with COPD and 113 with non-COPD lung disease, a 6-week 
rehabilitation program resulted in similar statistically signifi-
cant improvements in exercise tolerance and quality of life 
markers [9]. A similar outcome was observed in a study spe-
cifically comparing 26 patients with restrictive lung disease to 
40 patients with COPD [10]. In a small study of 25 patients 
with pulmonary hypertension, an exercise program reduced 
New York Heart Association dyspnea scores and improved 
6-min walk test results [11]. For CF patients, exercise train-
ing has been associated with a reduction in lactate levels and 

Table 24.1. Summary of anesthetic management for patients with 
end-stage lung disease (ESLD).

Optimization Enroll patients in pulmonary rehabilitation
Encourage smoking cessation
Educate patients on postoperative chest physiotherapy
Ensure preoperative use of routine bronchodilators

Anesthesia Patients may have pulmonary hypertension. These goals 
are summarized in Table 24.4

Regional anesthesia and analgesia will minimize the 
risk of postoperative pulmonary complications

Emergence is more predictable with short-acting agents 
and total intravenous anesthesia (TIVA)

Maintain normothermia
Avoid prophylactic insertion of nasogastric tubes

Ventilation Use low tidal volume ventilation ( 6 mL/kg)
Maintain airway pressures as low as possible

Postoperative  
care

Patients will require care in a monitored setting post-
operatively (e.g., step down unit, intensive care unit)

Minimize opioid use while maximizing nonopioid pain 
medications
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heart rate [12]. Current evidence-based guidelines strongly 
 recommend pulmonary rehabilitation programs for patients 
with COPD and other causes of ESLD [6].

In the preoperative setting, pulmonary rehabilitation is man-
datory for patients undergoing lung volume reduction surgery 
(LVRS) and lung transplantation. For these high-risk proce-
dures, successful completion of pulmonary rehabilitation is 
used not only as a marker for patient motivation and therapy 
compliance, but also as a risk assessment tool. For example, 
the National Emphysema Treatment Trial (NETT) found that 
patients with primarily upper lobe emphysema and low maxi-
mal workload after rehabilitation benefited from LVRS. In 
comparison, patients with non-upper lobe emphysema and 
high maximal workload following rehabilitation have higher 
mortality rates with LVRS than conservative management 
with medical therapy only [13].

There is a growing interest in establishing whether preop-
erative pulmonary rehabilitation may play a role in either (1) 
improving exercise reserve sufficiently to enable borderline 
operative candidates to undergo surgery, or (2) improving 
perioperative outcome. Patient suitability for lung resection 
is commonly based upon three factors: respiratory mechanics, 
lung parenchymal function, and cardio-pulmonary reserve. 
While lung function is relatively fixed, cardio-pulmonary 
reserve can be improved. In a small pilot study, eight COPD 
patients with resectable lung cancers were denied surgery as a 
result of poor pulmonary function (mean preoperative forced 
expiratory volume in 1 s predicted = 40%). Following 4 weeks 
of pulmonary rehabilitation, all eight patients successfully had 
a lobectomy [14]. With respect to improving patient outcome, 
the role of preoperative pulmonary rehabilitation has been 
examined in one small study of 45 patients with COPD under-
going coronary artery bypass grafting. Pulmonary rehabilita-
tion led to significantly lower postoperative ventilation times, 
postoperative complications, and hospital length of stay [15]. 
Although the preoperative role of pulmonary rehabilitation 
appears promising, there is currently very little clinical evi-
dence to support or refute its use.

Smoking Cessation

The link between smoking and increased perioperative mor-
bidity is well established in the literature. From an anesthe-
siologist’s perspective, smoking increases the relative risk 
of postoperative pulmonary complications by up to six times 
[16]. A common concern is the increased risk of laryngos-
pasm and bronchospasm. High levels of carbon monoxide 
limit the ability of hemoglobin to bind and transport oxy-
gen, predisposing surgical patients to an increased risk of 
hypoxia. Smoking increases airway mucous production and 
impairs ciliary function resulting in poor sputum clearance. 
This, in combination with smoke-induced impairment of 
immune function, increases the likelihood of developing 
postoperative pneumonia. The long-term pulmonary conse-
quence of smoking is worsening airway obstruction as mea-
sured by the forced expired volume in 1 s (FEV

1
). Although 

cessation will not reverse the degree of airway obstruction 
caused by smoking, it does reduce the rate at which FEV

1
 

subsequently declines (Fig. 24.1). Nicotine causes direct 
coronary vasoconstriction as well as an increase in the rate-
pressure product. This contributes to the observation that 
smokers with no history of coronary artery disease have 
significantly more episodes of ST segment depression dur-
ing surgery than nonsmokers [17]. Other concerns include 
impaired wound healing and perioperative venous thrombo-
sis secondary to a procoagulant state caused by nicotine. The 
reversible effects of smoking are summarized in Table 24.2. 
Given the potential perioperative cardio-respiratory compli-
cations of smoking, preoperative cessation is important for 
patients with ESLD.

Although the long-term benefits of smoking cessation are 
undisputed, its timing before surgery is controversial. A clear 
reduction in pulmonary complications occurs when smok-
ing cessation occurs 2 months prior to surgery. In a study 
of 200 patients undergoing coronary artery bypass surgery, 
Warner et al. examined the rates of pulmonary complications 
in relation to timing of smoking cessation. The pulmonary 

Fig. 24.1. Decline in FEV
1
 with age and smok-

ing (reprinted from Kemp et al. [84]. © 2009 
with permission from Elsevier).
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complication rates were 33% for current smokers, 14.5% for 
ex-smokers who quit >2 months preoperatively, 11.9% for 
ex-smokers who quit >6 months preoperatively, and 11.1% 
for nonsmokers. Interestingly, however, if patients stopped 
smoking less than 2 months before surgery, the incidence 
of perioperative complications (57.1%) was actually higher 
than patients who continued to smoke [18]. A similar trend 
has also been observed by Nakagawa et al. [19]. In another 
study, patients who reduced but did not stop cigarette use 
had a 14.2 greater relative risk of pulmonary complications 
than patients who continued their usual cigarette consump-
tion [16]. Why complication rates may rise when smoking 
is reduced or stopped less than 2 months before surgery 
remains unclear. More recently, a study of 300 patients 
undergoing thoracotomy for lung cancer resection found no 
evidence of a paradoxical increase in pulmonary complica-
tions among those who quit smoking within 2 months of sur-
gery [20]. The conflicting data results in a dilemma. Because 
anesthesiologists typically meet patients a few weeks or days 
prior to surgery, should we advise smokers to reduce or stop 
cigarette use? For many physicians, to deliberately avoid an 
opportunity to counsel against smoking would seem coun-
terintuitive. At the very least, patients should probably be 
advised to stop smoking 12–24 h prior to surgery to mini-
mize the concentration and harmful effects of carbon mon-
oxide and nicotine.

Effective interventions to assist patients who wish to quit 
smoking include medical advice and pharmacotherapy such as 
nicotine replacement, buproprion, and clonidine. In one study, 
117 smokers scheduled for elective orthopedic or general sur-
gery were randomized to either the smoking cessation inter-
vention group or the control group. Beginning 4 weeks prior 
to surgery, and ending 4 weeks after surgery, the intervention 
group received weekly counseling and free nicotine replace-
ment therapy. The intervention group was significantly more 
likely to not smoke throughout the perioperative period (36% 
vs. 2%; P < 0.001) and remain abstinent 1 year after (33% vs. 
15%; P = 0.03) [21].

Medical Optimization

To minimize the risk of perioperative pulmonary complications, 
care must be taken to ensure that patients with ESLD are med-
ically optimized prior to elective surgery. Bronchospasm and 
difficulty in clearing sputum are common problems in patients 
with COPD, bronchiectasis, and CF, and may contribute to 
the development of hypoxia, atelectasis, and pneumonia. This 
risk may be decreased with the use of maximal bronchodilator 
and inhaled glucocorticoid therapy in the immediate preop-
erative period. In patients with ineffective sputum clearance, 
chest physiotherapy is warranted. While this recommenda-
tion makes intuitive sense, there are no controlled trials that 
prove efficacy [22, 23]. During an acute exacerbation, patients 
may benefit from aggressive antibiotic and systemic steroid 
therapy [23–25]. The development of pulmonary hyperten-
sion is common among all patients with ESLD. Appropriate 
medical therapy to minimize pulmonary artery pressure (PAP) 
and improve right ventricular function should be instituted as 
needed prior to surgery.

Chest Physiotherapy Education

Impaired mucociliary clearance, decreased lung volumes, 
atelectasis, bed rest, diaphragmatic dysfunction, shallow 
breathing, and pain all contribute to the development of post-
operative pulmonary complications. Various forms of chest 
physiotherapy including incentive spirometry, cough/deep 
breathing exercises, intermittent positive pressure breathing, 
and continuous positive airway pressure have been used with 
equal efficacy to minimize this risk [26]. In one study, 174 
patients undergoing major abdominal surgery were random-
ized to either intervention with postoperative chest physio-
therapy or control. Chest physiotherapy significantly reduced 
the incidence of both pneumonia, as well as all pulmonary 
complications (6% vs. 27%; P < 0.001) [27].

The benefit of chest physiotherapy is even greater when 
patients participate in an intensive chest physiotherapy educa-
tion session preoperatively. In a randomized controlled trial, 
279 patients undergoing coronary artery bypass grafting were 
randomized to either “intensive muscle training” (IMT) or the 
control group. IMT program trained patients daily for a mini-
mum of 2 weeks preoperatively in breathing exercises, forced 
exhalation techniques, and the use of inspiratory spirometry. 
The control group received instruction on deep breathing 
maneuvers, coughing and early ambulation on the day prior to 
surgery. Postoperative management of both groups was simi-
lar and consisted of incentive spirometry, chest physiotherapy, 
and mobilization. Compared with postoperative physiotherapy 
only, IMT further reduced the incidence of postoperative pul-
monary complications (18% vs. 48%; P = 0.02) and pneumonia 
(6.5% vs. 16.1%; P = 0.01) by approximately 60% [28]. The 
reduction in pulmonary complications with preoperative phys-
iotherapy education and training may relate to improved com-
pliance and performance in the postoperative period [22].

Table 24.2. Reversible effects of smoking.

Respiratory
 Carbon monoxide
 Mucous production  Risk of hypoxia

 Risk of pulmonary infections Ciliary function
 Immune function
 Airway reactivity  Risk of bronchospasm

Cardiac
 Rate-pressure product

 Risk of ischemia Myocardial O
2
 consumption

Coronary vasoconstriction

Hematologic
 Macrophage function
 Platelet aggregation  Immune function

 Risk of thrombosis Coagulation
Impaired wound healing
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Pulmonary Hypertension and Right  
Ventricular Function

Although primary pulmonary hypertension may in and of itself 
be a cause of ESLD, this is rare condition that has an incidence 
of only 1–2 per million [29, 30]. Much more commonly, pul-
monary hypertension is the result of chronic hypoxemia and 
ESLD. The classification of pulmonary hypertension is sum-
marized in Table 24.3. While estimates vary widely depending 
on disease severity and the method of measurement, the prev-
alence of pulmonary hypertension (mean PAP >25 mmHg) in 
advanced COPD, IPF, and CF ranges from 40 to 50% [31, 
32]. As PAPs rise, evidence of cor pulmonale develops as 
increased strain causes the right ventricle to hypertrophy and 
become dysfunctional. In the United States, cor pulmonale 
accounts for 10–30% of all heart failure admissions, of which 

84% are secondary to COPD [31]. The risk of right  ventricular 
ischemia is also increased. The right ventricle is normally per-
fused throughout the cardiac cycle. However, the increased 
right ventricular transmural and intracavitary pressures asso-
ciated with pulmonary hypertension may restrict perfusion of 
the right coronary artery during systole, especially if PAPs 
approach systemic levels.

The impact of pulmonary hypertension on right ventricular 
dysfunction has several anesthetic implications. The cardiac 
goals are similar to other conditions in which cardiac output 
is relatively fixed. These are summarized in Table 24.4. Care 
should be taken to avoid physiologic states which will worsen 
pulmonary hypertension such as hypoxemia, hypercarbia, 
acidosis, and hypothermia. Conditions which impair right 
ventricular filling such as tachycardia and arrhythmias may 
not be well tolerated. Ideally, under anesthesia, right ventricu-
lar contractility and systemic vascular resistance (SVR) are 
maintained or increased while pulmonary vascular resistance 
(PVR) decreases. This would ensure forward flow and mini-
mize the risk of right ventricular ischemia. In practice, these 
goals can be a challenge to achieve because anesthetics are 
commonly associated with either (1) a decrease in SVR and a 
variable effect on PVR (e.g., propofol, thiopental, inhalational 
agents), or (2) minimal effects on systemic and pulmonary 
vascular tone (e.g., benzodiazapines, opioids) [33]. Ketamine 
may be an interesting exception. Known for its sympathomi-
metic effects, ketamine increases cardiac contractility and 
SVR. However, its effect on PVR is controversial. Though 
concern is often raised over ketamine’s potential to worsen 
pulmonary hypertension [34, 35], some animal in vitro and 
human clinical studies have suggested that it may decrease 
PVR [29, 33, 36]. Anecdotally, at the author’s institution, 
ketamine is commonly and safely used to induce patients 
with severe pulmonary hypertension. Inotropes such as dobu-
tamine and phosphodiesterase inhibitors (e.g., milronone) 
will improve right ventricular function while reducing PVR. 
However, they also cause systemic vascular tone to decrease.  

Table 24.3. Classification of pulmonary hypertension.

1. Pulmonary arterial hypertension (PAH)
 1.1. Idiopathic PAH
 1.2. Heritable

  1.2.1.  Bone morphogenetic protein receptor type II gene 
abnormality

  1.2.2.  Activin receptor-like kinase 1 or endoglin gene abnormality 
(with or without hereditary hemorrhagic telangiectasia)

  1.2.3. Unknown
 1.3. Drug- and toxin-induced
 1.4. Associated with

  1.4.1. Connective tissue diseases
  1.4.2. HIV infection
  1.4.3. Portal hypertension
  1.4.4. Congenital heart diseases
  1.4.5. Schistosomiasis
  1.4.6. Chronic hemolytic anemia

 1.5 Persistent pulmonary hypertension of the newborn
2. Pulmonary veno-occlusive disease (PVOD) and/or pulmonary capillary 

hemangiomatosis (PCH)
3. Pulmonary hypertension owing to left heart disease
 3.1. Systolic dysfunction
 3.2. Diastolic dysfunction
 3.3. Valvular disease
4. Pulmonary hypertension owing to lung diseases and/or hypoxia
 4.1. Chronic obstructive pulmonary disease
 4.2. Interstitial lung disease (ILD)
 4.3.  Other pulmonary diseases with mixed restrictive and obstructive 

pattern
 4.4. Sleep-disordered breathing
 4.5. Alveolar hypoventilation disorders
 4.6. Chronic exposure to high altitude
 4.7. Developmental abnormalities
5. Chronic thromboembolic pulmonary hypertension (CTEPH)
6. Pulmonary hypertension with unclear multifactorial mechanisms
 6.1. Hematologic disorders: myeloproliferative disorders, splenectomy
 6.2.  Systemic disorders: sarcoidosis, pulmonary Langerhans cell histio-

cytosis: lymphangioleiomyomatosis, neurofibromatosis, vasculitis
 6.3.  Metabolic disorders: glycogen storage disease, Gaucher disease, 

thyroid disorders
 6.4.  Others: tumoral obstruction, fibrosing mediastinitis, chronic renal 

failure on dialysis

Reproduced from Simonneau et al. [115] with the permission from Elsevier

Table 24.4. Anesthetic goals in pulmonary hypertension.

Optimize preload Hypovolemia will further impair cardiac output
Hypervolemia will precipitate right ventricular 

failure
Maintain a  

low-normal HR
Tachycardia will impair ventricular filling and 

cardiac output
Maintain RV  

contractility
Consider inotropes including epinephrine, 

 norepinephrine, dobutamine, and phosphodi-
esterase inhibitors

Maintain or  PVR Avoid physiologic states that  PVR (hypoxia, 
hypercarbia, acidosis, hypothermia)

Consider using dobutamine, phosphodiesterase 
inhibitors, prostaglandins, or inhaled nitric 
oxide

Maintain or  SVR To maintain RV perfusion, SBP > PAP must be 
maintained

Consider using vasopressors including norepi-
nephrine, phenylephrine, and vasopressin
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To maintain a systemic blood pressure (SBP) that is greater 
than the pulmonary, vasopressors such as phenylephrine or 
norepinephrine are commonly used. Of the two, norepineph-
rine is better suited in pulmonary hypertension because it 
maintains cardiac index and decreases the ratio of PAP to SBP 
[29, 33]. In contrast, phenylephrine causes the cardiac index to 
drop while the PAP:SBP ratio remains the same. Increasingly, 
vasopressin is also being used to maintain systemic pres-
sures. On the basis of the limited data on humans, vasopressin 
appears to significantly increase SBP without affecting PAPs 
in patients with pulmonary hypertension (Fig. 24.2) [37–39]. 
In a rat model with preconstricted pulmonary vessels, vaso-
pressin administration even led to pulmonary vasodilation. 
However, until better studies are available, vasopressin should 
be used cautiously because some human and animal studies 
have suggested that it causes pulmonary vasoconstriction 
[39]. In patients with severe pulmonary hypertension, selec-
tive pulmonary vasodilators including inhaled nitric oxide and 
inhaled prostaglandins should be considered. The effects of 

medications on PVR are discussed in greater detail in Chap. 9. 
The extreme ends of patient lung volumes can cause compres-
sion of the extraalveolar and alveolar vessels, both of which 
contribute to an increased PVR (see Fig. 4.5 in Chap. 4). As a 
result, a ventilation strategy that avoids atelectasis as well as 
lung hyperinflation should be employed.

Nocturnal Hypoxemia

Sleep, even in normal individuals, is associated with physi-
ologic changes in respiratory function. During all stages of 
sleep, the effectiveness of chemoreceptors and mechanore-
ceptors is reduced which leads to lower minute ventilation. 
This is particularly pronounced during rapid eye movement 
sleep. Decreased muscle contractility of the diaphragm as 
well as the accessory muscles further reduce the ventila-
tory response and contribute to the rapid shallow breathing 
observed during sleep.

Fig. 24.2. Effect of arginine vasopressin (AVP) on mean systemic blood pressure (mSBP), mean pulmonary artery pressure (mPAP), pulmo-
nary artery pressure/systemic blood pressure (Pp/Ps), cardiac index (CI), SVR, PVR, urine output, and P

a
O

2
/FiO

2
 (reprinted from Tayama 

et al. [37]. © 2007 with permission).
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Normal fluctuations in the circadian rhythm also cause noc-
turnal bronchoconstriction. These changes, which are sum-
marized in Fig. 24.3, result in a hypoventilation, decreased 
functional residual capacity (FRC), and increased ventilation–
perfusion (V/Q) mismatch [40, 41]. In normal individuals this 
translates into an 8–10 mmHg drop in overnight P

a
O

2
 (arterial 

partial pressure of oxygen) levels [41].
The potential adverse cardiac (e.g., worsened pulmonary 

hypertension, RV failure, arrhythmia), neurologic, and hema-
tologic (e.g., polycythemia) effects of nocturnal hypoxemia 
are particularly worrisome in patients with low daytime oxy-
gen saturation. Though best studied in COPD and CF pop-
ulations, other causes of ESLD including ILD and primary 
pulmonary hypertension have also been associated with 
higher rates of nocturnal hypoxemia [41–44]. Following sur-
gery, a further fall in FRC and the use of opioid analgesia 
places these patients at high risk of severe hypoxemia dur-
ing sleep. Although oxygen therapy is used successfully to 
minimize the incidence of desaturation overnight, there is no 
clear evidence that treatment of isolated nocturnal hypoxemia 
improves mortality [40, 45]. In some patients oxygen therapy 
may exacerbate the degree of hypercapnia.

Preoperative Assessment

The primary focus of the preoperative evaluation in patients 
with ESLD is the respiratory and cardiac systems. A history of 
patient symptoms, functional status, and activities of daily liv-
ing, not to mention the physical examination, can be a valuable 
source of information. As discussed in Chap. 2, the patient’s 
respiratory function needs to be assessed in terms of (1) respi-
ratory mechanics, (2) lung parenchymal function, and (3) 
cardiopulmonary reserve. In this regard, pulmonary function 
testing is essential in determining the intraoperative manage-
ment and postoperative disposition of patients with advanced 

lung disease. While a detailed history is often sufficient for 
estimating cardio-pulmonary reserve, formal exercise test-
ing or a 6-min walk test can be used to provide a quantitative 
assessment. A preinduction arterial blood gas should be drawn 
to establish the patient’s baseline. The preoperative workup 
of patients with ESLD routinely includes a recent echocar-
diogram. However, while echocardiography is a common tool 
in the assessment of pulmonary hypertension and right ven-
tricular dysfunction, it is limited by a low specificity of only 
55% (sensitivity = 85%) [31]. Echocardiography in patients 
with parenchymal lung disease may also result in suboptimal 
images. The presence of intracardiac lesions which may cause 
right to left shunting in the face of elevated right-sided pres-
sures should be ruled out.

Intraoperative Monitoring

ESLD is frequently associated with a large arterial–end tidal 
CO

2
 gradient. Placement of an arterial line facilitates intraop-

erative blood gas sampling to ensure adequate oxygenation 
and ventilation. In patients with pulmonary hypertension, 
continuous blood pressure monitoring is also reassuring. A 
central line is useful in monitoring and managing patients 
with moderate-to-severe pulmonary hypertension. Pulmo-
nary artery catheters (PAC) may be of use in patients with 
PAPs which approach system pressures. However, the utility 
of PACs is controversial. From a large randomized trial, the 
use of PAC in ASA III and IV patients undergoing urgent or 
elective noncardiac surgery showed no effect on mortality or 
the incidence of postoperative pneumonia [46]. In addition, 
PAC use in patients with pulmonary hypertension is associ-
ated with a higher risk of pulmonary artery rupture.

Although nasogastric tubes are often routinely placed intra-
operatively to facilitate postoperative gastric decompression, 
this practice is associated with an increased risk of pneumo-
nia and atelectasis. In a meta-analysis of 24 studies, routine 
nasogastric tube use is associated with a statistically signifi-
cant risk ratio of pulmonary complications (OR = 1.4; 95% 
CI = 1.08–1.93) [47]. As a result, routine postoperative naso-
gastric tube use should be avoided, especially in patients with 
poor baseline respiratory status.

General vs. Regional Anesthesia

Whether surgical outcomes are altered by the use of general 
or regional anesthesia has been a topic of debate for decades. 
Although the role regional anesthesia plays in reducing 
mortality, deep vein thrombosis, pulmonary embolism, car-
diac ischemia, and blood loss remains controversial, current 
 evidence suggests intraoperative neuraxial anesthesia fol-
lowed by postoperative neuraxial analgesia reduces the inci-
dence of postoperative pulmonary complications [48–53]. In 
a meta-analysis, neuraxial anesthesia significantly reduced the 

Fig. 24.3. The effects of sleep on breathing.
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risk of postoperative respiratory depression by 59% [48]. This 
may occur because general anesthesia decreases the number 
and activity of alveolar macrophages and inhibits mucociliary 
clearance, thereby increasing the risk of pulmonary infection 
[54]. General anesthesia, especially with inhalational agents, 
also causes atelectasis in dependent areas of lung, decreased 
FRC, and an increase in V/Q mismatching, all of which con-
tribute to the development of hypoxia. Following thoracic 
or upper abdominal surgery, atelectasis and the reduction in 
FRC may persist for up to 2 weeks as a result of postoperative 
diaphragmatic dysfunction. Though the precise mechanism is 
unclear, this dysfunction appears to result from reflex inhibi-
tion of the phrenic nerve secondary to irritation of splanchnic 
afferents or visceral pain. There is evidence that postoperative 
epidural analgesia blocks the stimulus for the reflex inhibition 
and restores normal diaphragm function [54–56].

Park et al. randomized 1,021 ASA III or IV patients under-
going intraabdominal aortic, gastric, biliary, or colon opera-
tions to receive either (1) general anesthesia and systemic 
morphine for postoperative pain control, or (2) epidural anes-
thesia combined with a light general anesthesia and epidural 
morphine for postoperative pain. Overall, no difference in 
death or major complications were noted, although the epi-
dural group did have a lower incidence of respiratory failure 
that approached significance (P = 0.06). In a subgroup analy-
sis of the 374 patients who underwent aortic surgery, epidural 
anesthesia did significantly reduce the incidence of myocar-
dial infarction, stroke, and respiratory failure (14% vs. 28%; 
P < 0.01) [49]. The subgroup analysis also showed a trend 
toward lower rates of pneumonia (51% vs. 71%; P = 0.06). In 
another large trial by Rigg et al., 915 patients with one of nine 
high-risk comorbid states were randomized to receive either 
(1) general anesthesia and postoperative pain control with par-
enteral opioids or (2) combined epidural/general anesthesia 
and postoperative epidural analgesia. All patients had major 
abdominal surgery. Of the measured endpoints, the only dif-
ference was a reduction in respiratory failure in the epidural 
group (23.3% vs. 30.2%; P = 0.02) [50].

The improved respiratory outcomes associated with regional 
anesthesia and analgesia are particularly important in patients 
with preexisting lung disease for whom the risk of developing 
a postoperative pulmonary complication is increased tenfold 
[57]. Moreover, patients with ESLD may be inherently more 
challenging to extubate following surgery and may require 
a prolonged ventilator wean. In recent years, the desire to 
avoid general anesthesia in severely compromised respiratory 
patients has led to several reports of neuraxial blockade being 
used as the sole anesthetic for intraabdominal procedures. van 
Zundert et al. [58] have successfully used a combined spinal–
epidural placed at the T10 interspace to anesthetize a 47-year-
old man with -1-antitrypsin deficiency (FEV

1
/FVC = 19%) 

for a laparoscopic cholecystectomy. Savas et al. [57] have 
reported using epidural anesthesia to facilitate awake surgery 
for sigmoidectomy, open cholecystectomy, incisional hernia 
repair, and laparoscopic inguinal hernia repair in patients with 
severe COPD. To date, we are only aware of one study that 

specifically compares regional anesthesia vs. general anes-
thesia outcomes in an advanced lung disease population. In 
a small retrospective review of patients with COPD under-
going a mini-laparotomy for treatment of abdominal aortic 
aneurysms, Kalko et al. compared the outcomes of 10 patients 
who had surgery solely under regional anesthesia with 13 
patients who received general anesthesia. The mean FEV

1
 % 

predicted for both groups was 44%. No differences in morbid-
ity or mortality were observed. However, the epidural group 
hospital length of stay was considerably shorter (6 ± 2.3 days 
vs. 10 ± 4.8 days; P < 0.031) [59].

Ventilation and ESLD

In the last decade, the influence of ventilation strategy on ALI 
and acute respiratory distress syndrome (ARDS) has become 
clearer. The transition from high tidal volume (V

T
) ventila-

tion [V
T
 = 10–12 mL/kg predicted body weight (PBW)] and 

zero end expiratory pressure (ZEEP) to low V
T
 lung ventila-

tion (V
T
 = 6 mL/kg PBW) with positive end expiratory pres-

sure (PEEP) has improved survival, and become standard 
therapy in the management of patients with ALI and ARDS 
[60]. Whether patients without ALI or ARDS may also ben-
efit from a low V

T
 ventilation strategy has been a subject of 

increasing interest and debate in both intensive care and anes-
thesia literature.

Tidal Volume

In one retrospective cohort study by Gajic et al., 332 patients 
without ALI/ARDS at the onset of mechanical ventilation and 
subsequently ventilated for greater than 48 h were assessed 
for the development of ALI/ARDS. Of these patients, 25% 
developed ALI. ALI, on average, appeared on the third day of 
ventilation. Following multivariate analysis, large tidal volume 
(OR = 1.3 for each milliliter above 6 mL/kg PBW) was deter-
mined to be a risk factor for the development of ALI [61].

Whether intraoperative ventilation strategy alters the risk 
of ALI is less clear [62, 63]. When 83 patients who developed 
ALI after major surgery were compared to 166 case-matched 
controls in a cohort observational study, tidal volume was not 
associated with increased risk of ALI. However, the difference 
in tidal volume between the two groups was small (8.7 mL/
kg vs. 8.9 mL/kg PBW). Following multivariate analysis, 
the only ventilation parameter associated with reduced ALI 
was lower peak airway pressure (19 cm H

2
O vs. 21 cm H

2
O, 

P = 0.045) [64]. In contrast, a retrospective study of 1,091 
patients requiring lung cancer surgery, the use of lower tidal 
volumes (6.5 mL/kg vs. 9.2 mL/kg PBW during two-lung 
ventilation, 5.3 mL/kg vs. 7.1 mL/kg PBW during one-lung 
ventilation) was associated with a decreased incidence of ALI 
(0.9% vs. 3.7%, P = 0.032), fewer admissions to ICU (2.5% 
vs. 9.4%, P < 0.001) and shorter hospital length of stay (11.8 
days vs. 14.5 days, P < 0.001) [65]. Given the small incidence 
of postsurgical ALI, prospective studies examining the causal 
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relationship between ventilation strategies and lung injury 
have used inflammatory markers as a substitute indicator. In 
general, only studies in which patients were ventilated for 
longer than 5 h have shown a correlation between large tidal 
volume ventilation and increased inflammatory markers [62]. 
For example, Wolthuis et al. [66] randomly assigned patients 
undergoing major abdominal surgery lasting more than 5 h to 
either intraoperative ventilation with a tidal volume of 12 mL/
kg plus ZEEP or to a tidal volume of 6 mL/kg plus 10 cm H

2
O 

PEEP. When bronchoalveolar lavage fluid sampled after 5 h 
of ventilation was compared to baseline, the use of high tidal 
volumes resulted in a significantly greater rise in myeloperox-
idase levels. However, intraoperative increases in inflamma-
tory markers have, to date, not been linked to worse clinical 
outcomes. In a trial with 52 patients undergoing esophagec-
tomy randomized to either (a) conventional ventilation with 
V

T
 = 9 mL/Kg during both TLV and OLV and no PEEP, or 

(b) protective ventilation with V
T
 = 9 mL/kg during TLV, 

V
T
 = 5 mL/kg during OLV, and PEEP = 5 cm H

2
O throughout 

the procedure, plasma cytokines (IL-1, IL-6, IL-8) were found 
to be lower in the protective ventilation group. No differences 
in length of intensive care stay or postoperative morbidity 
were found [67].

With definitive evidence that low V
T
 ventilation improves 

outcome in patients with ALI/ARDS but only weak conflict-
ing evidence that low tidal volumes intraoperatively may 
reduce the risk of developing ALI, the optimal intraoperative 
ventilation strategy is debatable. Many argue that traditional 
high V

T
 ventilation has been used for decades, and thus has 

a proven safety record. On the other hand, perhaps the high 
mortality associated with ALI, in spite of inconclusive evi-
dence of causation, is sufficient reason to transition to low V

T
 

ventilation. This may be particularly relevant to patients with 
ESLD, many of whom have an element of chronic pulmonary 
inflammation, and are the least likely to tolerate further injury. 
In a large study of 4,420 patients undergoing high-risk elec-
tive surgery, smoking and COPD were significant risk factors 
for the development of ALI (P = 0.005 and P = 0.023, respec-
tively). In this study, ALI was associated with an in-hospital 
mortality of 17%, a threefold increase compared to patients 
without postoperative respiratory failure (P = 0.004) [64]. It is 
worth noting that no studies comparing these two ventilation 
strategies have demonstrated a worse outcome by using low 
tidal volumes and PEEP. Recent reviews on this topic have 
recommended the use of low tidal volumes (6 mL/kg PBW), 
especially during OLV [62, 68–72].

Airway Pressures

High airway pressures have also been linked to ALI. In a retro-
spective analysis of 197 patients undergoing pneumonectomy 
by van der Werff et al. [73], patients ventilated with a peak 
airway pressure greater than 40 cm H

2
O were significantly 

more like to develop ARDS (RR = 3.0, 95% CI = 1.2–7.3). In 
Licker’s study of 879 patients undergoing lung resection for 
cancer, 37 developed ALI. The ALI group had a mean peak 

inspiratory pressure of 29 cm H
2
O compared to 18 cm H

2
O in 

the non-ALI patients (P = 0.019) [74]. From the Acute Respi-
ratory Distress Syndrome Network (ARDSNet) trial, Hager 
et al. compared patient plateau pressures on day 1 of study 
enrollment with mortality. Their results, shown in Fig. 24.4, 
suggest that there is a relationship between increased plateau 
pressures and increased mortality, and that no plateau pressure 
can be considered “safe” [75].

While airway pressures may be minimized by using lower 
respiratory rates, ZEEP, and high inspiratory–expiratory (I:E) 
ratios, these ventilatory settings may be undesirable and inap-
propriate in certain settings. The mode of ventilation used will 
also impact peak airway pressures. Patients are commonly 
ventilated using volume control. In this mode, the ventilator 
delivers constant inspiratory flow (square wave pattern) which 
causes airway pressures to increase until the set tidal volume 
is achieved. Alternatively, pressure control ventilation (PCV) 
delivers maximal flow at the onset of inspiration until the set 
pressure is reached, after which the flow rapidly decreases 
(decelerating flow pattern) [70]. Compared to volume control 
ventilation (VCV), PCV results in lower peak airway pres-
sures and more homogenous ventilation [70, 76]. However, 
with PCV the size of successive tidal volume breaths can be 
detrimentally affected by changes in lung compliance. In a 
study of ARDS patients, PCV resulted in peak airway pres-
sures 5 cm H

2
O less than VCV (26 ± 2 vs. 31 ± 2 cm H

2
O; 

P < 0.001) [77]. There is, however, no conclusive evidence 
that one mode of ventilation results in less risk of barotrauma, 
or improved gas exchange over the other [78].

Minimally Invasive Surgery

Key advantages of minimally invasive surgical procedures 
include reduced postoperative pain and an earlier return to 
baseline activities. For cholecystectomy and colorectal bowel 
resection, laparoscopic surgery results in less compromise 

Fig. 24.4. Mortality and day 1 plateau pressure (P
plat

; cm H
2
O) among 

patients enrolled in the Acute Respiratory Distress Syndrome Net-
work (ARDSNet) study (n = 787) (adapted from Hager et al. [75]).
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of FEV
1
 and forced vital capacity (FVC), as well as a lower 

 incidence of atelectasis on postoperative chest X-rays. In spite 
of these improved clinical measures, a significant difference 
in postoperative pulmonary complications has not been dem-
onstrated [79, 80]. However, the anesthetic management of 
patients with ESLD undergoing laparoscopic surgery can be 
challenging. Laparoscopy causes a decrease in FRC which 
results in atelectasis and hypoxemia. Insufflation of CO

2
 con-

tributes to hypercarbia and respiratory acidosis. Although 
this is commonly controlled with increases in minute ventila-
tion, this intervention may be of limited value in patients with 
gas exchange abnormalities. In the rare circumstance where 
patients with ESLD require awake laparoscopy under regional 
anesthesia, the additional CO

2
 load may precipitate respira-

tory failure. The development of hypoxia, hypercarbia, and 
acidosis (all of which contribute to pulmonary vasoconstric-
tion) can also significantly worsen the degree of pulmonary 
hypertension and right heart failure. As a result, ventilatory 
parameters and cardiac function must be carefully monitored, 
especially during abdominal CO

2
 insufflation. If respiratory or 

cardiac decompensation occurs, abortion of the procedure or 
conversion to an open surgery should be considered.

Optimizing Emergence

Temperature monitoring should be used in patients with 
ESLD. Postoperative hypothermia and shivering significantly 
increase oxygen consumption and carbon dioxide production. 
Such an increase in ventilatory demand is poorly tolerated 
in ESLD, and may lead to respiratory failure. Intraoperative 
maintenance of normothermia with warming blankets and 
fluid warmers is extremely important.

While a variety of techniques and drugs may be used to 
safely induce and maintain anesthesia in patients with ESLD, 
agents with a short duration of action are preferred to mini-
mize the risk of respiratory compromise at emergence. These 
patients are particularly sensitive to benzodiazepines and opi-
oids, and thus, these drugs should be used sparingly. Drugs 
which bronchodilate and do not inhibit hypoxic pulmonary 
vasoconstriction (HPV) are also favored. In this respect, the 
newer inhalational agents, such as sevoflurane or desflurane, 
are well suited for most patients. However, as a result of dif-
fusion abnormalities and ventilation–perfusion mismatch, 
the elimination of inhalational agents may be unpredictable 
in patients with ESLD and result in delayed awakening. In 
patients with baseline hypoxia and/or bullous disease, nitrous 
oxide should be avoided. Total intravenous anesthesia (TIVA) 
is a suitable alternative to inhalational anesthesia for mainte-
nance. Intravenous anesthetics do not affect HPV and lead to 
a timely awakening once turned off. One TIVA combination 
that works well in this regard is propofol with remifentanil. 
Ketamine offers several distinct advantages including bron-
chodilation, preserved respiratory effort, and profound anal-
gesic properties which may play a role in decreasing opioid 

use postoperatively. However, ketamine is associated with a 
5–30% risk of emergence delirium, and should be used cau-
tiously [34].

Postoperative Analgesia

In patients with limited pulmonary reserve, effective postop-
erative pain management is essential. Splinting as a result of 
poorly controlled pain, especially from thoracic and abdomi-
nal surgery can contribute to increased pulmonary com-
plications including respiratory failure. In patients without 
contraindications, the use of multimodal analgesic adjuvants 
including acetaminophen, nonsteroidal antiinflammatory 
drugs should be used. Although parenteral opioid use is effec-
tive in blunting pain, the amount needed following a thora-
cotomy or laparotomy may cause significant sedation and 
hypoventilation. Clearly, this is undesirable in patients with 
ESLD, especially those at risk of nocturnal hypoxemia. In 
comparison, a well functioning regional block (e.g., thoracic 
epidural, paravertebral block) consistently provides superior 
analgesia and improves respiratory mechanics [50, 81, 82]. In 
patients with severely compromised respiratory function, the 
use of regional analgesia in minimally invasive surgeries such 
as video-assisted thoracoscopic surgery or laparoscopy should 
be considered. For instance, epidural analgesia is standard for 
our patients with COPD undergoing video-assisted thoraco-
scopic LVRS. A complete discussion regarding postoperative 
analgesia is found in Chap. 46.

Chronic Obstructive Pulmonary Disease

With a prevalence of 4–9%, chronic obstructive pulmonary 
disease is the most common cause of ESLD [83]. The World 
Health Organization estimates that 210 million people world-
wide suffer from the disease, and that it accounted for over 
three million deaths in 2005 [84]. COPD is a preventable dis-
ease characterized primarily by progressive expiratory airway 
obstruction that is not fully reversible. Significant extrapul-
monary manifestations which contribute to disease severity 
include systemic inflammation, atherosclerosis, muscle weak-
ness, and depression. Though most commonly associated with 
chronic bronchitis and emphysema, the COPD spectrum also 
includes asthma [83, 85, 86]. In fact, patients with active 
asthma are 10 times more likely to develop chronic bronchitis 
and 17 times more likely to develop emphysema [87]. Clini-
cally, considerable overlap between these subtypes exists.

Diagnosis and Staging

The most commonly used spirometry criteria to diagnosis 
and stage COPD were developed by the Global Initiative for 
Chronic Obstructive Lung Disease (GOLD). The diagnosis of 
COPD requires a FEV

1
 to FVC ratio less than 0.7. The FEV

1
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may then be used to stratify patients into one of four disease 
stages outlined in Table 24.5. Although FEV

1
 % predicted can 

also be used to predict survival rates, the BODE index – a 
composite score that includes measures of body-mass index 
(B), airflow obstruction (O), dyspnea (D), and exercise capac-
ity (E) – has been shown to be a better predictor of patient 
survival [88]. On the basis of patient investigations and clini-
cal status, each variable is assigned a point value according 
to Table 24.6. Adding these points together gives the BODE 
index, which can range from 0 to 10. The Kaplan–Meier sur-
vival curves based on BODE index and FEV

1
 are illustrated 

in Fig. 24.5. The improved accuracy of the BODE index over 
FEV

1
 alone in predicting patient survival reflects the reality 

that COPD is more than a pulmonary disease, and that its out-
come is closely related to systemic factors, including cardio-
pulmonary reserve.

Etiology

The development of COPD is strongly associated with expo-
sure to noxious gases and particles. One of the most impor-
tant and certainly the most recognized causes of COPD is 
smoking, which accounts for 75–90% of all cases in west-
ern nations [84,  87]. Worldwide, however, the use of bio-
mass fuel (wood, charcoal, vegetable matter, animal dung) 
for heating and cooking is a significant risk factor for COPD. 
In fact, compared to the number of cigarette smokers, nearly 
three times as many people are exposed to biomass smoke 
[87]. The WHO estimates that 22% of COPD is attributable to 

 biomass smoke [84]. Other significant contributors include air 
pollution,  occupational exposure, and a history of pulmonary 
tuberculosis [87]. The inhalation of noxious fumes triggers 
macrophages and neutrophils to release inflammatory media-
tors, cytokines, as well as proteases. Although proteases play 
an important role in preventing infection, they can also cause 
damage to lung tissue. The latter is normally prevented by the 
presence of antiproteases enzymes such as -1 antitrypsin. 
However, chronic inflammation and inactivation of antipro-
teases by oxidants lead to an imbalance resulting in unop-
posed protease activity. Long-term exposure to this process 

Fig. 24.5. Kaplan–Meier survival curves for the four quartiles of the 
BODE index (a) and the three stages of severity of chronic obstruc-
tive pulmonary disease as defined by the American Thoracic Society 
(b). In (a), quartile 1 is a score of 0–2, quartile 2 is a score of 3–4, 
quartile 3 a score of 5–6, and quartile 4 a score of 7–10. Survival dif-
fered significantly among the four groups (P < 0.001 by the log-rank 
test). In (b), stage I is defined by a forced expiratory volume in 1 s 
(FEV

1
) that is more than 50% of the predicted value, stage II by an 

FEV
1
 that is 36–50% of the predicted value, and stage III by an FEV

1
 

that is no more than 35% of the predicted value. Survival differed 
significantly among the three groups (P < 0.001 by the log-rank test) 
(reproduced with permission from Celli et al. [88]. © 2004 Massa-
chusetts Medical Society. All Rights Reserved).

Table 24.5. The global initiative for chronic 
obstructive lung disease (GOLD) classification 
of COPD.

I Mild FEV
1
/FVC < 70%

FEV
1
  80% predicted

II Moderate FEV
1
/FVC < 70%

50%  FEV
1
 < 80% predicted

III Severe FEV
1
/FVC < 70%

30%  FEV
1
 < 50% predicted

IV Very severe FEV
1
/FVC < 70%

FEV
1
 < 30% predicted

Table 24.6. Variables and point values used for the computation of 
the BODE Index.

Variable

Points on BODE Index

0 1 2 3

Body mass index >21 21
Airflow obstruction –  

FEV
1
 % predicted

65 50–64 36–49 35

Modified medical research  
council dyspnea scale

0–1 2 3 4

Exercise – Distance walked  
in 6 min (m)

350 250–349 150–249 149

Reprinted from Celli et al. [88]. © 2004 Massachusetts Medical Society. 
All Rights Reserved
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leads to fibrosis of the  airway as well as destruction of alveoli 
[89]. The pathogenesis of COPD is summarized in Fig. 24.6.

COPD may also result from a number of genetic abnor-
malities, of which, -1 antitrypsin deficiency is the most 
well known. Over 100 alleles have been identified for -1 
antitrypsin, the most common of which are the normal allele 
“M,” and the abnormal alleles “S” and “Z.” Although, only 
one normal allele (“M”) is needed to produce the normal 
phenotype, heterozygote individuals (“MZ” or “MS”) tend 
to produce 65% less -1 antitrypsin than normal individuals 
(“MM”) [84, 90]. The abnormal homozygote (“ZZ”) which 
results in no -1 antitrypsin production occurs with a preva-
lence between 1/1,575 and 1/5,097, and accounts for 2–3% 
of COPD [90]. While the disease onset varies, it is usually 
evident by the fourth or fifth decade, and even earlier in those 
who smoke [84]. In contrast to normal “MM” individuals who 
preferentially develop emphysematous changes in the apices, 
the distribution of emphysema in -1 antitrypsin tends to be 
relatively homogeneous.

Causes of Expiratory Flow Obstruction

Expiratory flow limitation results from compression of the air-
ways by intrathoracic pressure. In normal individuals this only 
occurs during forced expiration. The mechanism for this is 
shown in Fig. 24.7. Prior to inspiration and the initiation of flow, 
the airway pressure is zero throughout. With a resting intrapleu-
ral pressure of −5 cm water, a transmural pressure of 5 cm water 
maintains airway patency (Fig. 24.7a). With normal inspiration, 
both intrapleural and alveolar pressures decrease by 3 cm water, 
and flow begins (Fig. 24.7b). Although this pressure is trans-
mitted into the airway, its magnitude progressively declines 
because of airway resistance. Assuming an airway pressure of 
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Fig. 24.7. The effect of intrapleual and alveolar pressures on airway 
patency (adapted from West [116]).

Fig. 24.6. Pathogenesis of chronic obstructive 
lung disease (COPD).
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−1 cm water during inspiration, then the airway is kept open by 
7 cm water. At end-inspiration, the  airway pressures return to 
zero as flow ceases (Fig. 24.7c). During exhalation an increase 
in both intrapleural and alveolar pressures occurs. As with inha-
lation, the transmitted pressure from the alveoli drops within 
the airway as a result of resistance. With quiet exhalation, the 
passive return of the lung and chest wall to their equilibrium 
positions generates a pressure of 3 cm water within the intra-
pleural space and alveoli (Fig. 24.7d). As a result, the pressure 
within the airway always exceeds the intrapleural pressure. In 
this example, pressures may increase up to 8 cm water without 
causing airway collapse. However, higher pressures associated 
with forced expiration will lead to airway compression when 
the intraluminal pressure drops below the intrapleural pres-
sure. This is called the equal-pressure point (EPP). Beyond this, 
further increases in expiratory effort (which will also increase 
intrapleural pressure) will only contribute to flow limitation and 
airway collapse. For example, if both intrapleural and alveo-
lar pressures increase by 24 cm water during forced expiration, 
then the EPP occurs at 16 cm water, below which airway col-
lapse will occur (Fig. 24.7e). The effective driving pressure is 
therefore alveolar minus intrapleural pressure.

Factors that contribute to worsening flow limitation in 
patients with COPD are summarized in Table 24.7. Causes 
that may respond to intervention include active bronchospasm 
and airway obstruction by secretions. The loss of elastic recoil 
observed in emphysema results in less negative intrapleural 
pressures and reduces the outward traction normally exerted 
by lung parenchyma on the airway. This lowers both the trans-
mural pressure which keeps the airway open as well as the 
effective driving pressure. In our COPD example shown in 
Fig. 24.8a, the intrapleural and the transmural pressure at end 
inspiration is −2 cm water, 6 cm water less negative than in a 
normal individual (see Fig. 24.7c). The propensity for airway 
collapse is accentuated by inflammatory and fibrotic changes 
which lead to contraction and narrowing of the small airways. 
As a result, even normal pressure increases of 3 cm water 
associated with quiet expiration may result in flow limitation 
in patients with severe COPD (Fig. 24.8b).

Dynamic Hyperinflation

In COPD individuals, acute worsening of flow limitation may 
be precipitated by increased respiratory rates, physical activ-
ity, or COPD exacerbations. When flow limitation occurs, 
individuals with COPD are unable to exhale fully to FRC  

before their next inspiration. The positive pressure within 
the lung segments with air-trapping is referred to inter-
changeably as auto-PEEP or intrinsic PEEP (PEEP

i
). With 

each subsequent inspiration, “breath-stacking” occurs and 
the alveoli become progressively more hyperinflated as 
auto-PEEP accumulates. Initially, auto-PEEP may improve 
respiratory mechanics and minimize the effect of flow limi-
tation. Since patients with COPD generally expire along 
the maximum flow–volume loop envelop at rest, they have 
very limited ability to further increase expiratory flow (see 
Fig. 24.9) [91]. In this setting, low levels of auto-PEEP help 

Table 24.7. Causes of flow limitation in COPD.

Loss of lung elastic recoil 1. 
Reduced effective driving pressure –
Reduced airway traction –

Airway narrowing2. 
Bronchospasm3. 
Pulmonary secretions4. 
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to  temporarily improve  ventilation by increasing the effective 
driving  pressure, and thus expiratory flows.

However, as dynamic hyperinflation worsens the work of 
breathing increases dramatically. There are two reasons for this. 
First, for inspiratory flow to occur the alveolar pressure must 
be less than the atmospheric pressure. In normal individuals, 
this involves minimal effort. When auto-PEEP is present, an 
equivalent (and potentially large) amount of inspiratory pres-
sure must be generated before airflow even begins. In essence, 
auto-PEEP is an additional inspiratory load [84, 92]. For exam-
ple, if 3 cm water of auto-PEEP is present (Fig. 24.8c), then 
a typical inhalational effort of −3 cm water (see Fig. 24.7a, 
b) would only drop the alveolar pressure to atmospheric pres-
sure. As a result, despite the pressure change, no inspiratory 
airflow would occur. In this example, to produce the −3 cm 
water pressure change required for a normal tidal volume 
breath (Fig. 24.7a, b), the COPD patient needs to generate 
an inspiratory pressure of −6 cm water (Fig. 24.8d). Second, 
dynamic increases in the end-expiratory lung volume results 
in each tidal volume breath shifting rightward of the flat por-
tion of the volume–pressure compliance curve (see Fig. 24.10) 
[84,  91, 92]. This increases the work of breathing since 
a greater pressure must be generated in order to maintain a 
given tidal volume. Hyperinflation also leads to shortening of 
the inspiratory muscles, including the diaphragm, resulting 
in functional muscle weakness. Consequently, patients who 
develop dynamic hyperinflation experience significant dysp-
nea, respiratory distress, and muscle fatigue.

Hemodynamic instability is also common with high levels  
of dynamic hyperinflation. Increased intrathoracic pressure 

associated with auto-PEEP reduces the pressure gradient for 
venous return into the thorax and also causes direct compres-
sion of the ventricles, both of which decrease preload and 
impair diastolic filling. High auto-PEEP will also increase PVR 
which may precipitate right ventricular dysfunction. In extreme 
cases, dynamic hyperinflation can cause cardiac arrest and sub-
sequently impair resuscitation. The “Lazarus syndrome,” in 
which patients recover from a cardiac arrest only after resusci-
tative efforts and positive pressure ventilation are stopped, has 
been attributed to resolving dynamic hyperinflation [93].

During anesthesia dynamic hyperinflation commonly pres-
ents with increasing airway pressures and severe hypotension 
shortly after induction when manual or mechanical ventila-
tion is initiated. Other complications that may produce similar 
clinical findings include tension pneumothorax, anaphylaxis, 
and cardiac ischemia. When dynamic hyperinflation is sus-
pected, the anesthetic circuit should be disconnected from the 
patient to permit full exhalation.

Intraoperatively, the build-up of intrinsic-PEEP can be 
difficult to assess. Ideally, the magnitude of auto-PEEP is 
measured directly at end-expiration. While this function is 
commonly found on intensive care ventilators, it is rarely 
available on anesthesia gas machines. However, the presence 
of intraoperative breath stacking can be indirectly assessed by 
capnography and spirometry loops. The capnograph tracing 
normally plateaus at the end of a fully exhaled breath, reflect-
ing a constant alveolar concentration of CO

2
. In obstructive 

diseases, although the capnograph commonly up-slopes as a 
result of air from dead space diluting the exhaled CO

2
 con-

centration, the capnograph will still plateau when exhalation 
is complete. If the next breath is initiated before the CO

2
 pla-

teaus, the presence of auto-PEEP should be suspected [86]. 
Similarly, the presence of air-trapping may be inferred from 
flow–volume loops when the expiratory flow does not drop to 
zero before the next breath (see Fig. 6.5 from Chap. 6).

Respiratory Drive

The control of ventilation is primarily regulated by the arte-
rial partial pressure of carbon dioxide (PaCO

2
), with each 

1 mmHg rise increasing minute ventilation by 2–5 L/min [94, 
95]. However, this relationship is self-limiting. Within the 
central nervous system (CNS), severe hypercapnia and aci-
dosis are associated with increased glutamine and gamma-
aminobutyric acid (GABA), and decreased glutamate and 
aspartate levels. These changes result in a decreased level 
of consciousness, as well as reduced minute ventilation and 
inspiratory drive [94]. Typically, these CNS effects manifest 
when the PaCO

2
 is greater than 60–70 mmHg. In patients 

with chronic hypercapnia that is compensated by an increase 
in bicarbonate, even higher PaCO

2
 levels may be tolerated 

before respiratory depression occurs. In comparison with the 
linear minute ventilation response to PaCO

2
, decreases in 

the P
a
O

2
 lead to an exponential increase in minute ventilation 

only when levels fall below 60 mmHg.
Fig. 24.10. Compliance curve of the lung (reprinted from Kemp et al. 
[84]. © 2009 with permission from Elsevier).
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Patients with stage III and stage IV COPD often have an 
elevated PaCO

2
 at rest. Retention of carbon dioxide occurs 

because these patients are unable to maintain sufficient respi-
ratory work to keep their PaCO

2
 at normal levels. In these 

patients, clinicians have observed that oxygen administration 
can worsen the degree of hypercapnia. Traditionally, clini-
cians believed that patients with chronic hypercapnia had a 
blunted ventilatory response to increased PaCO

2
, and were 

dependent on hypoxic drive to breath. Supplemental oxygen 
would therefore inhibit hypoxic drive and decreased minute 
ventilation. While this explanation is valid, its contributing 
role to the overall increase in PaCO

2
 is overstated. In one study 

of patients with COPD in acute respiratory failure, oxygen 
administration at 5 L/min only reduced the respiratory rate 
and the minute ventilation by 14% – an insufficient drop to 
account for the entire rise in PaCO

2
. Moreover, while ventila-

tory drive was reduced following oxygen supplementation, it 
remained three times greater than in normal individuals [96]. 
In another study, the rise in PaCO

2
 that could be attributable 

to decreased minute ventilation was only 22%. In comparison, 
48 and 30% of the PaCO

2
 increase was attributed, respectively, 

to increases in dead-space ventilation and to reduced Haldane 
effect [97]. In patients with COPD, the degree of V/Q mis-
matching and dead-space ventilation is minimized by HPV 
which redirects blood away from poorly ventilated to well-
ventilated areas. The use of supplemental oxygen decreases 
the beneficial effects of HPV, and as a result, CO

2
 elimination 

is reduced. The Haldane effect describes the enhanced disso-
ciation of CO

2
 from red blood cells caused by the oxygenation 

of hemoglobin. Oxygenated hemoglobin has a much lower 
affinity for CO

2
 than deoxygenated hemoglobin. As a result, 

deoxygenated hemoglobin facilitates the loading of CO
2
 from 

peripheral tissue while the oxygenation of hemoglobin in the 
lungs leads to offloading. The magnitude of the Haldane effect 
is proportional to the difference between the mixed venous 
oxygen saturation and the arterial oxygen saturation. In other 
words, more CO

2
 is released in the lungs when the mixed 

venous–arterial gradient is large. However, in patients with 
COPD this gradient is significantly reduced by the use of high 
inspired fractions of oxygen (FiO

2
). The first reason relates 

to the oxyhemoglobin dissociation curve. When the FiO
2
 is 

increased from 0.21 to 1.0, the increase in the mixed venous 
partial pressure of oxygen (P

MV
O

2
) is large (on the steep part 

of the O
2
 dissociation curve) compared to the small change in 

P
a
O

2
 (on the flat part of the O

2
 dissociation curve). Secondly, 

the inhibition of HPV associated with high FiO
2
 causes blood 

to shunt through poorly ventilated lung segments that have 
a small P

MV
O

2
-P

a
O

2
 gradient [98]. As a result, the Haldane 

effect and CO
2
 elimination are diminished.

In spite of the potential increase in PaCO
2
 associated with 

the administration of oxygen to patients with COPD, titrated 
oxygen therapy must be used to avoid hypoxia. With respect 
to patients in acute respiratory failure, the reduction in ven-
tilatory drive associated with oxygen administration may 
actually be of benefit. A lower respiratory rate minimizes the 

risk of dynamic hyperinflation, the work of breathing, and 
the potential for respiratory muscle fatigue. Patients requir-
ing supplemental oxygen need to be closely monitored for 
signs of CNS depression and CO

2
 narcosis. The P

a
O

2
 and the 

PaCO
2
 should be routinely checked.

Bullae

Bullae are cystic air spaces in the lung parenchyma with a 
diameter greater than 1 cm. Most commonly, bullae develop 
as a result of worsening emphysematous disease. Bullae form 
when there is a loss of structural support tissue within a local-
ized area. Preserved elastic recoil of the surrounding lung 
tissue places outward traction on bulla, causing it to enlarge. 
This results in the characteristic “inflated” look of bullae on 
chest X-rays and computed tomography scans. Although bul-
lae appear to compress adjacent lung segments, direct mea-
surements have conclusively shown that they are not under 
positive pressure [99]. Perhaps surprisingly, bullae do not 
contribute significantly to increased dead-space ventilation. 
In spite of unimpeded communication between the airways 
and bullae, very little airflow occurs. The lack of elastic recoil 
essentially prevents fully expanded bullae from emptying 
during exhalation, or from filling any further during inhala-
tion. In addition, because bullae are relatively avascular, they 
do not participate in gas exchange. In patients with large 
bullae occupying more than a third of the hemithorax, a mixed 
restrictive–obstructive disease pattern may emerge as the  
volume available to the nonbullous lung segments is reduced. 
The loss of structural integrity within bullae predisposes 
patients to serious complications including rupture, tension 
pneumothorax, and bronchopleural fistula. Although the risk 
of these adverse events is increased with positive pressure 
ventilation, it may be safely used so long as the airway pres-
sures are kept low. Chest tube insertion and lung isolation may 
be required should these complications arise.

Ventilation Strategies in Patients  
with Obstructive Disease

Providing effective mechanical ventilation for patients with 
severe COPD can be challenging. Key goals, which at times 
conflict, include (1) avoiding dynamic hyperinflation, (2) 
avoiding barotrauma and volutrauma, and (3) maintaining ade-
quate oxygenation and ventilation. As previously discussed, 
dynamic hyperinflation occurs when inadequate expiratory 
time leads to breath-stacking. This risk can be minimized by 
using low I:E ratios in the range of 1:3 to 1:5, as well as low 
respiratory rates. This may result in lower minute ventilation 
and cause hypercarbia and hypoxia, both of which worsen 
pulmonary hypertension and right ventricular strain. Higher 
tidal volumes may improve these gas exchange abnormalities, 
but in conjunction with low I:E ratios this may significantly 
increase airway pressures and expose patients to a higher risk 
of volutrauma or barotrauma.
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In spontaneously breathing patients with obstructive lung 
disease, applying extrinsic PEEP that is equal to or less than 
the patient’s auto-PEEP has been shown to reduce the work 
of breathing associated with air-trapping. In contrast, for 
mechanically ventilated patients, the use of extrinsic PEEP 
in patients with obstructive disease is controversial. While 
extrinsic PEEP worsens gas exchange and hemodynamics 
in some studies, others have demonstrated an improvement 
in expiratory air flow [86]. In one study of eight patients, 
Caramez et al. [100] examined the effect of increasing 
extrinsic-PEEP from 0 to 150% of intrinsic-PEEP using 
four different ventilatory settings. Using total-PEEP, FRC, 
and plateau pressure as markers of expiratory flow limita-
tion, the pooled data reliably showed a biphasic response 
with either no change or a slight increase in flow limitation 
when extrinsic-PEEP was less than intrinsic-PEEP, followed 
by a sharp rise once intrinsic-PEEP was exceeded. However, 
when individual patient data were examined, three different 
responses to  external PEEP were noted (see Fig. 24.11). In 
five patients, the use of external PEEP reduced air trapping 
and hyperinflation during at least one of the four ventilatory 
settings. Unfortunately, patient response to extrinsic PEEP 
was unpredictable and appeared to be independent of the 
disease, mechanics, or ventilation parameters. In another 
study by Jolliet et al. [101], the use of extrinsic PEEP at 
80% of intrinsic PEEP significantly reduced the degree of 
intrinsic PEEP (7.8–4.4 cm H

2
O; P < 0.001) as well as the 

volume of air trapping (216–120 mL; P < 0.001). In spite of 
these improvements, no change in hemodynamic parameters 
(mean arterial pressure and cardiac output) or gas exchange 
(P

a
O

2
 and PaCO

2
) was noted. Clinical relevance aside, it is 

difficult to accurately measure the degree of intrinsic PEEP 
intraoperatively, and thus, select a level of extrinsic PEEP 

that does not exceed it. Extrinsic PEEP that is greater than 
intrinsic PEEP will worsen expiratory flow and increase 
hyperinflation. Given the limited evidence of benefit, the 
inability to define a clear expiratory PEEP target, and the 
risk of exacerbating air-trapping, the use of extrinsic PEEP 
in mechanically ventilated patients with obstructive lung 
disease should be avoided.

Cystic Fibrosis

CF is an autosomal-recessive disorder that results in impaired 
transport of sodium, chloride, and water across epithelial tis-
sue. This leads to abnormally viscous secretions which can 
cause obstruction of the respiratory tracts, pancreas, biliary 
system, intestines, and sweat glands. The organ systems that 
are affected are summarized in Table 24.8. Though most com-
monly associated with Caucasians (1:3,000), the disease also 
affects Hispanics (1:9,500), African Americans (1:15,300), 
and Asian Americans (1:32,100) [102]. With improved medi-
cal care over the last half century, the prognosis for patients 
with CF has improved dramatically from a mean survival age 
of 1 year in 1950 to a mean survival age of 37.4 years in 2007 
(Fig. 24.12). The early mortality of CF is primarily the result 
of pulmonary complications, which include air-trapping, 
pneumothorax, massive hemoptysis, and respiratory failure 
[103, 104].

Pulmonary Manifestations

As with COPD, CF is characterized primarily by airflow 
obstruction, although varying degrees of restriction can also 
occur. Early in the disease, expiratory flow limitation is 
caused by the accumulation of thick dehydrated mucous in 
the respiratory tract that is difficult to expectorate. Inability to 
clear the thick purulent secretions enhances bacterial growth 
and as the disease advances, colonization of the airways 
with Pseudomonas aeruginosa and Staphylococcus aureus 
is considered normal. Infection with other bacteria, through 
less common, is often much more serious. For instance, 
Burkholderia cepacia is associated with rapid deterioration 
of pulmonary function, uncontrolled bronchopneumonia, 
and death. Although infection results in a massive influx of 
inflammatory cells into the airways, this immune response is 
ineffective once bacterial infection is established, and actu-
ally contributes to disease progression. Elastase released by 
neutrophils overwhelms the antiprotease mechanisms of the 
lung  resulting in inflammatory destruction of airway sup-
portive tissue, increased airway collapsibility during expira-
tion, the development of bronchiectasis, and worsened airway 
obstruction. As a consequence of these airway changes ciliary 
function is impaired, further limiting the patient’s ability to 
clear secretions. In some, reactive airway disease may also 
contribute to the airflow obstruction. As with other causes 
of obstructive lung disease, patients with CF are at increased 

0.4

0.2

–0.2

–0.4

External-PEEP (%)

0

0 20

F
u

n
ct

io
n

al
R

es
id

u
al

 C
ap

ac
it

y

40 60 80 100 120 150

Fig. 24.11. The three potential responses in FRC when external-PEEP 
(represented as a percentage of PEEPi measured at zero external-PEEP) 
is applied. Blue is biphasic response; Green is classic overinflation 
response; and Red  is paradoxic response.
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risk of dynamic hyperinflation and pneumothorax. Strategies 
that maintain low airway pressures and long expiratory times 
should be considered during mechanical ventilation. Chronic 
infection and inflammation also leads to increased airway 
vascularity through both bronchial artery hypertrophy and 
angiogenesis. The system of enlarged, dilated and tortuous 
vessels that develops is highly susceptible to trauma, and as a 
result, hemoptysis is common in patients with CF. Although 
most episodes of hemoptysis are self-resolving, some patients 
may require bronchial artery embolization or even surgical 
intervention [105]. In patients with hemoptysis requiring a 
general anesthetic, positive pressure ventilation may increase 
airway wall tension and precipitate massive hemoptysis. In 
one case report of 12 patients undergoing bronchial artery 
embolization who were managed with general anesthesia and 
intubation, three developed massive hemoptysis and died. In 
contrast, none of the eight patients managed with sedation 
developed massive hemoptysis [106].

Clearance of Pulmonary Secretions

Effective sputum elimination is a key goal in the long-term 
management of CF. A long-standing practice used to facili-
tate this is chest physiotherapy. Traditionally, this consisted 
of chest percussion with postural drainage. However, as more 
patients with CF survive into adulthood, there has been a 
shift toward forms of physiotherapy that can be preformed 
independently. These alternatives range from simple breath-
ing and coughing techniques to the use of medical devices 
of varying complexity [23]. Although chest physiotherapy is 
considered standard care, the number of quality trials examin-
ing its efficacy is limited. An analysis of five Cochrane sys-
tematic reviews concluded that there was insufficient data to 
evaluate the long-term benefits of chest physiotherapy [23]. 
Inhaled DNase I, a human recombinant enzyme that can 
decrease sputum viscosity by hydrolyzing extracellular DNA, 
has been shown to improve pulmonary function and reduce 
the incidence of  pulmonary exacerbations. In a randomized 
controlled trial of 968 patients with CF, twice daily use of 
DNase I improved FEV

1
 by approximately 6% (P < 0.01) and 

reduced the risk of pulmonary exacerbations by 37% (P < 0.01) 
[107]. Sputum viscosity can also be reduced by using inhaled 
hypertonic saline which osmotically draws water from the air-
way mucosa into the lumen. In a study of 164 patients, this 
therapy reduced the risk of pulmonary exacerbations by 56% 
(P = 0.02) [108].

To optimize patients with CF for anesthesia, chest phys-
iotherapy should be performed immediately prior to surgery. 
In patients who were prescribed inhaled DNase I and hyper-
tonic saline, these should also be administered. Both during 
anesthesia and in the postoperative period, the viscosity of 
pulmonary secretions can be minimized by humidifying the 
inspired gases. Patient volume status needs to be carefully 
monitored to avoid both hypovolemia which may worsen 
secretion tenacity and hypervolemia which may trigger heart 
failure. Drugs which may either increase pulmonary secretions  

Fig. 24.12. Median age of survival for cystic fibrosis patients by year 
(adapted from Cystic Fibrosis Foundation Strategic Report 2009).

Table 24.8. Clinical manifestations of cystic fibrosis.

Organ system Clinical features

Pulmonary Impaired clearance of thick secretions
Airway obstruction and air-trappingChronic inflammation  destruction of lung tissue  bronchiectasis

Reactive airways
Hemoptysis

Cardiac Pulmonary hypertension and right ventricular failure
Hepato-biliary Obstruction of biliary duct  liver dysfunction

Impaired synthesis of coagulation factors
Bleeding from esophageal varices
Hepato-splenomeagaly  sequestration of platelets  thrombocytopenia

Pancreas Obstruction of pancreatic duct  pancreatitis
Exocrine dysfunction   pancreatic enzymes  malabsorption  

of vitamins A, D, E, K  impaired synthesis of coagulation factors
Endocrine dysfunction  glucose intolerance

Gastrointestinal tract Intestinal obstruction
Ears, nose, throat Large nasal polyps

Sinusitis
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(e.g., ketamine) or contribute to increased sputum viscosity (e.g., 
anticholinergics) are relatively contraindicated. Although 
supraglottic airways have been successfully used in patients 
with CF requiring general anesthesia, intubation with a large-
sized endotracheal tube is usually preferred because it permits 
better control of ventilation and it facilitates endobronchial 
toileting with a suction catheter and/or fiberoptic bronchos-
copy. When appropriate, the use of regional anesthesia and 
opioid-sparing adjuvant medications for management of post-
operative pain is preferred. In addition to generalized respira-
tory depression, opioids may diminish the cough reflex, and 
thus sputum clearance.

Extrapulmonary Manifestations

Of the organ systems that are affected by CF, gastrointesti-
nal dysfunction is particularly relevant to the anesthesiologist. 
Compared to normal individuals, gastro-esophageal reflux is 
6–8 times more common in patients with CF, and may con-
tribute to worsening respiratory symptoms [109]. Reflux 
symptoms should be treated aggressively, and precautions 
that minimize gastric acidity as well as the risk of aspiration 
should be considered during anesthesia (e.g., antacids, rapid 
sequence intubation). The buildup of thick secretions within 
the intestinal tract of patients with CF results in an increased 
risk of constipation and bowel obstruction. The use of narcot-
ics may further exacerbate the potential for this complication. 
Though uncommon, patients with CF may develop a coagu-
lopathy and have an increased risk of bleeding as a result of 
biliary duct obstruction. Generally, this only causes asymp-
tomatic liver dysfunction. However, as the life expectancy of 
CF increases, the development of advanced liver disease and 
cirrhosis may produce complications such as bleeding from 
esophageal varices, impaired synthesis of coagulation factors, 
and thrombocytopenia secondary to hepato-splenomeagaly. 
In addition, pancreatic exocrine insufficiency which results in 
malabsorption of protein, fat, as well as the fat-soluble vita-
mins is present in 85% of patients with CF [104]. Without 
supplementation, this causes a deficiency in vitamin K, an 
important precursor for the synthesis of coagulation factors 
X, IX, VII, and II. Pancreatic endocrine function may also be 
affected by CF. Approximately 75% of patients show evidence 
of glucose intolerance while 10% develop diabetes mellitus.

Pregnancy

The improved life expectancy associated with CF over the past 
few decades has led to a rise in the number of patients present-
ing for medical care while pregnant. In contrast to males with 
CF, of whom 95% are infertile, the fertility of young women 
with CF is almost unaffected [102, 110]. However, preg-
nancy is associated with a several physiologic changes that 
may stress the respiratory status of patients with CF. These 
include an increased oxygen consumption of 30–60%, an 
increased respiratory rate, decreased chest wall compliance, 
and decreased FRC. The patients with CF are also exposed to 

an increased risk of respiratory infection because pregnancy 
results in a state of relative immunosuppression and mainte-
nance chest physiotherapy becomes more difficult to perform. 
In spite of these concerns, recent studies suggest that long-
term survival of pregnant patients with CF is similar (if not 
better) to that of never-pregnant patients with CF [111, 112].

The anesthetic management for this patient group follows 
the same principles already discussed for ESLD. In patients 
who require a cesarean section, the high risk of desaturation 
and difficult intubation associated with pregnancy combined 
with the respiratory impairment of CF strongly favors the use 
of regional anesthesia over general anesthesia. However, an 
inadvertent high block will also interfere with ventilation. 
Although spinal anesthesia is commonly used, the down side 
to a rapid onset dense block is that it can also cause significant 
vasodilation. In patients with pulmonary hypertension large 
decreases in systemic pressure may precipitate right ventricu-
lar ischemia. A titrated epidural results in less hemodynamic 
instability, greater control over block level, and provides 
superior postoperative pain management. Following deliv-
ery, uterotonic agents such as oxytocin and methylergonovine 
should be administered cautiously because they increase PVR. 
15-Methyl prostaglandin F2-  (Hembate) not only increases 
PVR but can also result in significant bronchospasm, and 
should be avoided in patients with CF.

Interstitial Lung Disease

As with COPD and CF, inflammation plays an integral role in 
ILD. However, the inflammation associated with ILD results 
predominately in diffuse scarring and fibrosis of the alveolar 
walls and small airways, as opposed to tissue destruction. The 
factors which influence whether inflammation will precipitate 
one outcome vs. the other are unclear. About 35% of ILD is 
attributable to an identifiable cause such as exposure to inor-
ganic dust, organic antigen, drugs, or radiation. In the remain-
ing 65% of patients, even though the disease pattern may be 
given a specific name, the inciting agent resulting in ILD is 
unknown (Table 24.9).

Pulmonary Manifestations

As a consequence of inflammation and fibrosis of the alveo-
lar walls, the elastic recoil of the lungs increase, they become 
less distensible, and lung volumes contract. Early in the dis-
ease, patients adapt to lower tidal volumes by increasing their 
respiratory rate. As the disease worsens, increased respiratory 
effort and energy are required to maintain sufficient tidal vol-
umes to prevent alveolar hypoventilation. Uneven disease dis-
tribution throughout the lung can cause significant ventilation 
perfusion mismatch, and is the primary cause of hypoxemia in 
patients with ILD. Inflammation and fibrosis of the alveolar–
capillary membrane also contribute to worsening oxygenation 
by reducing the surface area available for gas exchange and 
thus impairs diffusion.
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Ventilation Strategy in Patients with Restrictive 
Lung Disease

Although a variety of techniques for general anesthesia have 
been used including airway management with an LMA and 
spontaneous ventilation, controlled ventilation through an 
endotracheal tube is the most reliable and safest approach to 
optimizing oxygenation and ventilation in patients with ILD 
when general anesthesia is required [113, 114]. The goals 
of mechanical ventilation in patients with ILD are to main-
tain adequate ventilation and oxygenation while minimiz-
ing the risks of barotrauma, volutrauma, and ALI. Potential 
strategies to minimize airway pressures include using high 
I:E ratios (e.g., 1:1 to 1:2), as well as low tidal volumes in 
conjunction with high respiratory rates. However, for each 
tidal volume breath, the later strategy may result in a relative 
decrease in alveolar ventilation and exacerbate intraoperative 
hypercarbia and thus, the magnitude of pulmonary hyperten-
sion. Arterial blood gases should be closely monitored. In 
contrast to the obstructive lung diseases, PEEP can be safely 
used in ILD.

Clinical Case Discussion

A 70-year-old male presents with a small bowel obstruction 
and has been booked for a laparotomy. He has a history of 
severe COPD and has been prescribed home O

2
 and a regime 

of daily puffers. Two months ago his FEV
1
 and FEV

1
/FVC 

were 35% predicted and 40%. He is a smoker with a 60 pack 
year history. Other medical issues include stable class 2 
angina, hypertension, and dyslipidemia.

How Would You Optimize This Patient  
for Surgery?

Smoking cessation counseling. Abstinence from cigarette 
use even for a few hours prior to surgery will result in lower 
carbon monoxide and nicotine levels. This may reduce the 
risk of intraoperative hypoxemia and cardiac stress. Post-
operative compliance with smoking cessation improves 
wound healing and, in the long term, will decrease the rate 
at which FEV

1
 declines.

Aggressive bronchodilation. This patient requires maximal 
bronchodilator therapy. However, the use of -agonists to 
achieve this goal must be balanced against the potential of pre-
cipitating ischemia in patients with coronary artery  disease.
Steroid prophylaxis. Coverage may be appropriate if the patient 
has been on long-term steroid therapy within the past year.
Physiotherapy education. He will require aggressive chest 
physiotherapy postoperatively to minimize the risk of pul-
monary complications. Early patient education and involve-
ment will improve compliance and outcomes.

What Investigations Would You Like Prior  
to Induction?

Chest X-ray. Pulmonary imaging will establish the degree 
of hyperinflation, and can help determine whether bullae are 
present. Given the increased risk of postoperative pulmo-
nary complications in patients with COPD, a preoperative 
chest X-ray also provides a useful baseline comparison.
Arterial blood gas. Establishing the degree of hypoxemia 
and whether the patient is a CO

2
 retainer is essential to the 

intraoperative and postoperative management of patients 
with COPD.

How Would You Provide an Anesthetic  
for This Case?

Monitors. In addition to the standard monitors (electrocar-
diogram, noninvasive blood pressure, pulse oximetry, cap-
nography, agent detector), this patient will need an arterial 
line to monitor both respiratory status and hemodynamic 
stability. A central line may be useful to gauge fluid status 
as well as right ventricular function.
General vs. regional. Although a sole regional technique 
may be considered, this may be poorly tolerated (for both 
surgeon and patient) when a large laparotomy is planned. 
When a general anesthetic is required, use in conjunction 
with epidural anesthesia and analgesia will minimize post-
operative pulmonary complications.
Ventilation. Given the high degree of expiratory airflow 
obstruction as well as the risk of lung injury, the ventila-
tory goals are: low airway pressures, low I:E ratios, and low 
respiratory rates. PEEP should be avoided.
Facilitate early extubation. Postoperative respiratory 
depression must be avoided. Use short-acting agents. Fully 
reverse muscle relaxation. Consider TIVA over inhalational 

Table 24.9. Common causes of ILD.
Known etiology Unknown etiology

Inorganic dust Idiopathic pulmonary fibrosis
Silicon dioxide  silicosis
Coal  coal worker’s  

pneumoconiosis

Pulmonary fibrosis associated  
with connective tissue disease

Sarcoidosis
Asbestos  asbestosis Eosinophilic granuloma
Beryllium  berylliosis Goodpasture’s syndrome

Organic antigen Idiopathic pulmonary hemosiderosis
Thermophilic antinomycetes  

 farmer’s lung
Wegener’s granulomatosis

Bird proteins  bird  
breeder’s lung

Chronic eosinophilic pneumonia

Drug induced
Chemotherapeutic

Bronchiolitis obliterans with  
organizing pneumonia

Bleomycin
Mitomycin
Busulfan
Cyclophosphamide
Methotrexate

Others
Nitrofurantoin
Gold
Amiodarone
Radiation induced



362 M. Ma and P. Slinger

agents for maintenance of anesthesia. Patients must be 
aggressively warmed.
Postoperative care. This patient requires optimal pain man-
agement. This is ideally achieved with an epidural analge-
sia and opioid-sparing adjuvant medications. He will also 
require observation in either a monitored unit or the inten-
sive care unit.

The patient suddenly becomes hypotensive 15 min into sur-
gery. Specific to this patient’s medical issues, what are the top 
differential diagnoses and what is the definitive management 
for each?

Tension pneumothorax. Bilateral needle decompression 
followed by chest tube insertion.
Dynamic hyperinflation. Disconnect the breathing circuit 
to facilitate full exhalation.
Cardiac ischemia. This may be secondary to pulmonary 
hypertension or underlying CAD. Inotropes must be initi-
ated to increase the blood pressure. Avoid medications and 
physiologic states that may worsen pulmonary hyperten-
sion and right ventricular failure. Consult cardiology for 
emergent angioplasty if coronary occlusion is suspected.
Use of local anesthetics in the epidural. Administer a vaso-
constrictor in conjunction with a small fluid bolus.

References

 1. Casaburi R, Patessio A, Ioli F, et al. Reductions in exercise lactic aci-
dosis and ventilation as a result of exercise training in patients with 
obstructive lung disease. Am Rev Respir Dis. 1991;143(1):9–18.

 2. Meyer T, Faude O, Scharhag J, et al. Is lactic acidosis a cause of 
exercise induced hyperventilation at the respiratory compensa-
tion point? Br J Sports Med. 2004;38(5):622–5.

 3. Kesten S. Pulmonary rehabilitation and surgery for end-stage 
lung disease. Clin Chest Med. 1997;18(2):173–81.

 4. Donahoe M. Nutritional support in advanced lung disease. The pul-
monary cachexia syndrome. Clin Chest Med. 1997;18(3):547–61.

 5. Casaburi R, ZuWallack R. Pulmonary rehabilitation for manage-
ment of chronic obstructive pulmonary disease. N Engl J Med. 
2009;360(13):1329–35.

 6. Ries AL, Bauldoff GS, Carlin BW, et al. Pulmonary rehabilita-
tion: joint ACCP/AACVPR evidence-based clinical practice 
guidelines. Chest. 2007;131(5 Suppl):4S–2.

 7. Cambach W, Wagenaar RC, Koelman TW, et al. The long-term 
effects of pulmonary rehabilitation in patients with asthma and 
chronic obstructive pulmonary disease: a research synthesis. 
Arch Phys Med Rehabil. 1999;80(1):103–11.

 8. Lacasse Y, Martin S, Lasserson TJ, et al. Meta-analysis of respiratory 
rehabilitation in chronic obstructive pulmonary disease. A Cochrane 
systematic review. Eura Medicophys. 2007;43(4):475–85.

 9. Ferreira G, Feuerman M, Spiegler P. Results of an 8-week, out-
patient pulmonary rehabilitation program on patients with and 
without chronic obstructive pulmonary disease. J Cardiopulm 
Rehabil. 2006;26(1):54–60.

 10. Kagaya H, Takahashi H, Sugawara K, et al. Effective home-
based pulmonary rehabilitation in patients with restrictive lung 
diseases. Tohoku J Exp Med. 2009;218(3):215–9.

 11. Uchi M, Saji T, Harada T. Feasibility of cardiopulmonary rehabili-
tation in patients with idiopathic pulmonary arterial hypertension 
treated with intravenous prostacyclin infusion therapy. J Cardiol. 
2005;46(5):183–93.

 12. Moorcroft AJ, Dodd ME, Morris J, et al. Individualised unsu-
pervised exercise training in adults with cystic fibrosis: a 1 year 
randomised controlled trial. Thorax. 2004;59(12):1074–80.

 13. Nici L. Preoperative and postoperative pulmonary rehabilitation 
in lung cancer patients. Thorac Surg Clin. 2008;18(1):39–43.

 14. Cesario A, Ferri L, Galetta D, et al. Pre-operative pulmo-
nary rehabilitation and surgery for lung cancer. Lung Cancer. 
2007;57(1):118–9.

 15. Rajendran AJ, Pandurangi UM, Murali R, et al. Pre-operative short 
term pulmonary rehabilitation for patients of chronic obstructive 
pulmonary disease undergoing coronary artery bypass graft sur-
gery. Indian Heart J. 1998;50(5):531–4.

 16. Bluman LG, Mosca L, Newman N, et al. Preoperative smok-
ing habits and postoperative pulmonary complications. Chest. 
1998;113:883–9.

 17. Fischer SP, Bader AM, Sweitzer BJ. Preoperative evaluation. 
In: Miller RD, Eriksson LI, Fleisher LA, Wiener-Kronish JP, 
Young WL, editors. Miller’s anesthesia. 7th ed. Philadelphia, PA: 
Chruchill Livingstone; 2009. p. 1022.

 18. Warner MA, Offord KP, Warner ME, et al. Role of preopera-
tive cessation of smoking and other factors in postoperative 
pulmonary complications: a blinded prospective study of 
coronary artery bypass patients. Mayo Clin Proc. 1989;64(6): 
609–16.

 19. Nakagawa M, Tanaka H, Tsukuma H. Relationship between the 
duration of the preoperative smoke-free period and the incidence 
of postoperative pulmonary complications after pulmonary sur-
gery. Chest. 2001;120:705–10.

 20. Barrera R, Weiji S, Amar D, et al. Smoking and timing of cessa-
tion. Chest. 2005;127:1977–83.

 21. Azodi OS, Lindstrom D, Adami J, et al. The efficacy of a 
smoking cessation programme in patients undergoing elective 
surgery – a randomized clinical trial. Anaesthesia. 2009;64: 
259–65.

 22. Warner DO. Preventing postoperative pulmonary complications. 
Anesthesiology. 2000;92:1467–72.

 23. Simon RH. Cystic fibrosis: overview of the treatment of lung dis-
ease. In: Mallory GB, editor. UpToDate. Waltham, MA: UpTo-
Date; 2010.

 24. Barker AF. Treatment of bronchiectasis. In: Stoller JK, King TE, 
editors. UpToDate. Waltham, MA: UpToDate; 2010.

 25. Stroller JK. Management of acute exacerbations of chronic 
obstructive pulmonary disease. In: Barnes PJ, editor. UpToDate. 
Waltham, MA: UpToDate; 2010.

 26. Lawrence VA, Cornell JE, Smetana GW. Strategies to reduce 
postoperative pulmonary complication after noncardiothoracic 
surgery: systemic review for the American College of Physi-
cians. Ann Intern Med. 2006;144:596–608.

 27. Olsen MF, Hahn I, Nordgren S, et al. Randomized controlled trial 
of prophylactic chest physiotherapy in major abdominal surgery. 
Br J Surg. 1997;84:1535–8.

 28. Hulzebos EH, Helders PJ, Favié NJ, et al. Preoperative inten-
sive inspiratory muscle training to prevent postoperative pul-
monary complications in high-risk patients undergoing CABG 
surgery: a randomized clinical trial. JAMA. 2006;296(15): 
1851–7.



36324. Anesthesia for Patients with End-Stage Lung Disease

 29. Fischer LG, Van Aken H, Bürkle H. Management of pulmonary 
hypertension: physiological and pharmacological considerations 
for anesthesiologists. Anesth Analg. 2003;96(6):1603–16.

 30. Blaise G, Langleben D, Hubert B. Pulmonary arterial hyperten-
sion: pathophysiology and anesthetic approach. Anesthesiology. 
2003;99(6):1415–32.

 31. Rovedder PM, Ziegler B, Pinotti AF, et al. Prevalence of 
 pulmonary hypertension evaluated by Doppler echocardiography 
in a population of adolescent and adult patients with cystic fibrosis.  
J Bras Pneumol. 2008;34(2):83–90.

 32. Han MK, McLaughlin VV, Criner GJ, et al. Pulmonary diseases 
and the heart. Circulation. 2007;116(25):2992–3005.

 33. Subramaniam K, Yared JP. Management of pulmonary hyperten-
sion in the operating room. Semin Cardiothorac Vasc Anesth. 
2007;11(2):119–36.

 34. Stoelting RK, Hillier SC. Nonbarbituate intravenous anesthetic 
drugs. In: Stoelting RK, Hillier SC, editors. Pharmacology and 
physiology in anesthesia practice. 4th ed. Philadelphia, PA: 
Lippincott Williams & Wilkins; 2006. p. 155–79.

 35. Fox C, Kalarickal PL, Yarborough MJ, et al. Perioperative man-
agement including new pharmacological vistas for patients with 
pulmonary hypertension for noncardiac surgery. Curr Opin 
Anaesthesiol. 2008;21(4):467–72.

 36. Friesen RH, Williams GD. Anesthetic management of chil-
dren with pulmonary arterial hypertension. Paediatr Anaesth. 
2008;18(3):208–16.

 37. Tayama E, Ueda T, Shojima T, et al. Arginine vasopressin is an 
ideal drug after cardiac surgery for the management of low sys-
temic vascular resistant hypotension concomitant with pulmonary 
hypertension. Interact Cardiovasc Thorac Surg. 2007;6(6):715–9.

 38. Price LC, Forrest P, Sodhi V, et al. Use of vasopressin after Cae-
sarean section in idiopathic pulmonary arterial hypertension. Br 
J Anaesth. 2007;99(4):552–5.

 39. Smith AM, Elliot CM, Kiely DG, et al. The role of vasopressin 
in cardiorespiratory arrest and pulmonary hypertension. QJM. 
2006;99(3):127–33.

 40. Gay PC. Chronic obstructive pulmonary disease and sleep. Respir 
Care. 2004;49(1):39–51.

 41. Bhullar S, Phillips B. Sleep in COPD patients. COPD. 
2005;2(3):355–61.

 42. Rafanan AL, Golish JA, Dinner DS, et al. Nocturnal hypox-
emia is common in primary pulmonary hypertension. Chest. 
2001;120(3):894–9.

 43. Agarwal S, Richardson B, Krishnan V, et al. Interstitial lung dis-
ease and sleep: what is known? Sleep Med. 2009;10(9):947–51.

 44. Milross MA, Piper AJ, Dobbin CJ, et al. Sleep disordered breath-
ing in cystic fibrosis. Sleep Med Rev. 2004;8(4):295–308.

 45. Gay PC. Treatment of sleep-disordered breathing in COPD. 
In: Basner RC, Sanders MH, Stoller JK, editors. UpToDate. 
Waltham, MA: UpToDate; 2010.

 46. Sandham JD, Hull RD, Brant RF, et al. A randomized, controlled 
trial of the use of pulmonary-artery catheters in high-risk surgical 
patients. N Engl J Med. 2003;348(1):5–14.

 47. Nelson R, Edwards S, Tse B. Prophylactic nasogastric decom-
pression after abdominal surgery. Cochrane Database Syst Rev. 
2007;(3):CD004929.

 48. Rodgers A, Walker N, Schug S, et al. Reduction of postop-
erative mortality and morbidity with epidural or spinal anaes-
thesia: results from overview of randomised trials. BMJ. 
2000;321(7275):1493.

 49. Park WY, Thompson JS, Lee KK. Effect of epidural anesthesia 
and analgesia on perioperative outcome: a randomized, controlled 
Veterans Affairs cooperative study. Ann Surg. 2001;234(4): 
560–9.

 50. Rigg JR, Jamrozik K, Myles PS, et al. Epidural anaesthesia and 
analgesia and outcome of major surgery: a randomised trial. Lan-
cet. 2002;359(9314):1276–82.

 51. Tziavrangos E, Schug SA. Regional anaesthesia and perioperative 
outcome. Curr Opin Anaesthesiol. 2006;19(5):521–5.

 52. Gulur P, Nishimori M, Ballantyne JC. Regional anaesthesia ver-
sus general anaesthesia, morbidity and mortality. Best Pract Res 
Clin Anaesthesiol. 2006;20(2):249–63.

 53. Breen P, Park KW. General anesthesia versus regional anesthesia. 
Int Anesthesiol Clin. 2002;40(1):61–71.

 54. Rock P, Rich PB. Postoperative pulmonary complications. Curr 
Opin Anaesthesiol. 2003;16(2):123–31.

 55. Kozian A, Schilling T, Hachenberg T. Non-analgetic effects 
of thoracic epidural anaesthesia. Curr Opin Anaesthesiol. 
2005;18(1):29–34.

 56. Drummond GB. Diaphragmatic dysfunction: an outmoded con-
cept. Br J Anaesth. 1998;80(3):277–80.

 57. Savas JF, Litwack R, Davis K, et al. Regional anesthesia as an 
alternative to general anesthesia for abdominal surgery in patients 
with severe pulmonary impairment. Am J Surg. 2004;188(5): 
603–5.

 58. van Zundert AA, Stultiens G, Jakimowicz JJ, et al. Segmental 
spinal anaesthesia for cholecystectomy in a patient with severe 
lung disease. Br J Anaesth. 2006;96(4):464–6.

 59. Kalko Y, Ugurlucan M, Basaran M, et al. Epidural anaesthesia 
and mini-laparotomy for the treatment of abdominal aortic aneu-
rysms in patients with severe chronic obstructive pulmonary dis-
ease. Acta Chir Belg. 2007;107(3):307–12.

 60. Amato MB, Barbas CS, Medeiros DM, et al. Effect of a pro-
tective-ventilation strategy on mortality in the acute respiratory 
distress syndrome. N Engl J Med. 1998;338:347.

 61. Gajic O, Dara SI, Mendez JL, et al. Ventilator-associated lung 
injury in patients without acute lung injury at the onset of 
mechanical ventilation. Crit Care Med. 2004;32:1817.

 62. Licker M, Fauconnet P, Villiger Y, et al. Acute lung injury 
and outcomes after thoracic surgery. Curr Opin Anaesthesiol. 
2009;22(1):61–7.

 63. Schultz MJ, Haitsma JJ, Slutsky AS, et al. What tidal volumes 
should be used in patients without acute lung injury? Anesthesi-
ology. 2007;106(6):1226–31.

 64. Fernández-Pérez ER, Sprung J, Afessa B, et al. Intraoperative 
ventilator settings and acute lung injury after elective surgery: a 
nested case control study. Thorax. 2009;64(2):121–7.

 65. Licker M, Diaper J, Villiger Y, et al. Impact of intraoperative 
lung-protective interventions in patients undergoing lung cancer 
surgery. Crit Care. 2009;13(2):R41.

 66. Wolthuis EK, Choi G, Dessing MC, et al. Mechanical ventilation 
with lower tidal volumes and positive end-expiratory pressure 
prevents pulmonary inflammation in patients without preexisting 
lung injury. Anesthesiology. 2008;108(1):46–54.

 67. Michelet P, D’Journo XB, Roch A, et al. Protective ventilation 
influences systemic inflammation after esophagectomy: a ran-
domized controlled study. Anesthesiology. 2006;105:911.

 68. Schultz MJ. Lung-protective mechanical ventilation with lower 
tidal volumes in patients not suffering from acute lung injury: 
a review of clinical studies. Med Sci Monit. 2008;14:RA22.



364 M. Ma and P. Slinger

 69. Lytle FT, Brown DR. Appropriate ventilatory settings for tho-
racic surgery: intraoperative and postoperative. Semin Cardio-
thorac Vasc Anesth. 2008;12:97.

 70. Lohser J. Evidence-based management of one-lung ventilation. 
Anesthesiol Clin. 2008;26:241.

 71. Grichnik KP, Shaw A. Update on one-lung ventilation: the use of 
continuous positive airway pressure ventilation and positive end-
expiratory pressure ventilation – clinical application. Curr Opin 
Anaesthesiol. 2009;22:23.

 72. Gothard J. Lung injury after thoracic surgery and one-lung venti-
lation. Curr Opin Anaesthesiol. 2006;19:5.

 73. van der Werff YD, van der Houwen HK, Heijmans PJ, et al. Post-
pneumonectomy pulmonary edema. A retrospective analysis of 
incidence and possible risk factors. Chest. 1997;111:1278.

 74. Licker M, de Perrot M, Spiliopoulos A, et al. Risk factors for 
acute lung injury after thoracic surgery for lung cancer. Anesth 
Analg. 2003;97:1558.

 75. Hager DN, Krishnan JA, Hayden DL, et al. Tidal volume reduc-
tion in patients with acute lung injury when plateau pressures are 
not high. Am J Respir Crit Care Med. 2005;172(10):1241–5.

 76. Bozyk P, Hyzy RC. Modes of mechanical ventilation. In: Parsons 
PE, editor. UpToDate. Waltham, MA: UpToDate; 2010.

 77. Prella M, Feihl F, Domenighetti G. Effects of short-term pressure-
controlled ventilation on gas exchange, airway pressures, and gas 
distribution in patients with acute lung injury/ARDS: comparison 
with volume-controlled ventilation. Chest. 2002;122(4):1382–8.

 78. Nichols D, Haranath S. Pressure control ventilation. Crit Care 
Clin. 2007;23(2):183–99.

 79. Lawrence VA, Cornell JE, Smetana GW, et al. Strategies to 
reduce postoperative pulmonary complications after noncardio-
thoracic surgery: systematic review for the American College of 
Physicians. Ann Intern Med. 2006;144(8):596–608.

 80. Abraham NS, Young JM, Solomon MJ. Meta-analysis of short-
term outcomes after laparoscopic resection for colorectal cancer. 
Br J Surg. 2004;91(9):1111–24.

 81. Conacher ID, Slinger PD. Pain management. In: Kaplan JA, 
Slinger PD, editors. Thoracic anesthesia. 3rd ed. Philadelphia, 
PA: Churchill Livingstone; 2003. p. 436–62.

 82. Groeben H. Epidural anesthesia and pulmonary function. J 
Anesth. 2006;20:290–9.

 83. Yamakage M, Iwasaki S, Namiki A. Guideline-oriented peri-
operative management of patients with bronchial asthma and 
chronic obstructive pulmonary disease. J Anesth. 2008;22(4): 
412–28.

 84. Kemp SV, Polkey MI, Shah PL. The epidemiology, etiology, 
clinical features, and natural history of emphysema. Thorac Surg 
Clin. 2009;19(2):149–58.

 85. Rennard SI. Chronic obstructive pulmonary disease: definition, 
clinical manifestations, diagnosis, and staging. In: Stoller JK, 
editor. UpToDate. Waltham, MA: UpToDate; 2010.

 86. Edrich T, Sadovnikoff N. Anesthesia for patients with severe 
chronic obstructive pulmonary disease. Curr Opin Anaesthesiol. 
2010;23(1):18–24.

 87. Salvi SS, Barnes PJ. Chronic obstructive pulmonary disease in 
non-smokers. Lancet. 2009;374(9691):733–43.

 88. Celli BR, Cote CG, Marin JM, et al. The body-mass index, 
airflow obstruction, dyspnea, and exercise capacity index 
in chronic obstructive pulmonary disease. N Engl J Med. 
2004;350(10):1005–12.

 89. Spurzem JR, Rennard SI. Pathogenesis of COPD. Semin Respir 
Crit Care Med. 2005;26(2):142–53.

 90. Stroller J. Clinical manifestations, diagnosis, and natural history 
of alpha-1 antitrypsin deficiency. In: Barnes PJ, editor. UpTo-
Date. Waltham, MA: UpToDate; 2010.

 91. Pepin V, Saey D, Laviolette L, Maltais F. Exercise capacity in 
chronic obstructive pulmonary disease: mechanisms of limita-
tion. COPD. 2007;4(3):195–204.

 92. O’Donnell DE, Parker CM. COPD exacerbations-3: pathophys-
iology. Thorax. 2006;61(4):354–61.

 93. Ben-David B, Stonebreaker VC, Hershman R. Survival after 
failed intraoperative resuscitation: a case of “Lazarus syn-
drome”. Anesth Analg. 2001;92:690–2.

 94. Feller-Kopman DJ, Schwartzstein RM. Use of oxygen in 
patients with hypercapnia. In: Stoller JK, editor. UpToDate. 
Waltham, MA: UpToDate; 2010.

 95. West JB. Control of ventilation. In: West JB, editor. Respiratory 
physiology. 5th ed. Baltimore, MD: Williams & Wilkins; 1990. 
p. 117–32.

 96. Aubier M, Murciano D, Fournier M, et al. Central respiratory 
drive in acute respiratory failure of patients with chronic obstruc-
tive pulmonary disease. Am Rev Respir Dis. 1980;122(2):191–9.

 97. Aubier M, Murciano D, Milic-Emili J, et al. Effects of the 
administration of O2 on ventilation and blood gases in patients 
with chronic obstructive pulmonary disease during acute respi-
ratory failure. Am Rev Respir Dis. 1980;122(5):747–54.

 98. Hanson III CW, Marshall BE, Frasch HF, et al. Causes of hyper-
carbia with oxygen therapy in patients with chronic obstructive 
pulmonary disease. Crit Care Med. 1996;24(1):23–8.

 99. Morgan MD, Edwards CW, Morris J, et al. Origin and behav-
iour of emphysematous bullae. Thorax. 1989;44(7):533–8.

 100. Caramez MP, Borges JB, Tucci MR, et al. Paradoxical responses to 
positive end-expiratory pressure in patients with airway obstruction 
during controlled ventilation. Crit Care Med. 2005;33(7):1519–28.

 101. Jolliet P, Watremez C, Roeseler J, et al. Comparative effects of 
helium-oxygen and external positive end-expiratory pressure on 
respiratory mechanics, gas exchange, and ventilation-perfusion rela-
tionships in mechanically ventilated patients with chronic obstruc-
tive pulmonary disease. Intensive Care Med. 2003;29(9):1442–50.

 102. Karlet MC. An update on cystic fibrosis and implications for 
anesthesia. AANA J. 2000;68(2):141–8.

 103. Howell PR, Kent N, Douglas MJ. Anaesthesia for the parturient 
with cystic fibrosis. Int J Obstet Anesth. 1993;2(3):152–8.

 104. Walsh TS, Young CH. Anaesthesia and cystic fibrosis. Anaes-
thesia. 1995;50(7):614–22.

 105. Stenbit A, Flume PA. Pulmonary complications in adult patients 
with cystic fibrosis. Am J Med Sci. 2008;335(1):55–9.

 106. McDougall RJ, Sherrington CA. Fatal pulmonary haemorrhage 
during anaesthesia for bronchial artery embolization in cystic 
fibrosis. Paediatr Anaesth. 1999;9(4):345–8.

 107. Fuchs HJ, Borowitz DS, Christiansen DH, et al. Effect of aero-
solized recombinant human DNase on exacerbations of respi-
ratory symptoms and on pulmonary function in patients with 
cystic fibrosis. The Pulmozyme Study Group. N Engl J Med. 
1994;331(10):637–42.

 108. Elkins MR, Robinson M, Rose BR, et al. A controlled trial 
of long-term inhaled hypertonic saline in patients with cystic 
fibrosis. N Engl J Med. 2006;354(3):229–40.

 109. Katkin JP, Schultz K. Cystic fibrosis: overview of gastrointes-
tinal disease. In: Klish WJ, Mallory GB, editors. UpToDate. 
Waltham, MA: UpToDate; 2010.

 110. Tonelli MR, Aitken ML. Pregnancy in cystic fibrosis. Curr Opin 
Pulm Med. 2007;13(6):537–40.



36524. Anesthesia for Patients with End-Stage Lung Disease

 111. Bose D, Yentis SM, Fauvel NJ. Caesarean section in a parturient 
with respiratory failure caused by cystic fibrosis. Anaesthesia. 
1997;52(6):578–82.

 112. Goss CH, Rubenfeld GD, Otto K, Aitken ML. The effect of 
pregnancy on survival in women with cystic fibrosis. Chest. 
2003;124(4):1460–8.

 113. Carron M, Marchet A, Ori C. Supreme laryngeal mask airway 
for laparoscopic cholecystectomy in patient with severe pulmo-
nary fibrosis. Br J Anaesth. 2009;103(5):778–9.

 114. Schure AY, Holzman RS. Anesthesia in a child with severe 
restrictive pulmonary dysfunction caused by chronic graft-
 versus-host disease. J Clin Anesth. 2000;12(6):482–6.

 115. Simonneau G, Robbins IM, Beghetti M, et al. Updated clinical 
classifications of pulmonary hypertension. J Am Coll Cardiol. 
2009;54:S43.

 116. West JB. Mechanics of breathing. In: West JB, editor. Respira-
tory physiology. 5th ed. Baltimore, MD: Williams & Wilkins; 
1990. p. 117–32.



367P. Slinger (ed.), Principles and Practice of Anesthesia for Thoracic Surgery,
DOI 10.1007/978-1-4419-0184-2_25, © Springer Science+Business Media, LLC 2011

25
Thoracic Surgery in the Elderly
Maria D. Castillo, Jeffrey Port, and Paul M. Heerdt 

Key Points

As the population ages, increasing numbers of elderly 
patients with present for thoracic surgery.
Physiologic changes that occur with advanced age result in 
a decline of maximal reserves, affecting the patient’s abil-
ity to cope with the stress of surgery. Increased age is also 
associated with increased comorbidities.
Elderly patients with cancer may still stand to benefit from 
surgery, since survival rates for lung and esophageal cancer 
are very low without surgical resection.
Perioperative morbidity and mortality is more closely asso-
ciated with preoperative health status and tumor stage than 
chronological age.
Minimally invasive surgical techniques such as video-
assisted thoracoscopic surgery (VATS) have been shown to 
be an effective approach for surgical resection of cancer.
Because better postoperative pulmonary function, less 
postoperative pain, and fewer complications were shown 
for patients who underwent VATS compared to those who 
underwent thoracotomy for lobectomy, VATS may be 
a good choice for patients of advanced age due to their 
decreased physiologic reserves.

Careful preoperative assessment and postoperative care are 
essential in this surgical population due to their diminished 
ability to handle the stress of surgery.

Introduction

Demographic projections indicate that by the year 2030 the 
number of United States citizens over the age of 65 will 
exceed 70 million with those over 80 years of age comprising 
about 5% of the total population [1]. Currently, centenarians 
are the fastest growing segment of the population, a phenom-
enon that underscores the public health issues presented by an 
aging citizenry [1–3].

Lung cancer, the major reason for most thoracic surgery 
and the primary focus of this chapter, is particularly promi-
nent in the elderly. As such, anesthesiologists are increasingly 
presented with the task of caring for patients exhibiting not 
only the normal physiological changes associated with aging 
but also a wide range of age-related comorbidities. In that 
fundamental aspects of preoperative evaluation, anesthetic 
pharmacology, and postoperative management are reviewed 
in other sections, this chapter shall primarily focus upon the 
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cardiopulmonary and hepato-renal ramifications of aging, the 
impact of aging on the thoracic surgical population, the risk–
benefit relationship of thoracic surgery for the treatment of 
cancer in the elderly, and the emerging role of minimally inva-
sive surgical techniques.

Physiology of Aging

Appreciation of the fact that the elderly population is expand-
ing in both size and range underscores the importance of 
understanding the physiology of senescence. Ultimately, peri-
operative management of the elderly thoracic surgical can-
didate is often more complex than that of younger patients 
due to both the physiologic changes associated with advanced 
age and the increased incidence of comorbidities, particularly 
cardiovascular pathology and chronic obstructive pulmonary 
disease (COPD). In general, as people age, their maximal 
physiologic reserves decline, potentially limiting their abil-
ity to respond adequately to the stress presented by a major 
operation or acute illness. Functionally, elderly patients may 
experience symptoms indicative of pathology that are blunted 
or diminished in intensity, are atypical, or may be misdiag-
nosed as simply due to “old age” [4].

Cardiovascular

A variety of molecular and structural changes occur within the 
aorta, myocardium, and cardiac conduction system that are, 
at least in part, interrelated and adaptive within certain limits 
[5–7] (Table 25.1). For example, aging is associated with an 
increase in left ventricular (LV) afterload due to an increase in 
the stiffness of large elastic arteries and the resultant increased 

pulse wave velocity. Advanced age is also associated with  
increased LV mass secondary to myocyte hypertrophy, 
 myocardial fibrosis, and valvular sclerosis and calcification. 
Vascular stiffness occurs secondary to the breakdown of elas-
tin and collagen. Accompanying these structural changes are 
subcellular alterations in myocyte calcium cycling that allow 
the ventricle to maintain tension against the increased afterload 
for a longer period of time [6]. However, while this adaptation 
can be beneficial under some conditions, it can be maladap-
tive in others, such as tachycardia, when delayed relaxation 
can impede chamber filling. Superimposed on the direct 
changes that occur in the heart and circulation is a dampening 
of homeostatic reflexes that can serve to amplify the functional 
impact of an age-related decline in cardiovascular reserve [6].

Pulmonary

In general, the aging process is associated with alterations in 
the lung parenchyma, the chest wall “bellows” function, and 
central regulation of respiration (Table 25.2). Not surprisingly, 
respiratory complications are a major cause of morbidity and 

Table 25.1. Cardiovascular changes with aging.

Cardiac Left ventricular hypertrophy-increased mass and  
decreased compliance

Increased fatty infiltration, fibrosis, amyloid, and  
altered collagen cross-linking

Increased risk of conduction defects
Increased stroke work
Slower myocardial relaxation (decreased lusitropy)

Vascular Increased characteristic impedance and peripheral  
vascular resistance

Increased incidence of coronary artery disease,  
plaques, calcified lesions, and fixed stenoses

Decreased arterial elasticity with increased pulse  
pressure

Aortic dilation with decreased compliance and higher  
wall tension

Reflex regulation Decreased baroreceptor sensitivity
Diminished myocardial chronotropic and inotropic  

response to catecholamines
Decreased maximal cardiac output and heart rate
Decreased autonomic control of peripheral vascular  

resistance

Adapted from Castillo and Heerdt [7]

Table 25.2. Respiratory changes with aging.

Structural Decreased number of alveoli
Decreased number of lung capillaries
Decreased elastic recoil, causing easier  

collapse of peripheral airways
Decreased airway size
Decreased alveolar-capillary surface area
Decreased negative intrapleural pressure
Weakening of respiratory muscles
Stiffer chest wall due to fibrosis and  

calcification
Secretory and immune Less efficient mucociliary transport

Less sensitive protective airway reflexes
Diminished delayed-type hypersensitivity  

response to foreign antigens
Increased response to autologous antigens
Decreased polymorphonuclear leukocyte  

function
Central regulation Blunted ventilatory response to hypoxia

Blunted ventilatory response to hypercarbia
Increased periodic breathing during sleep

Functional manifestations Increased functional residual capacity (FRC)
Increased air trapping
Decreased forced expiratory volume exhaled  

in 1 s (FEV1)
Decreased forced vital capacity (FVC)
Decreased diffusing capacity
Decreased venous blood oxygenation
Increased closing capacity
Decreased maximal voluntary ventilation  

(MVV)
Increased work of breathing
Widened alveolar-arterial gradient for  

oxygen
Increased dead-space fraction
Increased ventilation–perfusion mismatch
Increased propensity for infection
Decreased resting PaO

2

Adapted from Castillo and Heerdt [7]
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mortality after thoracic surgery. However, risk generalizations 
regarding the elderly population are difficult due to wide dif-
ferences in functional status, largely reflecting the overlay of 
pathologic changes (i.e., COPD) on basic age-related changes. 
Thus, functional status clearly determines perioperative risk 
more than age alone [4]. Nonetheless, all elderly patients – 
regardless of functional status – will exhibit structural, secre-
tory, and regulatory changes that can affect both ventilation 
and respiration [7, 8]. The integration of these changes with 
perioperative events can impact even short-term outcomes. 
For example, if an 80-year-old begins to shiver in response 
to hypothermia following a thoracotomy, the ability to com-
pensate for increased carbon dioxide production is dampened 
intrinsically by reduced responsiveness of the central nervous 
system to drive ventilation coupled with impaired chest wall 
mechanics and alveolar gas exchange. Superimposed on these 
effects are the extrinsic effects of opiates to further depress 
central responsiveness and the added mechanical deficit 
imposed by thoracotomy. Ultimately, the patient is placed at 
increased risk of developing significant hypercarbia.

Hepato-Renal

Aging produces progressive changes in the liver and kidneys 
(Table 25.3) that can have a profound effect on drug metabolism 
and clearance [5]. By the age of 80 years, liver size decreases 
by as much as 40% and renal tissue mass has decreased by 
30% [9]. At the same time, age-related changes in the perfu-
sion patterns of organs in the body result in decreased blood 
flow to the liver and kidneys [9]. Ultimately, the decrease in 
size and perfusion of the liver can affect the plasma clearance 
of opiates, barbiturates, benzodiazepines, propofol, etomidate, 
most nondepolarizing relaxants, and other drugs metabolized 
by the liver [5]. Tissue atrophy and reduced renal blood flow 
result in decreased glomerular filtration rate, creatinine clear-
ance, renal functional reserve, responsiveness to antidiuretic 
hormone, and increased susceptibility to renal ischemia and 
acute renal failure. These age-related changes result in the 
prolongation of the elimination half-time of drugs and metab-
olites requiring renal clearance. As people age, there is also 
increasing variability in individually calculated pharmacoki-
netic parameters, such that the clearance of drugs may vary 
greatly among elderly patients [10].

Nervous System

As with other aspects of senescence, cognitive function 
shows a great deal of variation in terms of baseline deficit and 
reserve. Recent data have highlighted the association between 
postoperative delirium and long-term outcome, underscor-
ing the concept that even short-term cognitive impairment 
may reflect more systemic deficits. While there are consider-
able data regarding postoperative delirium in cardiac surgi-
cal patients subject to micro-embolic insults to the brain as 
the result of manipulation of the heart and aorta [11], other 
reports have focused on implications in noncardiac surgical 
patients. Robinson et al. [12] recently published a study of 
144 patients over the age of 50 – of which over half underwent 
noncardiac thoracic surgery – that found a 44% incidence of 
delirium when a series of functional and cognitive assess-
ments were carefully applied. The average time to onset was 
2.1 ± 0.9 days with a duration of 4.0 ± 5.1 days. Risk factors 
included increasing age, hypoalbuminemia, anemia, intraop-
erative hypotension, history of alcohol abuse, and comorbid 
conditions, along with pre-existing dementia and impaired 
functional status. Importantly, the presence of delirium was 
associated with an increased length of hospital stay, a higher 
incidence of postdischarge institutionalization, and a greater 
6-month mortality.

Aging and the Thoracic Surgical  
Population

Although cancer can occur at any age, it disproportionately 
strikes the elderly. Cancer is the leading cause of death among 
people age 60–79, and the second leading cause of death in 
those age 80 and older [2]. Data indicate that persons older 
than 65 have a 9.8-fold increased incidence of cancer com-
pared with those younger than 65 [3], and the National Can-
cer Institute Surveillance, Epidemiology, and End Results 
(SEER) Program revealed that 56% of all newly diagnosed 
cancer patients were over 65 years of age [1]. Consistent 
with the overall aging of the population and the trend toward 
increasing age at the time of cancer diagnosis is an increase in 
the absolute number of elderly patients presenting with poten-
tially resectable malignancy. For lung cancer in particular, the 
median age of patients presenting for surgical resection is now 
in excess of 70 years [2].

Other factors are also increasing the number of aged 
patients undergoing surgical treatment. For example, pro-
jections suggest that the incidence of lung cancer in women 
will soon equal that of men with a presumptive increase in 
the number of elderly women presenting for lung resection 
[13]. Similarly, neoadjuvant chemotherapy and radiation in 
patients with locally advanced stage III nonsmall cell lung 
cancer (NSCLC) are expanding the range of patients who are 
candidates for surgical resection. Support for this trend can 
be found in studies that demonstrated a significant survival 

Table 25.3. Hepato-renal changes with aging.

Hepatic Decreased liver size
Decreased perfusion
Decreased synthetic and metabolic capacity

Renal Decreased renal tissue mass
Decreased perfusion
Decreased glomerular filtration rate and functional reserve
Decreased creatinine clearance
Decreased response to antidiuretic hormone
Decreased ability to conserve sodium or concentrate urine
Increased number of nonfunctional glomeruli
Increased susceptibility to renal ischemia and renal failure
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advantage in patients undergoing preoperative chemotherapy 
followed by surgery compared to those undergoing surgery 
alone [14–18]. Emerging data suggests that even elderly 
patients who receive neoadjuvant therapy for esophageal 
cancer do not have significantly increased mortality or major 
complications after esophagectomy despite the insult of both 
laparotomy and  thoracotomy [19].

The Risk–Benefit Relationship of Surgical 
Intervention in the Elderly

Surgical resection remains the treatment of choice for early-
stage lung cancer, yet several reports have presented variable 
results for resection in the elderly. Based on these data and 
the fact that the elderly will present with significant comor-
bidities, clinicians have traditionally offered less aggressive 
treatment to this group, with some even recommending a non-
operative approach or less than an anatomic resection. How-
ever, advances in perioperative care and in surgical technique 
have now encouraged many to offer surgical resection to the 
aged population. Ultimately, the fundamental question for 
many patients is how the risk of surgery compares to that of 
other interventions or no intervention at all. Current data indi-
cate that at initial diagnosis elderly patients tend to have ear-
lier stage lung cancer than younger patients [20]. In addition, 
they tend to have a higher incidence of squamous cell lung 
cancers with a clinically reduced growth rate and metastatic 

potential. Nonetheless, these data need to be interpreted in the 
context of operative risk and what “long term” may mean to 
an 85-year-old.

Age-Related Perioperative Morbidity  
and Mortality

For patients aged 70, Birim et al. [21] concluded from a ret-
rospective study that operative morbidity and mortality are low 
enough to justify pulmonary resection for cancer. In this pop-
ulation, surgery was associated with a hospital mortality rate 
of 3.2% (relative to the common rate of ~1.5% reported for 
patients less than 65) along with minor and major complica-
tion rates of 51 and 13%, respectively, the most frequent events 
being arrhythmia (31%) and air leak lasting >5 days (21%). 
Five and 10-year survival rates were 37 and 15%, respectively, 
with smoking, COPD, and pathologic stage significant risk 
factors in overall survival. In patients age 80 and older, data 
from The Lung Cancer Study published in 1983 indicate that 
rates of complication and mortality for octogenarians are sub-
stantially higher than for the under 65 group (mortality rate 
of 8.1 vs. 1.6%) [22]. However, more recent studies suggest 
improvement in the results of lung resection in octogenarians 
[23–26]. In 1998, the Japanese Association of Chest Surgery 
reported a mortality rate of only 2.2% in a sample of 225 octo-
genarians undergoing lung cancer resection [27], while other 
series [28–33] found a mortality of less than 5% (Table 25.4). 
Results of a retrospective cohort study of 68 octogenarians 

Table 25.4. Reported morbidity and mortality with surgical resection in the elderly.

Source
Number  
of patients Procedures

Morbidity (minor  
and major) (%)

Mortality  
(%) Mean age

Onaitis et al. [28] 500 VATS lobectomy 20 1.2 65
McKenna et al. [29] 1,100 VATS lobectomy 15.3 0.8 71
McVay et al. [30] 159 VATS153 18 1.8 83

Lobectomy 3
Bilobectomy 3
Pneumonectomy 3

Matsuoka et al. [31] 40 16 lobectomy 20 0 82
12 segmentectomy
12 wedge resections

Port et al. [32] 61 46 lobectomy 38 1.6 82
6 segmentectomy
5 wedge resections
4 pneumonectomy

Brock et al. [33] 68 47 lobectomy 44 8.8 82
11 wedge resections
5 segmentectomy
4 bilobectomy
1 pneumonectomy

Koizumi et al. [59] 32 17 VATS lobectomy 56 12.5 82
15 thoracotomy lobectomy

Aoki et al. [67] 35 25 standard or extended  
lobectomy

60 0 80

10 wedge resections
Pagni et al. [40] 54 43 lobectomy 42 3.7 82

2 extended lobectomy
2 bilobectomy
3 segmentectomy
3 wedge resections
1 pneumonectomy
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with NSCLC who underwent lung resection reinforced that 
health status and tumor stage are more important than chrono-
logic age with regard to outcome and survival rate [31]. In 
this study, ASA classification, forced expiratory volume in 1 s 
(FEV1) of less than 1.5 L, and stage of disease were strong, 
independent predictors of long-term survival. Similarly, in a 
study of octogenarians who were offered surgical resection, 
the mortality was 1.6% and overall 5-year survival for stage 1a 
patients was 82% [32]. Somewhat surprisingly, several recent 
studies of patients undergoing esophagectomy for esophageal 
cancer report that outcomes for elderly patients, including 
mortality, postoperative complications, and long-term results, 
are also similar to those for younger patients [34–39].

Risk and Oncological Outcome

Compared to a younger patient, an elderly person may value 
different goals of therapy. As the risks of surgical interven-
tion increase along with severity of comorbid conditions, 
the patient’s priorities may shift. Long-term survival may 
become less important than relief of symptoms, quality of 
life, and maintaining level of functioning. Accordingly, 
elderly patients may be less inclined to accept the risks of a 
major surgery, even if it might be curative, in favor of less 
invasive alternatives [4]. However, there being such varia-
tion in functional status among elderly patients, major surgi-
cal procedures that are potentially curative may be perfectly 
reasonable for many patients particularly when considered 
in light of data suggesting that average life expectancies for 
70-year-old men and women are currently an additional 12.5 
and 15.3 years, respectively. For 85-year-old men and women, 
they may expect an additional 5.3 and 6.3 years, respectively, 
and even the 100-year-old person may expect an additional  
2 years of life, on average [40, 41]. Nonetheless, with increas-
ing age, the absolute gain in life expectancy from surgical treat-
ment clearly diminishes. However, the life expectancy among 
patients with lung cancer that is not surgically managed is so 
low that resection for an 85-year-old patient may still result in 
an appreciable prolongation of life. For example, impression 
that the life expectancy of an octogenarian with lung cancer 
is limited by death from natural causes is not supported by 
the US census data. In fact, the average life expectancy for an 
80-year-old living in the United States is now an impressive 
8.6 years. This translates into an overall 5-year survival for 
an age-matched population of 80%, as calculated from life 
tables. Furthermore, the majority of this time is anticipated 
to be years of active and independent life. Given these facts, 
it seems likely that the greatest impact on an elderly patient’s 
survival and quality of life would be their cancer-related mor-
tality rather than their age. This prospect is highlighted by 
the results of a retrospective review of 49 patients with early 
stage disease who either refused surgery or whose comorbid 
conditions rendered surgery unreasonable and experienced 
a survival time of only 14 months [42]. A meta-analysis of 
patients enrolled in trials for computed tomography screening 
that did not receive surgical therapy for their stage I disease 

produced similar findings [43], and a study of elderly subjects 
with stage I and II NSCLC receiving radiation alone revealed 
2- and 5-year survival rates of only 40 and 16%, respectively 
[44]. On the whole, these data indicate that early stage lung 
cancer is a fatal disease, and suggest that for patients with 
lung cancer who are over 80 years old, the majority of deaths 
will be related to the progression of lung cancer rather than 
other causes.

The Emerging Role of Minimally  
Invasive Surgical (MIS) Techniques

In that there is an association between the magnitude of pul-
monary resection and postoperative complications in elderly 
subjects, some surgeons advocate “less invasive” lung-sparing 
techniques such as wedge resection and segmentectomy for 
the treatment of pulmonary malignancy whenever possible 
[45]. While controversy exists as to whether these procedures, 
which still involve at least a limited thoracotomy, carry a 
higher risk of local recurrence, Mery et al., using data from 
the SEER database, found that, among patients age 75 or 
older, there was no difference in overall survival time between 
patients undergoing lobectomy and those undergoing limited 
resection [20].

Both the scientific literature and lay press contain a wide 
variety of publications relating to VATS as a truly “minimally 
invasive” approach to the treatment of lung cancer and as an 
adjunct in the treatment of esophageal cancer. Published data 
suggest that relative to thoracotomy, VATS patients experi-
ence shorter chest tube duration, shorter postoperative hospital 
stays, lower narcotic requirements for postoperative pain, and 
reduced shoulder dysfunction [46]. Similarly, patients who had 
VATS lobectomy reported less postoperative pain, decreased 
time until return to preoperative activities, and higher satisfac-
tion with the results of surgery than those patients undergoing 
conventional thoracotomy [47]. In addition, there was a lower 
observed incidence of postoperative confusion [48], which 
has been associated with increased postoperative morbidity 
and mortality. VATS lobectomy patients also appear to return 
to their oncologists for adjuvant chemotherapy more readily. 
A recent review of 1,100 VATS lobectomies with either lymph 
node sampling or dissection for patients with a mean age of 
71.2 years demonstrated low rates of mortality (<1%) and 
morbidity, with 84.7% of patients exhibiting no significant 
complications [29]. For esophagectomy, several minimally 
invasive approaches have been developed, including those 
incorporating thoracoscopy and/or laparoscopy into a typical 
three stage Ivor Lewis operation, approaches incorporating 
laparoscopy for a transhiatal approach, and those incorporat-
ing robotics. Emerging data support the oncological efficacy of 
these approaches [49, 50]. Galvani et al. reported experiences 
with robotically assisted laparoscopic transhiatal esophagec-
tomy, suggesting that this approach is safe and effective [51].

Despite favorable perioperative outcome data, questions 
remain as to whether lobectomy via thoracotomy and VATS 
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are equivalent therapeutic interventions for cancer. However, 
a series of 159 VATS lobectomies for stage I and II NSCLC 
revealed long-term outcomes and local recurrence rates that 
were at least equivalent to those of open thoracotomy [52], 
and a prospective, randomized trial of 100 patients with stage 
IA NSCLC concluded that long-term survival and local recur-
rence rates after VATS lobectomy were comparable to those 
for open thoracotomy [53]. Another study actually reported 
better 5-year survival rate of Stage I lung cancer after VATS 
vs. thoracotomy perhaps due in part to superior postoperative 
pulmonary function [54]. Several other studies reported simi-
lar outcomes [55–58]. For the geriatric population, a retro-
spective study of 32 lobectomy patients aged 80 years or older 
(17 VATS, 15 thoracotomies) also demonstrated better 5-year 
survival following VATS [59]. A recent review of our own 
data related to VATS lobectomy in octogenarians revealed that 
31 patients had a significantly decreased length of ICU and 
hospital stay as well as a decreased complication rate. Inter-
estingly, significantly fewer patients required discharge to a 
formal rehabilitation center and were discharged to home.

To date, most large reports show that across all age groups 
VATS for lobectomy is safe, with morbidity rates in some 
reports lower than seen historically with thoracotomy. Other 
data suggest that pulmonary function as measured by vital 
capacity and FEV1 may be better preserved in patients under-
going VATS rather than thoracotomy [54]. Kirby et al. [60] 
reported that, while they found no difference in intraoperative 
time, blood loss, or length of hospital stay between patients 
who underwent VATS vs. thoracotomy, the thoracotomy 
group did experience significantly more postoperative com-
plications, most notably prolonged air leaks.

The prospect of superior pulmonary function following 
VATS relative to thoracotomy has particular significance in 
the elderly population. To determine if the VATS approach for 
lobectomy offers specific advantages over thoracotomy in the 
elderly, retrospective studies have compared the two in aged 
patient populations. Jaklitsch reported that VATS procedures 
for patients 65 years of age resulted in superior 30-day oper-
ative mortality, which was essentially unrelated to age, and a 
decreased length of hospital stay compared to previous reports 
for standard thoracotomy [48]. More recently, Cattaneo et al. 
analyzed the incidence and grade of postoperative complica-
tions in patients 70 years of age undergoing a VATS approach 
vs. a thoracotomy for lobectomy [61]. The two groups were 
identically matched for age, gender, comorbities, and clini-
cal stage. This study found that VATS resulted in a lower 
overall complication rate, less pulmonary morbidity, and a 
decreased median length of stay. In addition, the severity of 
complications were less in the VATS group, suggesting that 
the minimally invasive approach can lead to better tolerance 
in a high-risk, elderly population.

Whether there are cardiovascular benefits to VATS lobectomy 
remains unclear. Multiple studies have established the relation-
ship between age and the occurrence of atrial fibrillation fol-
lowing lobectomy, with recent data indicating an  incidence of 

27% in patients over the age of 60 when  continuous  telemetry 
is used for diagnosis [62]. Two large series have reported 
lower than expected rates of postoperative atrial fibrillation 
following VATS lobectomy relative to thoractomy, ranging 
from 2.9 to 10% [28, 29]. However, neither study used routine 
postoperative telemetry in the highest risk patients, i.e., elderly 
patients, and likely underreported asymptomatic episodes of 
atrial fibrillation. In contrast, a matched, case–control study 
by Park et al. comparing 244 patients undergoing lobectomy 
by either VATS or thoracotomy [63] showed no difference in 
the rate of postoperative atrial fibrillation with VATS patients 
exhibiting a 12% rate of postoperative atrial fibrillation com-
pared to 16% for thoracotomy patients (p = 0.36). Predictably, 
in both groups patients experiencing atrial fibrillation were 
significantly older (median 72 years) than those who did not 
develop the arrhythmia (median 66 years).

Preoperative Evaluation  
and Postoperative Care

Although the fundamentals of preoperative evaluation outlined 
elsewhere in the text remain appropriate, aspects of periop-
erative assessment and planning take on increased importance 
and/or require different interpretation in the elderly.

Preoperative Assessment

Current guidelines developed by the American College of 
Chest Physicians for preoperative assessment of patients 
considered for thoracic surgery begins with a physical exam 
combined with cardiovascular evaluation and spirometry 
[64]. Given the lung paranchymal changes associated with 
aging and propensity for obstructive physiology, measure-
ment of diffusion capacity (DLCO) is important, particularly 
for patients with clinical signs of dyspnea out of proportion 
to the spirometry results. In patients with an FEV1 or DLCO 
<80% of predicted – a relatively common finding in the 
elderly – estimated postoperative FEV1 and DLCO values 
should be calculated as described in Chap. 2. Estimated post-
operative values for either variable of <40% is a significant 
negative predictor of outcome in all patients, and may be 
even more relevant in the aged due to the expected changes 
in intrinsic pulmonary reserve associated with senescence. 
Importantly, results need to be interpreted in the context of a 
patient’s clinical presentation; a low FEV1 in a patient with 
a large left mainstem bronchus tumor should be regarded 
 differently than a patient who has a similarly low value and 
a small peripheral lesion.

Guidelines suggest that further definition of a patient’s risk 
with cardiopulmonary exercise testing and estimation of maxi-
mal oxygen consumption (VO

2
 max) is often valuable. A VO

2
 

max <15 mL/kg/min is a negative predictor for outcome. If car-
diopulmonary exercise testing is not available other surrogates 
can be performed and include stair climbing, shuttle walk, and 
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the 6 min walk. If a patient cannot climb one flight of stairs or 
perform 25 shuttles, usually their VO

2
 max will be <10 mL/kg/

min. However, while exercise testing is a potentially powerful 
tool, it is not always applicable in the geriatric population due 
to the presence of comorbidities such as arthritis or peripheral 
vascular disease that limit mobility independent of VO

2
 max.

In the elderly population, it is also important to identify 
factors such as dementia, undernutrition, thromboembolic dis-
orders, subclinical diabetes, thyroid disorders, and renal insuf-
ficiency. For many patients, perioperative risk can be reduced 
by modest exercise along with nutritional and hormonal 
optimization. However, unlike recommendations published 
nearly 20 years ago suggesting 8 weeks of optimization prior 
to surgery [65], in the current environment, and in the setting 
of progressive malignancy, the time available for meaningful 
preoperative optimization is often quite short.

Postoperative Planning

In the absence of severe pre-existing critical illness or profound 
intraoperative complications, diagnostic and staging proce-
dures such as bronchoscopy, cervical mediastinoscopy, and 
potentially even minimally invasive wedge biopsies may be 
performed as outpatients, even in elderly patients. Following 
VATS or open lobectomy and even pneumonectomy, elderly 
patients generally are candidates for standard admission to 
postoperative acute care units [66]. Alternatively, after more 
extensive procedures such as bilobectomy, esophagectomy, or 
resection of a large or adherent mediastinal mass, ICU admis-
sion is often desirable due to the increased potential for major 
respiratory and cardiovascular postoperative complications.

It is also important to consider discharge planning even dur-
ing the initial preoperative visit in the elderly population. For 
example, it is necessary to consider who will be providing sup-
port for the patient following discharge, and where this care 
will take place. Many patients who are entirely self-sufficient 
preoperatively may not be able to care for themselves for a 
period of time postoperatively, and as such, early discharge 
planning becomes critical.

Conclusion

As the population ages, increasing numbers of elderly peo-
ple will present with lung cancer. Due to recent advances in 
neoadjuvant therapies and accumulating data demonstrating 
a favorable risk–benefit relationship even in octogenarians, 
more of these geriatric patients will be surgical candidates. 
Within this aged population, there are often wide disparities 
between chronologic age and physiologic condition, which 
is underscored by data indicating that outcome is influenced 
more by tumor stage, preoperative functional status and 
comorbidities than age alone. Nonetheless, the normal process 
of cardiopulmonary aging can serve to limit the physiological 
reserve necessary to compensate for perioperative stress even 

in otherwise healthy elderly patients. Emerging experience 
now also suggests that minimally invasive surgical techniques 
for the treatment of lung cancer may parallel conventional 
thoracotomy in terms of oncologic efficacy while decreasing 
perioperative morbidity in the elderly. Accordingly, for anes-
thesiologists, the future may hold the prospect of caring for 
very old, ill patients undergoing minimally invasive thoracic 
surgery.

Clinical Case Discussion

Case: An 84-year-old male presented with a left lung mass on 
a chest radiograph obtained during evaluation for right total 
knee replacement. Transthoracic biopsy was performed, and 
the mass found to be nonsmall cell lung carcinoma (NSCLC). 
Imaging studies revealed hilar adenopathy, and lymph nodes 
obtained from the left chest by mediastinoscopy were positive 
for NSCLC leading to disease classification as stage III A. 
He subsequently underwent induction chemotherapy. Recent 
evaluation shows a decrease in size of the mass and regression 
of hilar adenopathy.

The patient is now scheduled for VATS resection of the 
left upper lung lobe. His medical history is otherwise notable 
for past smoking (none for 20 years), daily alcohol consump-
tion (2–3 glasses of wine), hypertension (controlled), hyper-
cholesterolemia, and severe osteoarthritis of the right knee 
(he had previously undergone left total replacement at age 
78). Preoperative evaluation has been remarkable for ane-
mia (hematocrit 33%), mild COPD, and a dobutamine stress 
echocardiogram negative for ischemia (mobility limited by 
knee pain and instability). On physical exam he appears fit 
and vigorous but limited to a wheelchair when walking more 
than a block due to knee instability. He states that his plan is 
to proceed with knee replacement surgery following recovery 
from the lobectomy.

Questions

1. Is lung resection an acceptable approach for this patient 
from a physiological perspective?

2. Is left upper lobe lobectomy an acceptable procedure for 
this patient from an oncological standpoint?

3. What types of complications might this patient be at risk of 
developing?

4. What are some possible advantages of performing this pro-
cedure using video-assisted thoracoscopy?

Discussion

1. While this patient may appear to be fit and vigorous at 
baseline, all elderly patients have altered physiology as 
a consequence of aging. Thus, the stress of surgery may 
unmask these decreased functional reserves. For example, 
this patient may exhibit diminished maximum voluntary 
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 ventilation in response to the carbon dioxide load created by 
shivering, thus putting him at increased risk for hypercarbia 
in the postoperative period. Other alterations in respiratory 
function associated with aging, such as decreased PaO

2
,  

decreased DLCO, and increased ventilation–perfusion mis-
match may increase the patient’s risk of hypoxia.

Although this patient’s dobutamine stress echocardio-
gram was negative for ischemia, his advanced age suggests 
that he has some degree of LV hypertrophy and slower 
myocardial relaxation, which could negatively affect car-
diac filling in the setting of tachycardia, for example. 

These changes should be kept in mind during the periop-
erative period. However, a patient with good functional sta-
tus, even an 84-year-old, can undergo this procedure safely.

2. Lung cancer is a fatal disease, with an estimated 5-year 
survival rate of 16% without surgical resection. Thus, a 
patient with good functional status stands to gain sur-
vival time if his stage I lung cancer is resected, even at an 
advanced age. This patient underwent induction chemo-
therapy for stage IIIA cancer, which caused regression of 
his adenopathy and decreased tumor size. Recent studies 
suggest that such patients stand to benefit from lung resec-
tion after chemotherapy, experiencing increased survival 
time.

3. Any patient undergoing lobectomy is at risk for cardiovas-
cular and respiratory complications. Arrhythmias such as 
atrial fibrillation are among the most common complica-
tions, but myocardial ischemia, and bleeding may also oc-
cur. Pneumonia and respiratory failure, prolonged air-leak, 
bronchopleural fistula and empyema are also possible risks 
in the setting of pulmonary surgery. However, preoperative 
health status, a history of COPD or smoking, and tumor 
stage all seem to contribute to outcome more that chrono-
logical age does.

4. VATS may result in better outcomes than thoracotomy. 
Recent data suggest that patients who underwent VATS as 
compared to patients who underwent thoracotomy experi-
enced shorter hospital stays, less postoperative pain, less 
postoperative confusion, decreased time to return of pre-
operative activities, higher satisfaction with the results of 
surgery. Several studies have reported decreased postopera-
tive complication rates with the use of VATS rather than 
thoracotomy for lobectomy, which may be related to better 
preserved pulmonary function following minimally inva-
sive surgery. Mortality rates were also significantly better 
for patients who underwent VATS, regardless of age.
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Thoracic Anesthesia for Morbidly Obese Patients 
and Obese Patients with Obstructive Sleep Apnea
Jay B. Brodsky

Key Points

Body mass index (BMI) (BMI = Weight
kilograms

/(Height)
meters

2) 
is a measure of obesity. A patient with a BMI >30 kg/m2 is 
obese, and >40 kg/m2 morbidly obese (MO). Morbid obe-
sity is associated with medical conditions including hyper-
tension, type II diabetes, cardiac disease, and obstructive 
sleep apnea (OSA).
Moderate to severe OSA is present in more than 50% of 
MO patients, and is often unrecognized. Definitive diagno-
sis is made by polysomnography (PSG). In the absence of 
PSG documentation, all MO patients should be managed 
as if they have OSA. The ASA Practice Guidelines for the 
Perioperative Management of Patients with Obstructive 
Sleep Apnea should be used for all MO patients, whether 
or not they have had a PSG diagnosis of OSA.
The best preoperative predictors of potential problems with 
tracheal intubation in MO patients are high Mallampati (III 
or IV) score and increased neck circumference (>48 cm 
men, >40 cm women). Many MO are difficult to ventilate 
by face mask, but the majority have no difficulty undergo-
ing direct laryngoscopy and tracheal intubation.
Never allow a supine MO patient to breathe without assis-
tance. A MO patient should be positioned in the head-
elevated laryngoscopy position (HELP) prior to anesthetic 
induction. In this position, the patient’s head and upper body 
are ramped or “stacked” so that an imaginary horizontal line 

can be drawn from the sternum to the ear. If the patient is 
hemodynamically stable, the operating room table should 
also be in a reverse-Trendelenburg position (RTP) to maxi-
mize “safe apnea time.”
MO patients tolerate one-lung ventilation (OLV) in the lat-
eral position. Although there are no clinical studies of OLV 
in supine MO patients, in theory a MO patient would not be 
expected to tolerate OLV this position.
A MO OSA patient using a continuous positive airway 
pressure (CPAP) device preoperatively should bring their 
equipment to the hospital for use during their postoperative 
recovery.
Depressant medications can decrease ventilatory respon-
siveness to hypoxemia and hypercarbia in all MO patients, 
and can also cause airway collapse in OSA patients. Avoid 
sedative premedication and long-lasting opioids since both 
increase the risk of postoperative ventilatory problems. Use 
regional techniques when possible. For postoperative anal-
gesia, use multimodal analgesic therapy (local anesthetics 
for epidural, spinal and paravertebral analgesia, nonsteroi-
dal anti-inflammatory agents, and alpha-2 agonists (cloni-
dine, dexmedetomidine)) to reduce the need for opioids.
Following any long-duration operation check the patient’s 
serum for creatinine phosphokinase (CPK). A CPK level 
>1,000 IU/L is diagnostic for rhabdomyolysis (RML). The 
initial symptoms of RML (numbness, pain, weakness) can 
be masked, especially if epidural analgesia is being used.
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Introduction

As a consequence of the current worldwide obesity epi-
demic, extremely obese patients now routinely undergo 
the entire gamut of surgery, including thoracic operations 
[1]. Obese patients differ from their normal-weight coun-
terparts due to alterations in their anatomy and physiology, 
and because they often have significant additional comor-
bid medical conditions that can complicate their operative 
course and increase the risks of postoperative problems. One 
of the conditions frequently associated with extreme obesity 
is obstructive sleep apnea (OSA), a condition that further 
adds to the complexity of managing an obese patient. This 
chapter will consider the perioperative anesthetic care of 
the morbidly obese (MO) patient undergoing thoracic sur-
gery. Published studies of obese and MO thoracic surgical 
patients are almost nonexistent, so most of the discussion is 
based on experience with similar patients undergoing other 
types of surgery, particularly weight loss operations.

Definitions

Obesity

Obesity is a relative term that can have different definitions 
in different cultures depending on societal norms. Medically, 
obesity is usually described by BMI. BMI is calculated by 
dividing the patient’s weight (kilograms, kg) by the square 
of their height (meters, m) or BMI = kg/m2. It is generally 
accepted that anyone with a BMI between 25 and 29 kg/m2 is 
overweight, and obese if their BMI is 30 kg/m2. BMI itself is 
an indirect estimation of obesity since it considers any increase 
in weight as due to an increase in adipose tissue only.

Morbid obesity (MO) describes extreme obesity that, if 
untreated, will significantly shorten life expectancy. A variety 
of definitions exist, but a patient with a BMI 40 kg/m2 is 
considered to be MO. As a reflection of the worldwide obe-
sity crisis, the term “super-obesity” has been introduced in the 
medical literature to describe patients with BMI >50 kg/m2. 
Based on these definitions, more than one third of American 
adults are obese and almost 5% are MO [2].

Weight

Anesthetic drugs are usually administered on the basis of 
either ideal body weight (IBW), lean body weight (LBW), or 
total body weight (TBW).

IBW is a measure initially derived by life insurance com-
panies to describe the weight for a man or woman of a spe-
cific height that is statistically associated with maximum life 
expectancy. Ideal weight has increased over the past 4 decades 
since Americans are living longer despite significant increases 
in their average weight. IBW for calculation of drug dosing 

can be simply estimated for both men and women by the for-
mula, IBW = (22)(m2) [3].

In normal-weight patients TBW approximates IBW, that 
is, “normal” weight ranges between ±10% of IBW. LBW, 
which includes muscles, bones, tendons, ligaments, and body 
water, is equal to TBW minus the weight of body fat. LBW in 
nonobese patients should be about 80% TBW for males and 
75% TBW for females. LBW and TBW both increase as a 
patient gets heavier since there is more muscle and body water 
in addition to more adipose tissue. LBW for a MO patient is 
estimated as LBW

obesity
 = IBW + 20–30%.

Obstructive Sleep Apnea

Moderate to severe OSA is probably present in more than half 
the MO population, and the actual incidence may be even 
greater since OSA is frequently underdiagnosed [4]. OSA is 
characterized by repetitive collapse of the upper airway dur-
ing sleep, which results in complete (apnea) or near complete 
cessation (hypopnea) of airflow.

Apnea is defined as a total lack of airflow lasting at least 
10 s. Hypopnea is a decrease of 50% in airflow or 50% 
decrease for at least 10 s. These events are associated with 
either arousal from sleep and/or oxygen desaturation of 

3% [5]. If there is increasing respiratory effort the apnea 
is described as “obstructive,” whereas in central sleep apnea 
there is no breathing effort [6]. Severe OSA is associated with 
sleep fragmentation, transient hypoxemia and hypercapnia, 
large negative intrathoracic pressure swings, and marked ele-
vations in blood pressure [7].

Obesity Hypoventilation Syndrome

Obesity hypoventilation syndrome (OHS) is the combination 
of obesity (BMI 30 kg/m2) with sleep-disordered breath-
ing (usually OSA) and chronic daytime hypercapnia (PaCO

2
 

45 mmHg) [4]. In its severest form, OHS has been termed 
“Pickwickian syndrome.” In OHS there is a diminished cen-
tral ventilatory drive despite elevated PaCO

2
 [8]. Although 

OHS is rare in the general population, the incidence is esti-
mated to be between 5 and 10% in MO OSA patients, with the 
greatest occurrence in super-obese patients.

Preoperative Assessment

A thorough preoperative assessment is indicated for any surgical 
patient. For the MO patient, the anesthesiologist must consider 
the many associated comorbid conditions (including hyperten-
sion and cardiovascular disease, type II diabetes, OSA and OHS, 
osteoarthritis), in addition to the medical indication for surgery. 
The specific approaches to each of the medical comorbidities 
associated with extreme obesity are beyond the scope of this 
chapter, and the reader is referred to reviews on this subject [9].
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Airway

The patient’s previous anesthesia records should be reviewed 
for evidence of any prior difficulties with tracheal intubation. 
A MO patient, especially one with a history or symptoms 
suggestive of OSA, may have a diminution of the pharyn-
geal space secondary to fat deposition in the pharyngeal wall 
which can make airway access and mask ventilation difficult. 
The patient’s airway and anatomy should be closely exam-
ined. The best preoperative predictors of potential problems 
with tracheal intubation are Mallampati score (III/IV) and 
increased neck circumference [10].

Pulmonary Function

Excess body fat significantly reduces chest wall and total pul-
monary compliance. Airway resistance and work of breath-
ing are usually increased in the spontaneously breathing MO 
patient. Preoperatively, spirometry usually reveals a restrictive 
defect with decreases in with decreases in functional residual 
capacity (FRC), mainly expiratory reserve volume (ERV), 
associated with small airway collapse during tidal breathing. 
These changes result in ventilation/perfusion (V/Q) mismatch, 
an elevated shunt fraction, and relative hypoxemia [11].

Preoperative pulmonary function testing has been useful 
for predicting which patient can safely undergo lung resec-
tion [12]. Published minimum values of at least 40% FEV

1
 and 

40% diffusion capacity may not be useful for the MO patient 
since measurements are not indexed to weight. No predictive 
baseline spirometry studies for MO patients undergoing lung 
resection have been published. However, as BMI increases 
postoperative FEV

1
 and FVC values decrease proportionally 

[13]. For example, following abdominal surgery MO patients 
experience significantly more atelectasis, greater decreases 
in FRC, and lower PaO

2
 values than matched normal-weight 

patients. Therefore, it is very likely, but still unproven, that MO 
patients also experience greater reductions in pulmonary func-
tion following thoracic operations than nonobese patients.

Cardiovascular Function

Absolute blood volume and cardiac output are increased in 
obesity. The presence of OSA further increases the risks of 
pulmonary and systemic hypertension. These factors eventu-
ally lead to “eccentric” right ventricular hypertrophy, left ven-
tricular hypertrophy, and development of right and left heart 
failure (“obesity cardiomyopathy”) in older MO patients [14]. 
A routine electrocardiogram is usually adequate for most 
MO patients, even those with arterial hypertension. However, 
even in asymptomatic obese patients, some degree of right 
ventricular dysfunction can be demonstrated by echocardiog-
raphy. The presence of angina or other cardiac symptoms 
requires a more thorough cardiac evaluation. Longstanding or 
severe OSA should alert one to the possibility of  pulmonary 

 hypertension and right ventricular failure and prompt 
 preoperative  echocardiographic evaluation [15].

Obstructive Sleep Apnea

Although OSA has important implications for airway manage-
ment and for the perioperative use of sedatives and opiates, 
most MO surgical patients have not had a polysomnographic 
(PSG) “sleep” study to confirm the diagnosis. The anesthe-
siologist performing the preoperative assessment may be the 
first person to suspect OSA [16].

Suspicion of OSA is raised for any patient with a BMI 
>35 kg/m2, particularly when the adipose has an abdominal 
distribution (“central” obesity) with increased waist-to-hip 
ratio, a large neck circumference (>17 in. or >43 cm in men, 
>16 in. or >40 cm in women), and a Mallampati airway score 
of III or IV. Besides snoring, frequent awakenings and apnea 
periods during sleep, OSA patients often have a history of 
day-time drowsiness, morning headaches, irritability, person-
ality changes, depression, cognitive impairment, and visual 
incoordination.

Intermittent nocturnal sympathetic activation from hypox-
emia and hypercarbia causes systemic hypertension. Recur-
rent hypoxic pulmonary vasoconstriction eventually results in 
pulmonary hypertension and right and left ventricular hyper-
trophy. Medical comorbidities are independently associated 
with both obesity and OSA and include hypertension, coro-
nary artery disease, cerebrovascular disease, congestive heart 
failure, cardiac dysrhythmias, and diabetes mellitus [17].

The STOP questionnaire (mnemonic for Snoring, Tired-
ness, Observed you stop breathing, blood Pressure) has been 
developed to help identify OSA patients [18, 19]. The STOP 
questionnaire when combined with important patient data 
(BMI, age, neck size, gender) has a very high sensitivity for 
identifying patients with moderate to severe OSA. However, a 
PSG study is the only accurate means of assessing the sever-
ity of OSA.

During PSG numerous parameters are recorded and then 
analyzed. The Arousal Index (ARI) is the number of apneas/
hour of total sleep time. The Hypopnea Index (HI) is the num-
ber of hypopneas/hour of total sleep time. The sum of the ARI 
and HI is the Arousal/Hypopnea Index (AHI) [5]. The Arousal 
Index (ARI) is the number arousals/hour of total sleep. The 
combination of ARI and AHI is the Respiratory Disturbance 
Index (RDI). An AHI of >5 in combination with clinical 
symptoms is considered diagnostic of OSA.

Obtaining a complete preoperative PSG study, although 
ideal, may not be practical depending on availability of a sleep 
laboratory, the cost, and the urgency of surgery. Since OSA is 
so common in the MO population (in some studies >80%), all 
patients should be presumed to have OSA and be managed 
within that context. The American Society of Anesthesiolo-
gists (ASA) consensus guideline document for the periopera-
tive management of patients with OSA is an extremely useful 
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resource for planning the perioperative management of any 
MO patient undergoing thoracic surgery [20].

CPAP, administered by nasal mask or prongs, is used to treat 
moderate to severe OSA. CPAP provides a pneumatic stent 
that opens the upper airway and maintains its patency. For 
patients requiring high levels of CPAP or those with chronic 
obstructive pulmonary disease as occurs in many thoracic 
surgical patients, bi-level positive airway pressure (BIPAP) 
is used since it allows for independent adjustment of inspira-
tory and expiratory positive airway pressure unlike the fixed 
single setting for CPAP [21]. OSA patients scheduled for an 
elective procedure can experience significant improvement 
in their symptoms if they are begun on CPAP therapy pre-
operatively. Tongue volume decreases and pharyngeal space 
actually enlarges following several weeks of CPAP, poten-
tially simplifying airway management. Preoperative CPAP 
also improves other medical comorbidities including conges-
tive heart failure, hypertension, and perhaps even pulmonary 
hypertension.

Obesity Hypoventilation Syndrome

OHS patients present with the same symptoms as OSA 
patients, but usually have lower daytime oxygen saturations 
and more severe pulmonary hypertension.

Electrocardiographic evidence of right heart strain and 
hypertrophy is common. A preoperative arterial blood gas 
sample, preferably with the patient breathing room air, should 
be obtained. It will establish a baseline, and document the 
degree of PaCO

2
 elevation and the presence of elevated bicar-

bonate levels compensating for chronic respiratory acidosis. 
Polycythemia is usually present secondary to chronic hypox-
emia, and this further increases an already elevated risk for 
postoperative pulmonary embolism.

Compared with eucapnic MO patients with sleep-disordered 
breathing, patients with OHS have higher risk of developing 
serious cardiovascular disease. Given that the prevalence of 
extreme obesity has increased considerably, it is likely that 
clinicians will encounter patients with OHS who are sched-
uled for thoracotomy. Therefore, maintaining a high index of 
suspicion can lead to early recognition and treatment reducing 
the high morbidity and mortality associated with undiagnosed 
and untreated OHS [22].

Management of Anesthesia

Premedication

Centrally depressant medications can decrease ventilatory 
responsiveness to hypoxemia and hypercarbia in any MO 
patient, but in the MO patient with OSA these drugs also 
decrease pharyngeal dilator muscle tone and activity caus-
ing upper airway collapse. Many anesthetic agents and medi-
cations are associated with pharyngeal collapse; including 

 opioids, benzodiazepines, nitrous oxide, thiopental, propofol, 
and even small doses of neuromuscular blocking agents. Sed-
atives given preoperatively can have prolonged effects in any 
MO patient, and when OSA is present they increase the risk of 
respiratory depression even into the postoperative period. For 
MO thoracic surgical patients, sedative premedication should 
be used with caution or preferably, avoided completely.

Patient Position

Unlike normal-weight patients, awake MO patients should 
never be allowed to lie flat prior to induction of anesthesia. In 
the supine position, MO patients experience an exacerbated 
reduction in their already reduced FRC. This can result in dan-
gerous hypoxemia, especially if they are breathing air. Obese 
patients preoxygenated in sitting position have significantly 
extended tolerance to apnea after muscle paralysis (“safe 
apnea time”) when compared with similar patients preoxy-
genated in the conventional supine position [23]. Also, in the 
supine position any decreased venous return from compres-
sion of the inferior vena cava by increased abdominal pressure 
can cause hypotension.

MO patients should always be positioned prior to anesthetic 
induction so that their upper body and head are elevated to 
a point that their sternum and ear are aligned in a horizon-
tal line (HELP) [24] (Fig. 26.1). In addition, if the patient is 
hemodynamically stable, the operating room table should be 
in the RTP [25]. The Semi-Fowler position with the patient’s 
upper body elevated 25–30° also extends safe apnea time [26] 
but the 30° RTP is better [27]. In these positions the patient’s 

Fig. 26.1. Prior to induction of general anesthesia, the morbidly obese 
patient should never be allowed to lie flat but should be positioned 
in the head-elevated laryngoscopy position (HELP). In this position, 
an imaginary horizontal line can be drawn from their sternum to 
their ear. HELP improves the view during direct laryngoscopy and 
increases safe-apnea time after muscle paralysis. If the patient is 
hemodynamically stable, the operating table should be in 30o reverse 
Trendelenburg to further increase safe-apnea time.
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panniculus drops down and “unloads” the diaphragm, which 
in turn increases FRC. The combination of the patient in the 
HELP with the operating room table in the RTP maximizes 
FRC and improves the view during direct laryngoscopy.

The head-up position in obese patients, without adequate 
arm support, can result in brachial plexus injury [28]. Chang-
ing to the lateral position for thoracotomy or thoracoscopy 
requires additional physical help and equipment. Axillary 
rolls have to be proportionally larger to protect the brachial 
plexus. Beanbags to support the patient in the lateral decubitus 
position may not sufficiently wrap around the patient due to 
their excessive girth and patients may need to be restrained 
with belts or tape across the pelvis. Supporting the head in the 
lateral, flexed position can be difficult due to a proportion-
ally short neck, and requires creative placement of towels and 
blankets to ensure that the head is positioned on a horizontal 
line extending through the spine of the patient, in a neutral 
position (Fig. 26.2).

Anesthetic Drugs

The ASA guidelines for the perioperative management of OSA 
patients should be considered for all MO surgical patients, 
with or without a PSG diagnosis of OSA [20]. When practi-
cal, opioid-sparing anesthetic techniques including regional 
anesthesia should be considered. Short-acting anesthetic and 
analgesic agents are always appropriate choices for the MO 
patient. Some anesthesiologists prefer a total intravenous 
anesthesia (TIVA) technique with propofol and remifentanil, 
while most find an inhalational technique combined with epi-
dural analgesia best for thoracotomy.

In current anesthetic practice, propofol is the induction 
agent of choice for surgical patients, including MO patients. 
In theory a lipid soluble agent like propofol should be dosed 

according to TBW, but such large doses could result in 
 cardiovascular collapse, particularly in the intravenous fluid 
restricted thoracotomy MO patient. For MO patients, the 
induction dose of propofol is based on LBW [29].

Succinylcholine should be used for tracheal intubation in 
the MO patient. The concentration of pseudo-cholinesterase, 
the enzyme that metabolizes succinylcholine, increases with 
increasing weight. The dose of succinylcholine (1 mg/kg 
TBW) provides a rapid and profound neuromuscular block 
and better intubating conditions [30]. Nondepolarizing muscle 
relaxants are initially dosed based on LBW, and a neuromus-
cular monitor is used to guide additional dosing.

Remifentanil is administered based on LBW in MO patients. 
All opioids have respiratory depressant properties and intrave-
nous administration should be carefully titrated according to 
individual patient needs.

Isoflurane is more lipophilic than desflurane or sevoflu-
rane. Desflurane and sevoflurane have each been marketed 
as anesthetics for MO patients. However, in obese patients 
blood flow to fat is reduced and comparable recovery times 
with both agents have been reported in obese and nonobese 
subjects after anesthetic procedures lasting 2–4 h. There are 
no clinical differences in emergence and recovery profiles in 
MO patients receiving either desflurane or sevoflurane when 
anesthetic concentration are carefully titrated [31], and despite 
claims to the contrary there is no clear advantage between any 
of the inhalational anesthetics in MO patients [32].

Tracheal Intubation

The American Society of Anesthesiologists Task Force defines 
a difficult airway as the “clinical situation in which a conven-
tionally trained anesthesiologist experiences problems with 
(a) face mask ventilation of the upper airway or (b) tracheal 
intubation, or both” [33].

The criteria used to define difficult mask ventilation usu-
ally include failure to maintain oxygen saturation (SpO2) 
>92%, the need for two providers, and/or the inability to mask 
ventilate at all. Increased BMI and a history of OSA are each 
independent predictors for difficult mask ventilation [34], and 
there is general acceptance that MO patients, especially when 
supine, are more difficult to ventilate by mask than normal-
weight patients.

Numerous studies have considered tracheal intubation in 
the MO population. The view obtained during direct laryn-
goscopy is usually used as a measure for difficult or failed 
intubation; however, an ETT may be easy to place despite a 
poor laryngoscopic view, and even with a reasonable view 
there can be difficulty passing a tube.

A controversy remains as to whether the tracheas of all MO 
patients are more difficult to intubate than normal patients 
[35]. Airway studies in MO patients are often performed on 
the bariatric surgical population, which typically includes a 
greater number of female patients. Male fat deposition usu-
ally exhibits a more visceral and truncal pattern than the 

Fig. 26.2. After turning the patient to the lateral decubitus flexed posi-
tion, supporting the patient’s head can be difficult due to a proportion-
ally short neck in many MO patients. Creative placement of towels and 
blankets is required to ensure that the head is positioned on a horizontal 
line extending through the spine of the patient, in a neutral position.
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peripheral deposition seen in females. Higher rates of OSA 
are seen in men due to a greater accumulation of fat around 
the airway [36]. It is therefore possible that many studies of the 
airway in MO select greater numbers of patients where 
the anatomical impact of obesity is reduced. In addition, a 
lack of a standard intubating position in MO patients further 
confuses the issue.

The standard sniffing position for tracheal intubation is 
achieved in nonobese patients by raising their occiput 8–10 cm 
with a pillow or head rest. Obese patients require much greater 
elevation of their head, neck, and shoulders (HELP) to pro-
duce the same alignment of axes for intubation [24]. In studies 
of MO patients where the head position is suboptimal, that is, 
not in the HELP there are higher incidences of grade 3 and 4 
Cormack–Lehane laryngoscopic views and exaggerated dif-
ficulty with direct laryngoscopy [37].

Certain clinical features are more likely to be present in 
obese or MO patients in whom direct laryngoscopy is difficult. 
High Mallampati score (III or IV), increased neck circumfer-
ence (>48 cm), and excessive pretracheal adipose tissue have 
consistently been identified as predictors of difficult laryngos-
copy in MO patients [10, 38, 39] It is likely that a small subset 
of male MO patients with short wide necks, OSA, and high 
Mallampati scores will present difficulty with laryngoscopy 
and intubation. Anesthesiologists should always proceed with 
caution with MO patients since difficult oxygenation by mask 
is very common and all have a shortened safe apnea time after 
apnea is induced for laryngoscopy.

It was previously believed that all MO patients were at risk 
for acid aspiration during induction of general anesthesia. 
Risk factors include increased intra-abdominal pressure, high 
incidence of gastroesophageal reflux disease (GERD) and 
hiatus hernia, increased gastric volume (usually >25 mL), and 
decreased gastric fluid pH (usually <2.5). Recently, this belief 
has been challenged and it now felt that most patients are at 
no greater risk than normal-weight patients. Obese patients at 
special risk for gastric acid aspiration are those with diabetes 
and gastroparesis, and patients who have previously under-
gone gastric banding procedures [40].

For most MO patients, an intravenous induction with 
propofol and succinylcholine is the best means for securing 
the airway. As short a period as possible between making the 
patient apneic and successful tracheal intubation is important 
since bag and mask ventilation is often difficult due to upper 
airway obstruction and reduced pulmonary compliance, and 
gastric insufflation during ineffective mask ventilation will 
increase the risk of regurgitation and acid aspiration. A sec-
ond person experienced with airway management, preferably 
another anesthesiologist, should always be readily available to 
assist when difficulty is encountered.

Lung Separation

Safe and dependable isolation and selective ventilation of 
the lungs are essential for the practice of modern thoracic 

anesthesia. Lung separation is accomplished with either a 
double-lumen tube (DLT) or bronchial blockade (BB) using 
a balloon-tipped catheter. There is no “best” method for 
lung separation, and choice depends on the specific surgical 
requirements, the patient’s airway, and the individual anesthe-
siologist’s preferences and experience.

To date there have been no studies comparing ease and suc-
cess of DLT placement in obese patients with normal-weight 
patients. As discussed, direct laryngoscopy for placement of a 
DLT or endotracheal tube (ETT) should be no more difficult 
in the majority of MO patients provided the patient is appro-
priately positioned for laryngoscopy.

When a problematic laryngoscopy is anticipated, or if dif-
ficulty is actually experienced when attempting to place a 
DLT, a single lumen ETT can be inserted using a gum elastic 
bougie as a guide, or through any of several laryngeal mask 
airways (LMAs) using fiberoptic bronchoscopy, or with any 
other intubation adjunct such as a Trachlight® [41, 42]. Once 
the ETT is in place, a bronchial blocker can be used, or alter-
natively, a long tube exchanger can be employed to change 
from the ETT to a DLT. A DLT can also be placed directly by 
fiberoptic bronchoscopy [43].

When tube exchange is not practical, lung isolation can 
usually be achieved with a bronchial blocker through the ETT. 
BB may be the best choice for those MO patients with high 
Mallampati score and thick necks who present with a potential 
“difficult” airway. If the plans are to use an ETT for postoper-
ative ventilation, it may be safer to avoid a DLT entirely since 
changing tubes at the completion of surgery can be potentially 
dangerous in these patients.

A major advantage for selecting a DLT for a MO patient 
is the ease that CPAP can be applied to the collapsed lung to 
improve oxygenation during OLV. Our usual practice for all 
patients is to select a DLT by examining the patient’s chest 
radiograph or CT scan preoperatively to determine tracheo-
bronchial anatomy and airway diameters [44]. Unlike chronic 
obstructive lung disease, which results in a dilation of trachea 
and bronchi, a similar effect does not occur for the restric-
tive lung disease associated with obesity. Relatively, small 
tracheas are often found in a very large number of patients. 
A large lumen DLT will minimize airflow resistance and 
reduce intrinsic PEEP (

i
PEEP) during OLV [45].

One-Lung Ventilation

Surgical positions affect the severity and progress of hypox-
emia during OLV. Successful OLV in MO patients is tech-
nically possible in the lateral position if the panniculus is 
allowed to fall away from the body unloading the dependent 
diaphragm (Fig. 26.3). I coauthored the single published  
clinical series of MO patients undergoing thoracotomy almost 
30 years ago. That study found that MO patients tolerated the 
surgical procedure with adequate oxygenation during OLV, 
although their arterial oxygen tensions were significantly 
lower during OLV than normal-weight controls [46].
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Normal-weight patients undergoing OLV in the supine posi-
tion have significantly lower arterial oxygen tensions than when 
the same patient is in lateral position [47]. For patients under-
going thoracotomy in the supine, the semi-lateral decubitus, 
and the lateral decubitus positions, oxygenation progressively 
decreases with time after the start of OLV. However, OLV in 
the supine position is associated with the highest incidence of 
life-threatening hypoxemia, usually occurring approximately 
10 min after starting OLV with 100% oxygen inhalation [48]. 
Although MO patients maintain adequate oxygenation during 
OLV in the lateral position, they are much less likely to toler-
ate OLV in the supine position since many patients already 
have reduced FRC and are relatively hypoxemic even during 
two-lung ventilation lying flat.

MO patients benefit from lung recruitment maneuvers fol-
lowing induction of anesthesia, particularly prior to the institu-
tion of OLV [49]. For most patients maintaining intraoperative 
oxygenation during OLV can be accomplished with tidal vol-
ume ventilation of 10–12 mL/kg (IBW) or less, intermittent 
alveolar recruitment, CPAP to the collapsed lung, or PEEP to 
the ventilated lung [50]. Basilar atelectasis is present in supine 
MO patients preoperatively, and worsens following induction 
of general anesthesia. Ventilation with tidal volumes greater 
than 13 mL/kg (IBW) does not improve oxygenation, and can 
result in excessively high peak pressures during OLV [51].

High peak inspiratory pressures secondary to restriction of 
chest wall and diaphragmatic excursion and the narrow single 
lumen of a DLT can further limit volume-controlled mechanical 
ventilation during OLV. Pressure-controlled ventilation during 

OLV can improve oxygenation and decrease peak  pressures in 
normal-weight patients [52]. Pressure-limited OLV may have an 
application in the MO population, but if too low a tidal volume 
is delivered to a patient with an already low FRC, hypoxemia 
will worsen. PEEP is beneficial during two-lung ventilation in 
MO patients. During OLV, the benefits of PEEP to the single 
ventilated dependent lung are less clear as any pressure above 
the lower inflection point of the alveolar pressure–volume loop 
results in increased pulmonary vascular resistance thereby 
increasing shunt fraction and worsening hypoxemia [53].

Tracheal Extubation

Extubation of the trachea at the completion of a pulmonary 
resection lowers the risk of bronchial stump disruption and 
pulmonary air leaks secondary to positive pressure ventila-
tion. In normal patients, our practice is to extubate the trachea 
early with the patient still in the lateral position, followed by 
assisted mask ventilation until the patient is fully awake. In the 
MO patient, especially one with a history of OSA, mask ven-
tilation can be difficult. Tracheal extubation in a MO patient 
should be performed with the operating room table in the RTP 
to optimize ventilation and to allow access to the airway if 
reintubation becomes necessary.

A MO patient must be sufficiently awake and have a regular 
respiratory pattern before the trachea is extubated. The DLT 
can be replaced with an ETT via a tube exchanger and the 
patient is allowed to emerge from anesthesia. Alternatively, 
after deflating both the tracheal and bronchial cuffs and with-
drawing the tube until the endobronchial segment is in the tra-
chea, the tracheal cuff can be reinflated and the DLT used as 
a single lumen tube. A DLT completely in the trachea is less 
stimulating than one still in the bronchus.

For the MO patient who has been using CPAP or BIPAP 
preoperatively, these devices should be available and used 
immediately after tracheal extubation to stent the upper air-
way, to reduce the work of breathing, and to improve tidal 
volume and gas exchange [54]. The recently introduced non-
invasive Boussignac mask-CPAP (BCPAP) system does not 
require a mechanical ventilator and is very helpful in main-
taining satisfactory oxygenation in spontaneously breathing 
MO surgical patients [55, 56]. Supplemental oxygen should 
always be administered, but oxygen therapy can increase the 
AHI, hypoventilation, and PaCO

2
 levels in OHS patient.

Continuous, noninvasive, transcutaneous carbon diox-
ide (PtcCO

2
) monitoring, when compared to standard arte-

rial blood gas sampling, is accurate and has been applied to 
MO patients, especially those with OSA and OHS to evaluate 
abnormalities in their alveolar ventilation [57].

Intravenous Fluid Management

Routine clinical practice is to restrict intravenous fluid to 
reduce the incidence of postoperative pulmonary edema after 
lung resection [58]. Therefore, perioperative assessment of 

Fig. 26.3. Successful one-lung ventilation (OLV) in MO patients is 
technically possible in the lateral position if the panniculus is allowed 
to fall away from the body unloading the dependent diaphragm. MO 
patients are much less likely to tolerate OLV in the supine position 
since many patients already have reduced FRC and are relatively 
hypoxemic even during two-lung ventilation when they lie flat.
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blood volume (BV) is particularly critical for patients under-
going thoracotomy. The mean value for BV in normal-weight 
adults is usually given as 70 mL/kg. Since BV decreases in a 
nonlinear manner with increasing weight, this value cannot 
be used for obese and MO patients. With progressive increase 
in BMI total circulating BV also increases, but BV measured 
as mL/kg TBW actually decreases in a nonlinear manner [59] 
(Fig. 26.4). Using 70 mL/kg will overestimate BV in MO 
patients and can lead to under-administration of crystalloids, 
colloids, and red blood cells in the event of massive fluid 
translocation and/or hemorrhage.

Postoperative Analgesia

Satisfactory postthoracotomy analgesia is extremely impor-
tant to maximize lung function, particularly in the MO patient 
who has baseline restricted lung function prior to surgery.

Epidural opioid analgesia, with or without local anesthetic, 
when compared to intravenous (IV) opioids reduces pain, 
improves pulmonary function and oxygenation, and reduces 
postthoracotomy complications [60]. Local anesthetics given 
epidurally also supplement general anesthesia and reduce opi-
oid needs during surgery.

Lung volumes in obese patients are probably significantly 
further reduced in the postoperative period. Although the effects 
of thoracic epidural analgesia (TEA) compared to  conventional 
opioid-based analgesia in postoperative spirometry has not 

been studied in obese patients undergoing thoracotomy, it 
has in laparotomy patients [13]. In both groups, periopera-
tive spirometric values decreased significantly with increasing 
BMI, with the greatest reduction in vital capacity immediately 
after tracheal extubation. The effects were less in all patients 
receiving TEA, but in obese patients (BMI >30kg/m2) the dif-
ference in vital capacity was significantly more pronounced 
than in normal patients. Recovery of spirometric values was 
significantly quicker in patients receiving TEA, particularly in 
the obese patients.

With epidural analgesia, any postoperative hypotension 
and/or motor blockade from the local anesthetic will limit 
the MO patient’s ability to ambulate increasing their already 
greater risk for pulmonary embolism.

Continuous thoracic paravertebral analgesia is as effective 
as epidural analgesia in managing postthoracotomy incisional 
pain and is associated with a lower incidence of complica-
tions, including fewer pulmonary complications, less nausea 
and vomiting, less hypotension, and fewer failed blocks than 
epidural analgesia [61]. Only the operated side is blocked.

Early institution of postoperative multimodal analgesic reg-
imens that include local anesthetics, interpleural local anes-
thetic infusions, nonsteroidal anti-inflammatory agents, and 
other synergistic drugs to reduce the respiratory depressant 
effects of centrally acting agents is indicated for MO patients 
with OSA. Alpha-2 agonists (clonidine, dexmedetomidine) do 
not depress respiration and have analgesic properties. They 
have been used as adjuncts to epidural local anesthetics for 
postthoracotomy analgesia [62, 63]. Although their potential 
for perioperative care in MO OSA thoracic patients is promis-
ing, their role remains to be further elucidated

Complications

Studies have reported that extremely obese patients undergo-
ing cardiac surgical procedures have longer recovery times 
and a greater incidence of postoperative complications and 
mortality than normal-weight patients [64–66]. Although the 
same may be true for MO patients undergoing thoracotomy, 
there have been too few outcome studies to corroborate this, 
and most of the published postthoracotomy outcome stud-
ies have considered obese (BMI >30 kg/m2) and not MO 
or super-obese patients [67, 68]. One recent study did find 
a weak correlation between obesity (BMI >30 kg/m2) and 
increased length of hospital stay after thoracic surgery [69]. It 
is interesting to note that there was a much higher association 
of complications in low BMI (<18.5 kg/m2) patients following 
thoracotomy. Many other large series of patients undergoing 
nonthoracic operations have reported similar results, that is, 
obesity (BMI >30 kg/m2) is not a major risk factor, but low 
BMI (<18.5 kg/m2) is highly associated with surgical compli-
cations and death [70].

The risk of postoperative thromboembolism, atelectasis, and 
pneumonia are believed to be greater in MO surgical patients 
undergoing nonthoracic operations [71–73]. Presumably, the 

Fig. 26.4. Routine clinical practice is to restrict intravenous fluid 
during lung resection. The mean value for blood volume (BV) in 
normal-weight adults (BMI <25 kg/m2) is approximately 70 mL/kg. 
BV decreases in a nonlinear manner with increasing weight. With 
increases in BMI total circulating BV also increases, but BV mea-
sured as mL/kg TBW decreases in a nonlinear manner. Calculating 
blood loss and fluid resuscitation using 70 mL/kg will overestimate 
BV in MO patients and can lead to under-administration of crystal-
loids, colloids, and red blood cells in the event of massive fluid trans-
location and/or hemorrhage. (Adapted from Lemmens et al. [59]).
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same is true for similar size patients undergoing thoracic sur-
gery, but once again, no studies are available that can docu-
ment this concern. In fact, the widely held belief of a greater 
incidence of complications in obese patients after nonthoracic 
surgery has been challenged [74].

There is one postoperative complication that is now 
 recognized as relatively common in MO surgical patients, 
but rare in normal-weight patients. Rhabdomyolysis (RML) 
results from pressure injury to skeletal muscle due to pro-
longed stasis in a nonphysiologic position, such as the lat-
eral decubitus position [75, 76]. Long-duration surgery is 
the major risk factor, but other factors include super-obesity, 
male patients, and a history of hypertension, diabetes and/
or peripheral vascular disease. Intraoperative padding of all 
pressure points and close attention to patient positioning are 
essential to prevent RML, pressure ulcers, and neurologic 
damage in MO patients.

Injured muscle releases myoglobin, electrolytes, and pro-
tein into the systemic circulation. Myoglobinuria can lead to 
acute renal failure (ARF), and electrolyte disturbances can 
cause dysrhythmias and even cardiac arrest. Local signs and 
symptoms of RML are nonspecific and include pain, tender-
ness, swelling, bruising, and weakness. Complaints of numb-
ness and muscular pain are almost always present, but epidural 
analgesia can mask symptoms and delay diagnosis.

Myoglobinuria usually presents as “tea” or brown-
 colored urine. The primary diagnostic indicator of RML 
is elevated serum creatine phosphokinase (CPK) levels. A 
MO patient who complains of buttock, hip, or shoulder pain 
in the postoperative period and who has a serum CPK level 
>1,000 IU/L is considered to have RML. Aggressive treat-
ment should be instituted once CPK levels increase beyond 
5,000 IU/L. Although intraoperative fluid replacement can 
reduce the risk of postoperative RML, fluid replacement is 
usually restricted during pulmonary resections. However, 
once a diagnosis of RML is made, aggressive hydration 
with large volumes of intravenous fluids and administra-
tion of diuretics are required to flush myoglobin from the 
kidneys.

Surgical Issues

Operative exposure in a MO patient may be less than opti-
mal as the usual lateral decubitus position with extreme table 
flexion may not result in an adequate opening of the chest 
wall. Exposure is further compromised by increased chest 
wall thickness. Soft-tissue thickness also becomes impor-
tant during video-assisted thoracoscopy (VATS) procedures 
since longer instruments are needed and range of motion may 
be limited. Unsatisfactory conditions for VATS can lead to 
more frequent conversion to thoracotomy, but once again, it 
is unclear as to whether this complication occurs more often 
in MO patients. The possibility of changing from VATS to 
open thoracotomy has important implications since it raises 
issues as to whether an epidural catheter should be placed 

 preoperatively in a “technically difficult” VATS patient when 
there is a high likelihood of proceeding to thoracotomy.

Conclusion

Although MO patients comprise an ever-increasing percentage 
of the thoracic surgical population, current anesthetic manage-
ment is based on experience from obese patients undergoing 
nonthoracic surgical procedures. Obesity is not a contraindi-
cation to thoracic surgery, however, given the potential prob-
lems of extreme obesity there is a need for clinical studies to 
develop specific anesthetic management strategies for the MO 
thoracic surgical patient.

Clinical Case Discussion

Case: An active, working 50-year-old, 5 11  man weighing 
325 lbs is scheduled for a right upper lobectomy for lung can-
cer confirmed by needle biopsy. The patient has no known 
medical problems. He has never been hospitalized and has no 
history of previous surgery. On questioning, his wife notes 
loud snoring and frequent arousals during the night, but he has 
never had a sleep study to diagnose OSA. The patient and sur-
geon are anxious to proceed with surgery as soon as possible.

Preoperative management:

What pulmonary functions studies are needed?

Although spirometry may be useful, it is doubtful that it 
would demonstrate an inability for this patient to tolerate 
the surgery. The patient is active and has no respiratory 
impairment.

Should the patient undergo a preoperative PSG study?

Given the patient’s BMI (45 kg/m2) and history of sleep dis-
turbances, it is more than likely than not that he has OSA. 
Although PSG would confirm the diagnosis, even without 
it this patient should be treated as if he has OSA.

Should the surgery be postponed several weeks while the 
patient is placed on CPAP?

Several weeks of preoperative CPAP therapy might be help-
ful, but the patient is anxious to proceed with the surgery 
immediately.

Intraoperative management:

What needs to be done prior to induction of anesthesia?

In the preoperative area even if the patient is anxious, he 
should not be given any sedatives.
An epidural should be placed for intra and postoperative 
use. It is even more important for this patient not to rely on 
an opioid PCA for postoperative analgesia.
An arterial line should be placed to obtain a baseline blood 
gas, and for intra and postoperative monitoring.
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On arrival in the operating room, he should not be allowed 
to lie flat. He should be immediately positioned on the 
operating table in the HELP.

How should the patient’s airway be intubated?

If the preoperative assessment demonstrated a high Mal-
lampati score and large neck circumference, a potentially 
difficult airway intubation is likely. The choice of proceed-
ing with an “awake” fiberoptic intubation or a conventional 
IV induction and direct laryngoscopy is up to the confi-
dence and experience of the anesthesiologist. A second 
trained physician or nurse should be immediately available 
to assist with mask ventilation and/or airway intubation.
Whichever method is chosen, the patient should be preoxy-
genated for 3–5 min with 100% oxygen. If an IV induction is 
chosen, propofol and succinylcholine should be used. If with 
direct laryngoscopy the patient has a Cormack–Lehane grade 

 II view, a gum elastic bougie should be inserted through the 
glottis, followed by an endotracheal tube (ETT) over the bou-
gie. At this point lung separation can then be accomplished 
with either a bronchial blocker through the ETT, or the ETT 
can be replaced with a DLT using an 80 cm DLT-exchange 
catheter. If intubation by direct laryngoscopy and a bougie 
is not possible, an LMA should be placed and a fiberoptic 
bronchoscope used to intubate the trachea with an ETT.

Postoperative management:

What if the patient complains of pain, even with a functioning 
epidural?

Supplemental IV opioid analgesia should be avoided; mul-
timodal analgesic techniques should be considered.
In the postoperative area the patient is noted to be oliguric?
The differential diagnosis includes hypovolemia and the 
need to administer IV fluids.
A serum CPK level should be obtained to rule out renal 
failure secondary to rhabdomyolysis. If the CPK level is 
>1,000 IU/L, aggressive fluid therapy should be instituted.
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27
Surgery of the Chest Wall and Diaphragm
Peter Slinger 

Key Points

Surgery for benign chest wall deformities is most commonly 
performed for cosmetic reasons, but in some cases for restric-
tive respiratory or cardiac symptoms.
Postexcision, chest wall defects larger than 5 cm will 
require reconstruction to diminish paradoxical motion and 
impaired gas exchange.
All full-thickness diaphragm defects should be repaired 
when diagnosed to prevent late onset of perforation or 
strangulation of abdominal contents in the chest.
Diaphragm eventration requires repair only for symptoms 
of impaired gas exchange.

Chest Wall Surgery

Tumors

Benign tumors of the chest wall include chondromas, osteo-
chondromas, fibrous dysplasia, and desmoid tumors. Because 
it is often not possible at the time of surgery to be certain of 
the pathology, benign tumors are treated the same as malig-
nant tumors with wide excisions. Malignant tumors of the 
chest wall include soft tissue sarcomas, chondrosarcomas, and 
other varieties of sarcoma. They are excised with wide mar-
gins of at least 4 cm including several partial ribs above and 
below for rib lesions. For sternal lesions, a sternotomy with 
corresponding resection of bilateral adjacent costal arches is 
performed.

Defects of the chest wall less than 5 cm are usually closed 
primarily and not reconstructed. Defects larger than 5 cm in 
any diameter are reconstructed with a synthetic mesh. Soft 
tissue reconstruction of larger defects may include a flap of 
latissimus dorsi, pectoralis major, rectus abdominus, or other 
muscle and/or omentum [1].

Anesthetic considerations for excision of chest wall tumors 
include possible invasive or compressive effects of the tumor 
on intrathoracic cardiovascular or respiratory structures (see 
Fig. 27.1). Postoperative pain and respiratory limitation is a 
major problem following excision of large chest wall tumors. 
Thoracic epidural analgesia may be indicated for patients with 
borderline preoperative respiratory function.

Congenital Deformities

The commonest congenital deformity of the chest wall pre-
senting for surgery is pectus excavatum (see Fig. 27.2). This is 
a posterior angulation of the lower sternum and adjacent ribs. 
The severity can be assessed on chest imaging by the “pectus 
index” which is the distance ratio of the transverse chest diam-
eter to the shortest distance between the posterior sternum and 
the anterior border of the spine. In normal individuals this 
ratio is approximately 2.5 and in patients with pectus excava-
tum it typically exceeds 3.5. It may be associated with scolio-
sis or Marfan’s syndrome. Pulmonary function tests generally 
show a mild restrictive pattern, however this does not improve 
significantly after repair [2]. However, repair of the deformity 
does improve exercise capacity secondary to improved cardiac 
output and stroke volume.

There are several different surgical procedures used to cor-
rect pectus excavatum. Most open procedures involve resec-
tion of the costal cartilages at the site of the deformity, an 
osteotomy of the sternum and internal fixation or stabilization 
(see Fig. 27.3). In children and younger adolescents, there is 
the option of a minimally invasive procedure with the insertion 
of a Nuss bar to elevate the sternum [3].

A variety of other less common congenital chest deformities 
such as pectus carinatum and Poland syndrome also can pres-
ent for surgery. Anesthetic considerations for pectus excavatum 
and these other deformities are essentially identical to those for 
excision of chest wall tumors.

Chest Wall Surgery ...................................................................................................... 391

Diaphragm Surgery ...................................................................................................... 393
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Thoracic Outlet Syndrome

Thoracic outlet syndrome refers to compression of the subcla-
vian vessels and/or brachial plexus at the superior aperture of 
the chest. It may or may not be associated with the presence of 
a cervical rib. The compression is mainly caused by the first 
rib. Patients present with a variety of peripheral neurological 
or vascular symptoms which may include positional pain and 
paresthesia, commonly in the C8-T1 distributions of the medial 
hand and arm. Confirmation of the diagnosis may require 
nerve-conduction studies or angiography. Treatment is initially 
conservative with physiotherapy. In refractory cases excision 

Fig. 27.2. Transverse CT scans of a patient with pectus excavatum. 
(a) Preoperative. The sternum is compressing the right ventricle.  
(b) Postoperative. Internal fixation of the sternum and a portion of 
the pectus bar attached to the ribs of the left chest can be seen.

Fig. 27.1. Transverse (a) and saggital (b) CT scan views of a patient 
with a chondrosarcoma of the lower sternum. The tumor is compressing 
the right ventricle.

Fig. 27.3. Diagram of a pectus bar placed posterior to the lower portion  
of the sternum during open surgery for repair of pectus excavatum 
(reprinted from [5]. © Elsevier 2008, with permission).
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of the first rib and/or a cervical rib may be indicated. Surgery 
is via an extra-thoracic approach and anesthetic concerns are 
similar to those for other types of head and neck procedures.

Diaphragm Surgery

Hernia

Repair of congenital diaphragmatic hernia in infants is dis-
cussed in Chap. 39. Adults may also present for repair of con-
genital or acquired defects of the diaphragm (see Fig. 27.4). 
Congenital malformations of the diaphragm in adults may be 
diagnosed incidentally on chest imaging or may cause a vari-
ety of compressive symptoms due to the intrathoracic mass of 
gastrointestinal contents. The commonest site for herniation 
of abdominal contents into the chest is through the esopha-
geal hiatus. Other sites include the Bochdalek foramen and 
Morgagni foramen. An acquired hernia may be due to sudden 
severe blunt abdominal trauma. Occasionally these may pres-
ent late, long after the initial trauma. All diaphragmatic her-
nias should be repaired when diagnosed due to the possibility 
of strangulation or perforation of bowel in the chest. Repairs 
are most commonly performed by laparotomy or laparoscopy. 
Anesthetic concerns for hiatal hernias are similar to those for 
other types of benign esophageal disease (see Chap. 30) spe-
cifically, an increased risk of aspiration on induction.

Eventration

Eventration of the diaphragm is an elevation of a portion of 
the diaphragm due to an incomplete development of part of 
the musculature. The differential diagnosis is a paralysis  
of the diaphragm. Causes of phrenic nerve paralysis such 
as lung cancer must be ruled out. Most cases of eventra-
tion in adult life are treated conservatively. Severe dyspnea 
or orthopnea may be an indication for surgery. Surgical 
repair is by plication of the involved portion of the dia-
phragm, this can be performed with a minimally invasive 
approach [4].
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28
Extrapleural Pneumonectomy
Ju-Mei Ng 

Key Points

Extrapleural pneumonectomy (EPP) is a formidable sur-
gical procedure performed on patients with limited life 
expectancy. Anesthetic management may contribute to con-
tainment of perioperative morbidity and mortality through 
the control of intraoperative physiologic disruptions and 
postoperative pain, and an appreciation of the associated 
postoperative complications to effect early intervention.
Beyond standard anesthetic management issues for pneu-
monectomy, there exist a number of important “EPP-
specific” anesthetic concerns. These include significantly 
greater blood loss, more delicate management of intravas-
cular fluid and blood components, greater operative impair-
ment of venous return, high probability of arrhythmias and 
greater potential for hemodynamic instability related to 
pericardial window and its patch.
Common causes of hypotension during EPP include com-
pression of the heart or great vessels by tumor or surgi-
cal pressure/retraction, blood loss and/or inadequate fluid 
resuscitation and thoracic epidural sympathetic blockade.
No single anesthetic recipe is of proven superiority for 
either EPP or lung resection surgery in general. The priority 
for early extubation favors the use of short-acting modern  

inhalational and intravenous agents, with limited use of 
 traditional parenteral narcotics. Thoracic epidural analgesia 
is widely employed intraoperatively to facilitate extubation 
at the conclusion of surgery by providing dense analgesia 
without depression of sensorium or respiratory drive.
Fluid management remains a challenge due to the increased 
blood loss in EPP, hemodynamic instability, renal toxicity 
of chemotherapy agents, and the potential for exacerbation 
of acute lung injury.

Introduction

Extrapleural pneumonectomy (EPP), first described for the 
treatment of tuberculous empyema, is currently typically per-
formed for local control of malignant pleural mesothelioma 
(MPM). Rarely, it may be applied to other malignancies or 
infections involving or obliterating the pleural space. The en 
bloc resection of lung, pleura, pericardium, and diaphragm is 
a formidable surgical procedure performed on patients with 
limited life expectancy. Although there has been a dramatic 
reduction in perioperative mortality from 31% reported in the 
1970s [1] to recent series demonstrating mortality ranging 
from 3 to 7% [2–9], postoperative morbidity remains high. 
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Nevertheless, significant survival improvement (in selective 
patients with MPM) has been achieved by EPP followed by 
chemotherapy and/or radiation when performed at centers 
experienced in the procedure [2, 3, 7]. In addition, intraop-
erative intracavitary hyperthermic chemotherapy (IOHC) is 
being applied in a few centers for better control of local dis-
ease. This chapter will discuss the important “EPP-specific” 
anesthesia concerns [10, 11], including IOHC, which appre-
ciably impacts on anesthetic care [11].

Malignant Pleural Mesothelioma

MPM arises on the pleural surface of the chest wall, lung, peri-
cardium, or diaphragm, tends to spread or recur locoregionally, 
and is generally fatal within a year of diagnosis [12]. Its etio-
logic link to asbestos exposure has been established [13], but 
not all patients with mesothelioma have a history of asbestos 
exposure, and other etiologies have been postulated [14]. The 
current US incidence of 2–3,000 new cases/year is expected 
to continue to increase until at least 2020 because of the long 
latency period between asbestos exposure and diagnosis.

No single modality of treatment significantly improves 
median survival beyond 12 months. EPP offers the most 
complete cytoreduction, but recurrence occurs locoregion-
ally. Multimodality approaches, combining cytoreduction by 
pleurectomy/decortication (P/D) or EPP, with chemotherapy, 
radiotherapy, or photodynamic therapy have been evaluated 
in various combinations recently, with reported improved sur-
vival statistics [15]. Preoperative chemotherapy followed by 
surgery is becoming more popular [4, 8, 9]. With the excep-
tion of IOHC, they generally do not greatly impact anesthetic 
management of EPP.

Intraoperative Intracavitary Heated  
Chemotherapy (IOHC)

The intraoperative application of chemotherapy (usually cis-
platin) to address microscopic disease remaining in the empty 
hemithorax prior to closure is an emerging therapy with 
important implications on anesthetic management. Intracavi-
tary application targets the chemotherapy directly at the sites 
of recurrence (including abdomen), with higher doses than 
would be tolerated systemically. Heating the chemotherapy 
agent increases tumoricidal activity by increasing the perme-
ability and metabolic activity of the cells [16].

Surgical Considerations

Technique of EPP

The technique of EPP [17] consists of several basic steps:

1. Incision and exposure of the parietal pleura.
An extended posterolateral thoracotomy with resection 

of the sixth rib is the most common approach.

2. Extrapleural dissection to separate the tumor from the 
chest wall.

3. En bloc resection of the lung, pleura, pericardium, and dia-
phragm with division of the hilar structures.

A combination of blunt and sharp extrapleural dissec-
tion is initiated anterolaterally, and advanced to and over 
the apex, to bring the tumor down from the posterior and 
superior mediastinum (Fig. 28.1).

Beware of injury to the internal mammary vessels/grafts  –
and subclavian vessels during dissection anteriorly and 
at the apex, respectively, as well as traction injury to 
the azygous vein and superior vena cava in the superior 
mediastinum.
Posterior dissection is then performed and the esopha-

gus dissected away from the tumor. The diaphragm is 
avulsed circumferentially (Fig. 28.2) and the pericardium 
is opened.

During division of the medial aspect of the diaphragm,  –
the inferior vena cava may be injured or torsed.
The main pulmonary artery (PA) and pulmonary veins 

are then dissected, isolated, and stapled extra- or intraperi-
cardially. After the main bronchus is dissected as far as the 
carina, the bronchial stapler is fired under direct visualiza-
tion with the fiberoptic videobronchoscope to assure a short 
bronchial stump. Bleeding from numerous exposed vessels 
on the inner thoracic cavity is temporized by packing, but 
definitive hemostasis is not sought until the specimen is 
removed.

4. Radical lymph node dissection.
Radical mediastinal lymph node dissection is per-

formed, followed by reinforcement of the bronchial 
stump. The hemithorax is then irrigated with warm saline 
and water (wash phase) to remove and osmotically lyse 
residual microscopic tumor.

Fig. 28.1. Anterior parietal dissection (reprinted with permission 
from Lee et al. [17], © 2009).
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5. Optional administration of IOHC.
6. Reconstruction of the diaphragm and pericardium (Fig. 28.3).

The last step is reconstruction of the diaphragm and 
pericardium using a prosthetic such as Gore-Tex DualMesh 
(W.L. Gore and Associated, Inc., Flagstaff, Arizona). These 
patches prevent subsequent herniation of abdominal con-
tents and cardiac herniation into the empty hemithorax.

Technique of IOHC

Two perfusion cannulae (inflow and outflow) are placed within 
the open hemithorax after tumor resection and hemostasis. 
Chemotherapy in dialysate maintained at 42°C is circulated 

via a pump for 60 min. The volume of perfusate is adjusted to 
keep the hemithorax full, which maximizes surface area con-
tact between residual microscopic tumor cells and a high local 
concentration of cisplatin. Systemic administration of cytopro-
tectants is performed either before or after the chemotherapy 
administration depending on the agent used (Table 28.1); the 
timing is important to maximize tumorigenicity while sparing 
renal function [3]. Sodium thiosulfate covalently binds and 
inactivates cisplatin in the blood. Amifostine (Ethyol, Alza 
Pharmaceuticals – US), which exhibits 100-fold preferential 
uptake by normal cells and salvages intracellular free radicals, 
has also been used. Amifostine may cause hypotension with 
rapid administration.

Patient Selection

Critical to risk reduction, a general exclusion criteria utilized by 
the surgical group with the most favorable published survival 
statistics [2] are listed in Table 28.2. Patients with a predicted 
postoperative forced expiratory volume in 1 s (ppoFEV

1
) of 

less than 0.8 L are considered for P/D, rather than EPP.

Fig. 28.2. The diaphragm is incised circumferentially and dissected bluntly from the underlying peritoneum (reprinted with permission from 
Lee et al. [17], © 2009).

Fig. 28.3. The diaphragmatic and fenestrated pericardial patches 
prevent herniation (reprinted with permission from Lee et al. [17], 
© 2009).

Table 28.1. Renal protective strategies for EPP with intraoperative  
intracavitary hyperthermic chemotherapy (IOHC) with cisplatin  
(Brigham and Women’s Hospital Protocol).

Admission day before surgery for intravenous hydration
Seven-day hold of nonsteroidal anti-inflammatory drugs
Pretreatment with intravenous amifostine (30 min prior to IOHC) and  

second dose 2 h later
Intravenous sodium thiosulfate following IOHC
Liberalized IV hydration and assiduous avoidance of systemic hypotension  

during and after IOHC
Urine alkalinization
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Preoperative Patient Preparation

An awareness of the perceived cardiopulmonary reserve, the 
anatomical extent and impact of the tumor, and coexisting dis-
ease states allows the anesthesiologist to tailor invasive moni-
tors, lines, and anesthetic plan to preempt or efficiently respond 
to problems. If IOHC is planned, renal protection strategies 
begin preoperatively with hydration and the withholding of 
nonsteroidal anti-inflammatory medications (Table 28.1).

Cardiopulmonary Risk Assessment

Assessment of cardiopulmonary reserve is especially difficult. 
Measurements traditionally employed to predict postthora-
cotomy pulmonary complications include ppoFEV

1
, maximal 

oxygen consumption (VO
2
 max), and diffusing capacity for car-

bon monoxide (DL
CO

) [18]. History, physical examination, and 
echocardiography will reflect cardiac functional status, but may 
not predict the response to the stress of pneumonectomy in the 
setting of major fluid shifts [19]. Patients with a history of recent 
myocardial infarction in the last 3 months or life-threatening 
arrhythmias would be considered for P/D rather than EPP.

Radiologic Studies

Computed tomography and magnetic resonance imaging 
(MRI) of the chest play an important role in assessing tumor 
invasion of the chest wall, vertebrae, diaphragm, and medi-
astinal structures. They are used for staging and/or to assess 
tumor resectability [20]. The anesthetic implications include 
safe placement of epidural catheters at the thoracic region, 
level of intravenous access, quantity of blood and blood prod-
ucts available, and the potential necessity for cardiopulmo-
nary bypass during resection.

Anesthetic Considerations

Specific Anesthetic Issues for EPP

Beyond the standard management issues for pneumonectomy 
[21], important “EPP-specific” anesthesia concerns are shown 
in Table 28.3.

Lines and Monitors

Generous intravenous access is paramount and blood should be 
available in the operating room. If the superior vena cava is in  
jeopardy, lower extremity intravenous access is mandatory. 
A nasogastric tube aids posterior esophageal dissection intra-
operatively and gastric decompression (and the prevention of gas-
tric acid aspiration) postoperatively. Invasive monitors (arterial 
and central venous lines) are routine. The site of central venous 
access is important, as the potential for causing a pneumothorax 
in the nonoperative lung has to be weighed against injury to the 
subclavian vein during surgical dissection on the operative side.

Although PA catheters have potential interpretation pit-
falls during pneumonectomy [22, 23], they may be useful 
for postoperative fluid and right heart management issues. 
Transesophageal echocardiography (TEE) is a more powerful 
and reliable monitor of right and left ventricular filling and 
function, and is a more sensitive monitor of myocardial isch-
emia, particularly during left EPP when the surgical incision 
precludes appropriate EKG lead placement. However, there 
is no direct evidence of improved outcome, and the cost and 
need of technical expertise make this tool worthwhile only in 
selected cases.

Choice of Anesthesia

No single anesthetic recipe is of proven superiority for either 
EPP or lung resection surgery in general. The priority for early 
extubation favors the use of short-acting modern inhalational 
and intravenous agents, with limited use of traditional paren-
teral narcotics.

Thoracic Epidural Analgesia

Compared to systemic opioids, thoracic epidural analgesia 
(TEA) reduces perioperative pulmonary [24] and cardiac com-
plications [25, 26], including pulmonary infections, atelectasis, 
myocardial infarction, and the incidence of supraventricular 
tachyarrhythmias postthoracotomy. TEA is widely employed 
intra- and postoperatively for EPP. It also facilitates extubation  

Table 28.2. Suggested exclusion criteria for EPP.

Karnovsky performance status <70%
Abnormal creatinine
Abnormal liver function tests
Evidence of unresectability by CT, MRI, echocardiogram
Room air PaCO

2
 >45 mmHg

Room air PaO
2
 <65 mmHg

Left ventricular ejection fraction <45%
Predicted postoperative FEV

1
 <1 La

aPatients with predicted postoperative FEV
1
 <2 L are recommended to  

undergo quantitative radionuclide ventilation-perfusion scanning
CT computed tomography; MRI magnetic resonance imaging; FEV

1
 forced  

expiratory volume in 1 s

Table 28.3. Anesthetic issues for extrapleural pneumonectomy.

Significantly greater blood loss compared to pneumonectomy
More delicate management of intravascular fluid and blood components
Greater operative impairment of venous return
Greater danger of surgical disruption of major vascular structures
More complex and variable physiology of the nonoperative lung  

(restrictive and obstructive)
High probability for disruption of internal mammary artery coronary  

grafts (if present)
High probability of arrhythmias
Frequent “pseudo-ischemic” ST changes on ECG during wash phase
Greater potential for hemodynamic instability related to pericardial  

window and its patch
Greater postoperative pain and pulmonary dysfunction related to the larger 

incision
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at the conclusion of surgery by providing dense analgesia  
without depression of sensorium or respiratory drive.

The sympatholytic effects of TEA may complicate hemo-
dynamic management if dense blockade is imposed during or 
prior to the dissection phase of EPP. It is therefore common 
to initiate bolus dosing of the epidural catheter later in the 
surgery. Ultimately, solutions and infusion rates are individu-
alized to address catheter insertion site, hypotension, pruritus, 
nausea, opioid tolerance, sedation, or other side effects.

One-Lung Anesthesia

Lung Isolation Techniques

Lung isolation to facilitate surgical exposure may be achieved 
using either a double-lumen endotracheal tube (DLT) or a 
bronchial blocker. For EPP, DLTs allow rapid ventilation 
or collapse of either lung, effective suctioning and uninter-
rupted lung isolation at the time of surgical crossclamp. We 
favor a left-sided DLT for a right EPP (and vice versa). There 
is no hardware present in the operative bronchus, and com-
pared to a bronchial blocker, a left-sided DLT is less likely 
to be dislodged with surgical manipulation. Although right-
sided DLTs have a smaller margin of safety (due to short 
right upper lobe anatomy), this is rarely an impediment to 
their effective use. When an anomalously high right upper 
lobe precludes an effective air seal at the bronchial cuff, this 
is easily remedied by passing a blocker down the tracheal 
lumen [27]. Blockers are principally used for left-sided EPP 
in patients with difficult airway anatomy, and withdrawn 
prior to stapling the bronchus in order to avoid accidental 
inclusion into the suture line.

Optimizing Oxygenation During OLV

Lung-protective (5–6 mL/kg tidal volume, limiting peak 
airway pressure <35 cmH

2
O and plateau airway pressure 

<25 cmH
2
O) ventilation and dependent lung positive end-

expiratory pressure (PEEP) with the intention of limiting 
dependent lung volutrauma and atelectasis is important [28].

EPP patients, during OLV in the lateral decubitus posi-
tion, often exhibit an element of restrictive physiology in 
the dependent lung imposed by the weight of the tumor and 
surgical pressure during dissection. Frequent large changes 
in compliance require vigilance to prevent high airway pres-
sures or volumes (depending on the mode of ventilation). Dur-
ing intracavitary lavage, where a perfusate of cisplatin exerts 
weight on the mediastinum, PEEP is also important to prevent 
atelectasis. In addition, dependent lung pneumothorax may 
easily occur during dissection of large tumors and will require 
surgical decompression. The IOHC fluid may accumulate in 
the dependent thorax if the pleural defect is not adequately 
repaired.

Despite a greater propensity for dependent lung atelectasis 
and possibly increased nondependent lung shunt (inhibition of  

hypoxic pulmonary vasoconstriction due to more vigorous  
surgical manipulation), hypoxemia during OLV for EPP 
is unusual. This is because the best predictor of oxygen 
desaturation during OLV is increased (>55% of cardiac output) 
blood flow to the operative lung, which is seldom the case in 
MPM [29].

Hemodynamic Management

Hypertension

Hypertension should be avoided during the dissection phase, 
as it will greatly exacerbate bleeding from the innumerable 
avulsed chest wall veins. It may also be an issue when the 
specimen is removed, and venous return to the heart is sud-
denly unimpeded.

Hypotension

This is more frequent, and its treatment should reflect its etiol-
ogy whenever possible (Table 28.4). Reduced venous return is 
the most common mechanism, caused by mechanical pressure 
on the mediastinum during dissection, or torsion of great ves-
sels. Critical phases of surgery when venous return is most 
threatened include the induction, dissection, and terminal 
repositioning phases. Vasodilation from hyperthermia dur-
ing IOHC may occur as core temperatures not uncommonly 
exceed 38°C.

Induction

Preemptive vasoconstricting agents and judicious selection of 
induction agents/doses are particularly indicated for patients 
with large tumor burdens, large effusions, or radiographic 
evidence of cardiac or major vessel impingement. Often, the 
thoracic epidural test-dose effect is still peaking at the time of 
induction, potentially further increasing compensatory vaso-
constrictor requirements.

Table 28.4. Causes of hypotension during EPP.

Common Compression of heart or great vessels by tumor or surgical 
pressure/retraction

Blood loss/inadequate fluid resuscitation
Thoracic epidural sympathetic blockade

Uncommon Air-trapping (“auto-PEEP”)
Tension pneumothorax
Drugs (vasodilators/negative inotropes)
Right heart dysfunction/failure
Cardiac herniation
Tight pericardial patch
Shifted mediastinum following closure
Myocardial ischemia
Arrhythmias
Embolic events
Transfusion reactions
Drug reactions
Sepsis
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Dissection Phase

Venous return is impeded by blood loss, insensible losses, 
and variable degrees of compression from the tumor, retrac-
tors, and blunt dissection pressure. The temptation to correct 
venous return by enthusiastic crystalloid volume expansion 
is to be resisted. Judicious use of vasopressors, together 
with blood products when appropriate, will temporize until 
the specimen is removed. Communication with the surgeon 
during this phase is paramount, and a coordinated effort is 
necessary to maintain forward progress with acceptable 
hemodynamics. A low threshold for administration of blood 
during this phase often proves strategic. When the specimen 
is removed, venous return, hemodynamics, and respiratory  
compliance should normalize. Persistent hypotension at this 
stage suggests hypovolemia.

Repositioning and Emergence

Herniation of the heart (particularly with right EPP), with tor-
sion of great vessels and circulatory arrest may abruptly occur 
upon resumption of the supine position at the end of surgery. 
Immediate return to the lateral position is the appropriate 
reflex response. This usually improves hemodynamic param-
eters while preparation for re-operation made if necessary.

The diagnosis is less obvious when only moderate hypoten-
sion occurs at this juncture. Culprits include partial cardiac 
herniation (loose or partially ruptured pericardial patch), 
tamponade (tight pericardial patch or retained pericardial 
effusion), inferior vena cava impingement (tight right dia-
phragmatic patch), hypovolemia, and deviated mediastinum, 
among others.

Reduced venous return is the common mechanistic denom-
inator. A sluggish response to fluid boluses and vasopressors 
suggest that mechanical impediments to venous return should 
be ruled out before leaving the operating room. Aggressive 
bolus dosing of the epidural in anticipation of emergence may 
contribute to diagnostic confusion. A portable chest radio-
graph is usually helpful in ruling out partial cardiac herniation, 
or guiding medialization of the mediastinum by withdrawal of 
air from the chest drain. TEE may assist in the diagnosis.

Fluid Management

Average estimated intraoperative blood loss during EPP in the 
best of surgical hands is approximately 0.5–1.5 L. Most of this 
occurs in a gradual, continuous fashion during the processes 
of blunt separation of the parietal pleura from the chest wall, 
although catastrophic bleeding can occur from major vessels 
during dissection of the hilum or at the apex. Monitoring of 
the extent of blood loss requires vigilance and communication 
with the surgeons.

Antifibrinolytics have not been shown to reduce packed 
red blood cell requirements in EPP surgery [30]. As with any 

pneumonectomy, excessive crystalloid is to be avoided as it 
may exacerbate the pulmonary edema of postlung resection 
acute lung injury. Fluid management thus becomes a balanc-
ing act in the setting of significant hemodynamic swings with 
intermittently moderate-to-major episodes of blood loss. This 
balance shifts in favor of more liberal fluid administration in 
patients receiving IOHC, out of concern for nephrotoxicity.

Central venous pressure measurements, PA occlusion pres-
sures, or observance of respiratory variation on arterial line 
tracings may be unreliable indicators of intravascular volume 
during manipulation of weighty tumors, with the chest open 
to atmosphere. Attention to the surgical field (including the 
fullness of the heart), urine output, blood gas and hematocrit 
results, and occasionally TEE are helpful guides.

Postpneumonectomy Pulmonary  
Edema (PPE)

An emphasis is made on discriminating between hypovolemia 
and impairment of venous return out of concerns that unnec-
essary volume resuscitation may contribute to postpneumo-
nectomy pulmonary edema (PPE). Pulmonary edema of the 
remaining lung following pneumonectomy occurs in 2–4% of 
patients and carries mortality in excess of 50% [31]. Statis-
tics specifically applied to EPP have not been published, but 
the greater fluid shifts associated with EPP raise concern. It 
is apparent that in the presence of the increased pulmonary 
capillary permeability in acute lung injury, unnecessary crys-
talloid or colloid administration will exacerbate the degree of 
edema and hypoxemia. This is the basis for the widely adhered 
to practice of conservative (restrictive) fluid management for 
pneumonectomy patients [21], and highlights the importance 
of close attention to the matching of fluid administration to 
blood loss in EPP patients.

Cardiovascular Considerations

Arrhythmias

The incidence of supraventricular arrhythmias (SVA) after 
EPP is higher (21–44%) [2, 4, 5, 32] than for standard pneu-
monectomy (13–20%) [5, 32, 33]. Thoracic epidural blockade 
with bupivacaine has been shown to reduce the incidence of 
perioperative SVA compared to equi-analgesic epidural nar-
cotics [26] and diltiazem has been shown to be moderately 
effective and safe in reducing postoperative atrial fibrillation 
(AF) and supraventricular tachycardia after thoracic surgery 
[34, 35]. However, there is currently inadequate evidence to 
recommend routine prophylaxis against AF for all patients 
undergoing lung surgery [36].

It is uncommon for routine prophylaxis against SVA for 
EPP, but important to avoid withdrawal of beta-adrenergic 
blocking drugs, if they are in use. Intraoperative arrhythmias 



40128. Extrapleural Pneumonectomy

are generally triggered by mechanical irritation, and do not 
appear to predict postoperative SVA. EKG leads should be 
attached to a ready defibrillator to provide the capability of 
synchronized electrical cardioversion intraoperatively.

Myocardial Ischemia

Myocardial ischemia may be difficult to detect during EPP as 
alterations in the position of the heart relative to the surface 
EKG lead positions would be expected to alter their sensi-
tivity. During left-sided thoracotomies, it is not practical to 
monitor lead V-5. When myocardial ischemia is suspected, 
TEE should be employed.

Dramatic ST segment elevations may occur during the wash 
phase. These tend to occur with irrigation, correct promptly 
with cessation, and are not associated with other hemodynamic 
alterations suggestive of myocardial ischemia (Fig. 28.4). 
These most likely represent nonischemic electrophysiologic 
changes related to focal myocardial warming or surface elec-
trolyte changes [37]. No treatment is necessary unless they 
persist, produce hemodynamic instability, or are confirmed to 
be associated with wall motion abnormalities by TEE.

Perioperative Pain Management

There is increasing evidence that TEA with local anesthetics 
and opioids is superior in the control of dynamic pain, plays 
a key role in early extubation and mobilization, reduces post-
operative pulmonary complications and has the potential to 
decrease the incidence of postthoracotomy pain syndrome. 
For EPP, although a bolus dose of local anesthetic may be 
administered prior to surgical incision, the risk of hemody-
namic instability usually precludes continuous intraoperative 
dense neuraxial blockade. Nonetheless, it is vital to aggres-
sively control acute postoperative pain [38, 39].

Preexisting pain related to mesothelioma is not uncommon 
and frequently treated with opioids. Tolerance may occur after 
1–2 weeks of treatment and such patients present a challenge 
in terms of postoperative pain control and physiologic with-
drawal. Patients on chronic opioids presenting for EPP would 

generally receive an opioid-free epidural infusion, with addi-
tional patient-controlled systemic opioids prescribed to mini-
mize the occurrence of withdrawal. Ketamine may be a useful 
adjunct [40].

Early Postoperative Considerations

Depending on center experience, majority of patients may be 
weaned and extubated in the operating room. This minimizes 
duration of positive pressure on the bronchial stump and 
avoids the potential problems of ventilator-associated alveolar 
barotrauma and infection. Prudence is advised in difficult or 
complicated EPP with increased transfusion requirement, or 
excessive fluid administration in the IOHC cases.

Management of the Ipsilateral Thoracic Space

In addition to the potential for cardiac herniation and its 
hemodynamic consequences (described earlier), rapid filling 
of the empty hemithorax with fluid, blood, or abdominal con-
tents from a ruptured diaphragmatic patch can also compro-
mise cardiorespiratory function. Air/fluid is removed from the 
chest drain at the end of surgery in an attempt to medialize 
the mediastinum. This is an imprecise process, and a chest 
radiograph is obtained on arrival in the ICU to assess medi-
astinal position. Intrathoracic pressure monitoring may guide 
intermittent fluid evacuation of the pneumonectomy space 
[41]. This prevents rapid accumulation resulting in respira-
tory compromise, whilst avoiding contralateral lung hyperex-
pansion, compromised venous return, and hypotension with 
excessive and/or rapid removal.

Other Issues Specific to EPP

Patients who have undergone IOHC receive liberal fluids 
for the initial 24 h as part of the renal protection strategy 
(Table 28.1).
Standard chest compression is ineffective in EPP patients 
because the mediastinum is dynamic and shifts to the empty 
hemithorax.

Fig. 28.4. The EKG obtained during wash phase with warm water, following removal of the specimen (including pericardium). Concurrent 
TEE revealed no global or regional wall motion abnormalities. The EKG rapidly normalized following termination of irrigation.
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Conclusion

EPP is a radical and aggressive surgery, which presents a great 
challenge to the thoracic anesthesiologist. Besides standard 
anesthesia concepts for pneumonectomy, management involves 
an understanding of the technique of EPP, common intraop-
erative physiologic disruptions, and anticipated complications. 
Emerging multimodality treatments for MPM have additional 
anesthetic implications. One of those, IOHC, is discussed in 
the context of general EPP-specific anesthetic issues.

Clinical Case Discussion

A 50-year-old male is scheduled for right EPP. The diagnosis 
of mesothelioma was made on pleural biopsy and he has com-
pleted 6 cycles of chemotherapy. He is a nonsmoker and apart 
from well-controlled hypertension, he has no other significant 
co-morbidities.

Questions

1. Apart from routine preoperative assessment for pulmonary 
resection:

(a)  Are any specialized cardiac and pulmonary function 
tests indicated?

– Echocardiography commonly used to assess cardiac 
function.

– Stress test only when history, examination, or 
 echocardiography suggest significant cardiac disease.

– FEV
1
, DL

CO
, exercise capacity routinely assessed.

– Ventilation/perfusion scans recommended if 
FEV

1
 <2 L.

– Predicted postoperative FEV
1
 <1 L may preclude 

EPP.

(b) What is the importance of radiologic investigations?

– Surgical staging and tumor resectability.
– Anesthetic implications include safe placement of 

epidural catheters at the thoracic region, level of 
intravenous access, quantity of blood and blood 
products available, and the potential necessity for 
cardiopulmonary bypass during resection.

2. How is an EPP different from pneumonectomy?

– See Table 28.3.

3. What are the common causes of hypotension and the man-
agement strategies?

– See Table 28.5.

4. How would the application of intraoperative intracavitary 
heated chemotherapy affect the anesthetic management?

– Renal protective strategies should be employed  
(Table 28.1).

– Restrictive physiology exhibited by EPP patients during 
one-lung ventilation is exacerbated by the weight of the 
perfusate, and PEEP is especially important to prevent 
atelectasis.

– Fluid management is delicate balance between renal pro-
tection and the potential for exacerbation of acute lung 
injury in fluid overload.

Table 28.5. Hypotension during critical phases of surgery.

Phase Mechanism(s) Management strategy

Induction Reduced venous return Preemptive vasoconstricting agents and judicious selection of induction agents/ 
doses are particularly indicated for patients with large tumor burdens, large  
effusions, or radiographic evidence of cardiac or major vessel impingement

Vasodilation (induction agents, epidural)
Exacerbation of tumor compressive effects by the 

decrease in FRC
Loss of “thoracic pump” of spontaneous ventilation
Positive pressure ventilation

Dissection Blood loss
Insensible losses

Communication with the surgeon is paramount
 Judicious use of vasopressors
 A low threshold for administration of blood and products when appropriateVariable degrees of compression from the tumor,  

retractors, and blunt dissection pressure
Repositioning and 

emergence
Circulatory arrest Immediate return to the lateral position

Herniation of the heart (particularly with right  
EPP), with torsion of the SVC and IVC

Moderate hypotension A sluggish response to fluid boluses and vasopressors suggest that mechanical  
impediments to venous return should be ruled out

A portable chest radiograph is usually helpful in ruling out partial cardiac  
herniation, or guiding medialization of the mediastinum

Partial cardiac herniation (loose or partially  
ruptured pericardial patch)

Tamponade (tight pericardial patch)
Hypovolemia
Deviated mediastinum
Aggressive bolus dosing of the epidural in  

anticipation of emergence



40328. Extrapleural Pneumonectomy

References

  1. Butchart EG, Ashcroft T, Barnsley WC, Holden MP. Pleuro-
pneumonectomy in the management of diffuse malignant 
mesothelioma of the pleura. Experience with 29 patients. Thorax. 
1976;31:15–24.

  2. Sugarbaker DJ, Jaklitsch MT, Bueno R, et al. Prevention, early 
detection, and management of complications after 328 consecu-
tive extrapleural pneumonectomies. J Thorac Cardiovasc Surg. 
2004;128:138–46.

  3. Tilleman TR, Richards WG, Zellos L, et al. Extrapleural pneu-
monectomy followed by intracavitary intraoperative hyperther-
mic cisplatin with pharmacologic cytoprotection for treatment 
of malignant pleural mesothelioma: a phase II prospective study. 
J Thorac Cardiovasc Surg. 2009;138:405–11.

  4. de Perrot M, McRae K, Anraku M, et al. Risk factors for major 
complications after extrapleural pneumonectomy for malignant 
pleural mesothelioma. Ann Thorac Surg. 2008;85:1206–10.

  5. Harpole DH, Liptay MJ, DeCamp Jr MM, et al. Prospective anal-
ysis of pneumonectomy: risk factors for major morbidity and 
cardiac dysrhythmias. Ann Thorac Surg. 1996;61:977–82.

  6. Opitz I, Kestenholz P, Lardinois D, et al. Incidence and manage-
ment of complications after neoadjuvant chemotherapy followed 
by extrapleural pneumonectomy for malignant pleural mesothe-
lioma. Eur J Cardiothorac Surg. 2006;29:579–84.

  7. Sugarbaker DJ, Flores RM, Jaklitsch MT, et al. Resection mar-
gins, extrapleural nodal status, and cell type determine postop-
erative long-term survival in trimodality therapy of malignant 
pleural mesothelioma: results in 183 patients. J Thorac Cardio-
vasc Surg. 1999;117:54–63. discussion 63–55.

  8. Krug LM, Pass HI, Rusch VW, et al. Multicenter phase II trial of 
neoadjuvant pemetrexed plus cisplatin followed by extrapleural 
pneumonectomy and radiation for malignant pleural mesothe-
lioma. J Clin Oncol. 2009;27:3007–13.

  9. de Perrot M, Feld R, Cho BC, et al. Trimodality therapy with 
induction chemotherapy followed by extrapleural pneumo-
nectomy and adjuvant high-dose hemithoracic radiation for 
malignant pleural mesothelioma. J Clin Oncol. 2009;27:1413–8.

 10. Hartigan PM, Ng JM. Anesthetic strategies for patients 
undergoing extrapleural pneumonectomy. Thorac Surg Clin. 
2004;14:575–83, xi.

 11. Ng JM, Hartigan PM. Anesthetic management of patients under-
going extrapleural pneumonectomy for mesothelioma. Curr 
Opin Anaesthesiol. 2008;21:21–7.

 12. Zellos L, Christiani DC. Epidemiology, biologic behavior, and 
natural history of mesothelioma. Thorac Surg Clin. 2004;14: 
469–77, viii.

 13. Wagner JC, Sleggs CA, Marchand P. Diffuse pleural mesothe-
lioma and asbestos exposure in the North Western Cape Prov-
ince. Br J Ind Med. 1960;17:260–71.

 14. Carbone M, Kratzke RA, Testa JR. The pathogenesis of meso-
thelioma. Semin Oncol. 2002;29:2–17.

 15. Weder W, Opitz I, Stahel R. Multimodality strategies in malig-
nant pleural mesothelioma. Semin Thorac Cardiovasc Surg. 
2009;21:172–6.

 16. Carroll N, Mohamed F, Sugarbaker P. Hyperthermic chemoper-
fusion, and postoperative chemotherapy: The National Cancer 
Institute and Washington Hospital Center experience. In: Pass 
H, Vogelzang N, Carbone M, editors. Malignant mesothelioma: 

advances in pathogenesis, diagnosis and translational therapies. 
New York: Springer; 2005. p. 732–54.

 17. Lee JM, Sugarbaker DJ. Extrapleural pneumonectomy for  
diffuse malignant pleural mesothelioma and other diffuse pleural 
malignancies. In: Sugarbaker DJ, Bueno R, Krasna MJ, Mentzer 
SJ, Zellos L, editors. Adult chest surgery. New York: McGraw-
Hill; 2009. p. 868–84.

 18. Reilly Jr JJ. Evidence-based preoperative evaluation of candi-
dates for thoracotomy. Chest. 1999;116:474S–6.

 19. Amar D, Burt ME, Roistacher N, et al. Value of perioperative 
Doppler echocardiography in patients undergoing major lung 
resection. Ann Thorac Surg. 1996;61:516–20.

 20. Gill RR, Gerbaudo VH, Sugarbaker DJ, Hatabu H. Current 
trends in radiologic management of malignant pleural mesothe-
lioma. Semin Thorac Cardiovasc Surg. 2009;21:111–20.

 21. Slinger P. Update on anesthetic management for pneumonec-
tomy. Curr Opin Anaesthesiol. 2009;22:31–7.

 22. Wittnich C, Trudel J, Zidulka A, Chiu RC. Misleading “pulmo-
nary wedge pressure” after pneumonectomy: its importance in 
postoperative fluid therapy. Ann Thorac Surg. 1986;42:192–6.

 23. Brister NW, Barnette RE, Kim V, Keresztury M. Anesthetic con-
siderations in candidates for lung volume reduction surgery. Proc 
Am Thorac Soc. 2008;5:432–7.

 24. Ballantyne JC, Carr DB, deFerranti S, et al. The comparative 
effects of postoperative analgesic therapies on pulmonary out-
come: cumulative meta-analyses of randomized, controlled tri-
als. Anesth Analg. 1998;86:598–612.

 25. Beattie WS, Badner NH, Choi P. Epidural analgesia reduces 
postoperative myocardial infarction: a meta-analysis. Anesth 
Analg. 2001;93:853–8.

 26. Oka T, Ozawa Y, Ohkubo Y. Thoracic epidural bupivacaine 
attenuates supraventricular tachyarrhythmias after pulmonary 
resection. Anesth Analg. 2001;93:253–9.

 27. Nino M, Body SC, Hartigan PM. The use of a bronchial blocker 
to rescue an ill-fitting double-lumen endotracheal tube. Anesth 
Analg. 2000;91:1370–1.

 28. Slinger P. Pro: low tidal volume is indicated during one-lung 
ventilation. Anesth Analg. 2006;103:268–70.

 29. Hurford WE, Kolker AC, Strauss HW. The use of ventilation/
perfusion lung scans to predict oxygenation during one-lung 
anesthesia. Anesthesiology. 1987;67:841–4.

 30. Bakaeen F, Rice D, Correa AM, et al. Use of aprotinin in extra-
pleural pneumonectomy: effect on hemostasis and incidence of 
complications. Ann Thorac Surg. 2007;84:982–6.

 31. Slinger PD. Perioperative fluid management for thoracic sur-
gery: the puzzle of postpneumonectomy pulmonary edema.  
J Cardiothorac Vasc Anesth. 1995;9:442–51.

 32. Passman RS, Gingold DS, Amar D, et al. Prediction rule for 
atrial fibrillation after major noncardiac thoracic surgery. Ann 
Thorac Surg. 2005;79:1698–703.

 33. Roselli EE, Murthy SC, Rice TW, et al. Atrial fibrillation com-
plicating lung cancer resection. J Thorac Cardiovasc Surg. 
2005;130:438–44.

 34. Amar D, Roistacher N, Burt ME, et al. Effects of diltiazem versus 
digoxin on dysrhythmias and cardiac function after pneumonec-
tomy. Ann Thorac Surg. 1997;63:1374–81. discussion 1372–81.

 35. Amar D, Roistacher N, Rusch VW, et al. Effects of diltiazem pro-
phylaxis on the incidence and clinical outcome of atrial arrhythmias 
after thoracic surgery. J Thorac Cardiovasc Surg. 2000;120:790–8.



404 J.-M. Ng

 36. Dunning J, Treasure T, Versteegh M, Nashef SA. Guidelines 
on the prevention and management of de novo atrial fibrilla-
tion after cardiac and thoracic surgery. Eur J Cardiothorac Surg. 
2006;30:852–72.

 37. Brown MJ, Brown DR. Thoracic cavity irrigation: an unusual 
cause of acute ST segment increase. Anesth Analg. 2002;95: 
552–4.

 38. Obata H, Saito S, Fujita N, et al. Epidural block with mepiva-
caine before surgery reduces long-term post-thoracotomy pain. 
Can J Anaesth. 1999;46:1127–32.

 39. Senturk M, Ozcan PE, Talu GK, et al. The effects of three  
different analgesia techniques on long-term postthoracotomy 
pain. Anesth Analg. 2002;94:11–5.

 40. Suzuki M, Haraguti S, Sugimoto K, et al. Low-dose intravenous 
ketamine potentiates epidural analgesia after thoracotomy. Anes-
thesiology. 2006;105:111–9.

 41. Wolf AS, Daniel J, Sugarbaker DJ. Surgical techniques for mul-
timodality treatment of malignant pleural mesothelioma: extra-
pleural pneumonectomy and pleurectomy/decortication. Semin 
Thorac Cardiovasc Surg. 2009;21:132–48.



405P. Slinger (ed.), Principles and Practice of Anesthesia for Thoracic Surgery,
DOI 10.1007/978-1-4419-0184-2_29, © Springer Science+Business Media, LLC 2011

29
Pancoast Tumors and Combined Spinal Resections
Andrew Kaufman, David Amar, and Valerie W. Rusch 

Key Points

Pancoast tumors are very challenging lung cancers to treat 
because they involve vital structures including the brachial 
plexus, subclavian vessels, and spine.
Multimodality management with induction chemoradio-
therapy and surgery is now the standard of care for resect-
able Pancoast tumors.
Preoperative planning between thoracic surgery, anesthesi-
ology, and neurosurgery, including lung isolation technique, 
invasive hemodynamic monitoring, potential neurophysio-
logic monitoring, and a pain management plan is essential.
Surgical approach is determined by the anatomic location 
of the tumor and is performed from either a posterior or 
anterior approach, or both.
Because subclavian artery and vein involvement may 
require resection of these vessels, adequate intravascular 
monitoring and access must be planned.
Pain control, pulmonary toilet, and physical therapy are key 
to achieving satisfactory postoperative recovery.

Introduction

Pancoast tumors, properly known as superior sulcus carcino-
mas, are a particularly challenging form of nonsmall cell lung 
cancer (NSCLC) to treat surgically because they commonly 
invade vital structures within and near the thoracic inlet. Inva-
sion of the brachial plexus, subclavian vessels, and spine 
by direct tumor extension necessitates careful preoperative 
planning by surgeons and anesthesiologists. Originally 

described in 1924 [1] and again in 1932 [2], by Henry K. Pan-
coast, a radiologist at the University of Pennsylvania, this sub-
set of NSCLC was considered inoperable, and thus fatal, for 
nearly two decades until the late 1950s when the combination 
of radiotherapy and surgery offered some curative hope. Pan-
coast’s description of an apical chest tumor associated with 
shoulder and arm pain, a Horner’s syndrome, and atrophy 
of the hand muscles describes the constellation of signs and 
symptoms of the syndrome that has come to bear his name.

Anatomy of Pancoast Tumors

The Superior Sulcus

An understanding of the anatomy of the superior sulcus is 
essential for the diagnosis and treatment of Pancoast tumors. 
The pulmonary sulcus is anatomically synonymous with the 
costovertebral gutter (the junction of the ribs to the vertebral 
column) in the posterior aspect of the chest, and spans the 
thorax from the first rib down to the diaphragm. The superior 
pulmonary sulcus encompasses the most apical aspect of the 
gutter. Thus, a Pancoast tumor is a NSCLC arising in the apex 
of the lung located within the costovertebral gutter that causes 
constant pain due to local invasion into any of the following 
structures: the chest wall, spine, intercostal nerves, brachial 
plexus, subclavian vessels, sympathetic trunk, and stellate 
ganglion. The classic symptoms associated with Pancoast 
tumors are directly related to the structures compromised by 
this apicocostovertebral tumor. For instance, shoulder pain is 
due to a combination of local invasion into the chest wall and 
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intercostal nerves. The arm pain produced by the tumor sig-
nifies invasion into the C8-T1 nerve roots. Unrelenting pain 
down the ulnar surface of the forearm and fourth and fifth fin-
gers results from C8 involvement and pain in the ulnar aspect 
of the arm to the elbow represents T1 invasion. A Horner’s 
syndrome is produced by tumor impingement on the sym-
pathetic chain and stellate ganglion, structures located in the 
posterior aspect of the superior sulcus. Because some superior 
sulcus NSCLC involve the subclavian vessels rather than the 
paravertebral area, the classification of a NSCLC as a Pancoast 
tumor has expanded to include all tumors of the superior sul-
cus whether or not there is involvement of the brachial plexus 
or stellate ganglion. NSCLCs located in the apex of the chest 
that involve the second rib or lower are not considered Pan-
coast tumors and are generally termed apical lung cancers.

The Thoracic Inlet

The thoracic inlet is perhaps the most important anatomic area 
to understand when treating Pancoast tumors because this ana-
tomic region encompasses crucial neurovascular structures and 
musculoskeletal elements and symptoms are directly related 
to the location of these tumors and their involvement of these 
structures. The surgical resection of superior sulcus tumors 
requires an intricate knowledge of these anatomic relationships 
and the consequences of resection, need for reconstruction, and 
risks of injury to the patient. The thoracic inlet is the superior 
aperture of the thoracic cavity bounded by the first thoracic 
vertebra (T1) posteriorly, the first ribs laterally, and the supe-
rior border of the manubrium anteriorly (Fig. 29.1) [3]. The 
root of the neck lies just superior to the thoracic inlet with the 
brachial plexus located in a superolateral position between the 
anterior and middle scalene muscles, superior to the first rib.

The thoracic inlet can be separated into three distinct 
compartments based on the insertion of the anterior and 
middle scalene muscles on the first rib and the posterior sca-
lene muscle on the second rib. The anterior compartment is 

located in front of the anterior scalene muscle and contains 
the sternocleidomastoid and omohyoid muscles, the subcla-
vian and internal jugular veins and their branches. Tumors 
in this location tend to invade the first intercostal nerve and 
first rib resulting in pain in the upper and anterior chest wall 
(Fig. 29.2a, b). The middle compartment, located between 

Fig. 29.1. The structure of the thoracic inlet (reprinted from Nesbitt 
et al. [3], with permission).

Fig. 29.2. (a, b) Left Pancoast tumor, clinical stage T3 filling superior sulcus but not invading spine or involving subclavian vessels (a). The 
extent of the tumor is also well defined on the coronal view of the CT scan.
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the anterior and middle scalene muscles, includes the subcla-
vian artery, the trunks of the brachial plexus, and the phrenic 
nerve that lies on the anterior surface of the anterior scalene 
muscle (Fig. 29.3). Tumors found in the middle compartment 
may invade the anterior scalene muscle, the phrenic nerve, 
the subclavian artery, and the trunks of the brachial plexus 
and middle scalene muscle. These tumors tend to present with 
signs and symptoms related to direct compression or infiltra-
tion of the brachial plexus such as pain and paresthesias in 
the ulnar distribution. The posterior compartment contains the 
nerve roots of the brachial plexus, the stellate ganglion and 
the vertebral column, the posterior aspect of the subclavian 
artery, the paravertebral sympathetic chain, and the preverte-
bral musculature. Tumors in the posterior inlet can invade the 
transverse processes and vertebral bodies, as well as the spinal 
foramina (Fig. 29.4a, b) and be associated with neuromuscular 

pathology such as a Horner’s syndrome (ptosis, miosis, and 
anhydrosis), and brachial plexopathy (weakness of the intrin-
sic muscles of the hand), paralysis of the flexors of the digits 
resembling a “claw hand,” and diminished sensation over the 
medial side of the arm, forearm, and hand (related to C8 and 
T1 destruction).

Initial Assessment

Superior sulcus tumors or masses associated with chest and 
arm pain may be due to other pathologic processes includ-
ing infectious conditions like tuberculosis, or other malignant 
disorders including lymphoma, primary chest wall tumors, 
or metastatic disease from other neoplasms (Table 29.1) [4]. 
Therefore a diagnosis of NSCLC must be confirmed before 
instituting definitive therapy. This is best accomplished by 
transthoracic fine-needle aspiration (FNA).

Once a diagnosis of NSCLC has been made, the extent of 
disease should be evaluated before surgical resection is con-
sidered. Patients are evaluated with a computed tomography 
(CT) of the chest and upper abdomen with intravenous con-
trast, including the adrenals, whole-body positron emission 
tomography (FDG-PET), and a brain magnetic resonance 
imaging (MRI) to exclude metastatic disease in extrathoracic 
sites as well as in the mediastinum. Pancoast tumors are, by 
definition, at least stage IIB lung cancers, with a significant 
risk of mediastinal nodal involvement in 10–20% of patients 
[5]. Because Pancoast tumors with mediastinal nodal involve-
ment (N2 or N3 disease) have markedly worse survival than 
those that are N0 or N1, further staging by endobronchial 
ultrasound (EBUS) and/or mediastinoscopy should be consid-
ered if CT or positron emission tomography (PET) suggest 
mediastinal nodal disease [6].

Due to the unique anatomic position of these tumors, diag-
nostic imaging with contrast MRI plays an essential role in 
defining the extent of local invasion and thus, resectability 
[7, 8]. The brachial plexus, subclavian vessels, vertebrae, and 

Fig. 29.3. Anteriorly located left Pancoast tumor involving subcla-
vian vessels requiring anterior “Dartevelle” approach to resection.

Fig. 29.4. (a, b) Right Pancoast tumor invading chest wall and destroying adjacent vertebral body as shown on CT (a) and MR (b) scans.
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neural foramina are best visualized with this modality. T1 
involvement and resection is well tolerated, but resection of 
the C8 nerve root and lower trunk of the brachial plexus gen-
erally leads to permanent loss of intrinsic hand function and 
lower arm function. Radiographic evidence of spine involve-
ment, or neurologic symptoms and signs suggestive of nerve 
root or brachial plexus pathology, necessitate joint evaluation 
of these patients by a thoracic surgeon and a spine surgeon. At 
Memorial Sloan-Kettering Cancer Center, the treatment of all 
Pancoast tumors is planned jointly by the thoracic surgeon and 
spine neurosurgeon.

Multimodality Treatment

From the late 1950s to the present day, the therapeutic 
approach to Pancoast tumors has evolved into a multidisci-
plinary and multimodality treatment regimen that includes 
induction chemoradiotherapy and resection. In 1956, Char-
dack and MacCallum described successful treatment of a Pan-
coast tumor by en-bloc resection of the right upper lobe, chest 
wall, and nerve roots followed by adjuvant radiotherapy lead-
ing to a 5-year survival in that patient [9]. In 1961, Shaw et al. 
reported their experience with a patient who presented with 
Pancoast’s syndrome but became symptom-free after 30 Gy of 
radiotherapy and then went on to a successful resection. This 
treatment strategy was then applied to 18 more patients with 
good local control and better than expected long-term survival 
[10]. The Shaw and Paulson approach, based on induction 
radiotherapy and en-bloc resection, then became the standard 
of care for Pancoast tumors. During the next 30 years, the 
basic approach to treatment remained unchanged. The largest 
retrospective study published to date, from Memorial Sloan-
Kettering Cancer Center, defined negative prognostic factors 
including mediastinal lymph node metastases, N2 disease, 

vertebral and subclavian vessel involvement, and incomplete 
resection [6]. Complete (R0) resection was achieved in only 
64% of patients with T3N0 disease and 39% of patients with 
T4N0 disease, and locoregional relapse was the most common 
site of tumor recurrence. Anatomic lobectomy was associated 
with a better outcome than sublobar resection and intraopera-
tive brachytherapy did not enhance overall survival [11]. This 
retrospective study documented the results of “standard” treat-
ment for resectable Pancoast tumors during a nearly 40-year 
period and emphasized the need for novel approaches that 
would improve both local control and survival.

Because combined modality therapy was increasingly 
being used for other locally advanced NSCLC subsets (e.g., 
stage IIIA (N2) disease) [12], induction chemoradiotherapy 
followed by surgical resection was studied in a large North 
American prospective multi-institutional phase II trial for 
Pancoast tumors (T3-4 N0-1M0 tumors) [13]. A total of 110 
eligible patients were enrolled on this study and received 
induction therapy using 2 cycles of cisplatin and etoposide 
chemotherapy along with 45 Gy of concurrent radiotherapy. 
Patients with stable or responding disease then underwent tho-
racotomy and resection followed by 2 more cycles of chemo-
therapy. Induction therapy was well tolerated allowing 75% 
of enrolled patients to go on to thoracotomy. R0 resection was 
achieved in 91% of T3 and 87% of T4 tumors. Approximately 
one-third of patients had no residual viable tumors, one-third 
had minimal residual microscopic disease, and one-third had 
gross residual tumor on final pathology. Patients who had a R0 
resection experienced a 53% survival at 5 years and the most 
common sites of relapse were distant rather than locoregional. 
Several more recent studies, including a multicenter prospec-
tive clinical trial from Japan, confirmed these results [14–17] 
and established induction chemoradiotherapy and surgery as 
standard care for resectable Pancoast tumors.

Surgical Approaches to Resection

The goal of any cancer operation is the complete resection 
of the tumor with negative margins. In the case of Pancoast 
tumors, due to their unique location at the apex of the chest 
and at times their involvement of the thoracic inlet, complete 
resection is challenging and usually includes the upper lobe, 
involved chest wall with or without the subclavian vessels, 
portions of the vertebral column and T1 nerve root, and dorsal 
sympathetic chain. Pancoast tumors may be approached 
through an extended high posterolateral thoracotomy incision 
(Paulson’s approach) or through an anterior approach popu-
larized by Dartevelle.

Posterior Approach

The patient is positioned in the lateral decubitus position but 
rotated slightly anteriorly, to provide exposure to the para-
vertebral region [18]. A standard posterolateral thoracotomy 

Table 29.1. Causes of Pancoast’s syndrome.

Neoplastic
Lung neoplasms Primary bronchogenic

Adenoid cystic carcinomas
Hemangiopericytoma
Mesothelioma

Metastatic neoplasms Laryngeal cancer
Cervical cancer
Uroepithelial cancer
Thyroid cancer

Hematologic neoplasms Lymphoma
Plasmacytoma

Infectious
Bacterial Staphylococcal pneumonia

Pseudomonal pneumonia
Actinomycosis

Fungal Aspergillosis
Cryptococcosis
Tuberculosis

Parasitic Hydatid cyst
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is performed in the fifth intercostal and the chest explored 
to make sure that there is no evidence of metastatic disease. 
If the tumor appears resectable, the incision is extended 
superiorly to the base of the neck following a line midway 
between the spinous process and the edge of the scapula 
(Fig. 29.5). Extension of the incision anteriorly around the 
anterior border of the scapula up toward the axilla can also 
be used to enhance exposure. The scapula is elevated away 
from the chest wall with either a rib-spreading retractor or 
internal mammary retractor with good visualization of the 
apex of the chest. The scalene muscles are detached from the 
first and second ribs and the first rib exposed. Involved ribs 
are divided anteriorly to allow for a 4-cm margin away from 
the tumor. Care is taken to visualize and control the intercos-
tal neurovascular bundle. To facilitate the posterior dissec-
tion, the erector spinae muscles are retracted off the thoracic 
spine allowing for visualization of the costovertebral gutter. 
To provide an adequate posterior margin, the transverse pro-
cesses and rib heads are usually resected en-bloc. Intercostal 

nerves are meticulously ligated before division to prevent 
leak of cerebrospinal fluid. Bleeding near the neural foram-
ina is carefully controlled with bipolar electrocautery. The T1 
nerve root is examined for tumor involvement and ligated if 
needed. Division of the T1 nerve root may cause mild paresis 
of the intrinsic muscles of the hand but division of the C8 
nerve root will result in permanent paralysis. Frozen sections 
are used liberally during the operation to determine the nec-
essary extent of resection. After the chest wall resection is 
completed, the detached chest wall is allowed to fall into the 
chest cavity and an upper lobectomy and mediastinal lymph 
node dissection is completed in the standard fashion. Recon-
struction of the chest wall is not necessary unless the defect 
created is larger than the first three ribs in which case the 
angle of the scapula can herniate into the chest cavity causing 
pain and impaired movement. If a chest wall reconstruction 
is needed, a 2-mm thick Gore Tex patch (WL Gore, Flagstaff, 
AZ, USA) is sutured to the margins of resection under ten-
sion and secured in place.

Fig. 29.5. Artist’s illustration of a posterolateral 
thoracotomy. Upper left: incision is made mid-
way between the spinous processes and medial 
border of the scapula and extending over the 
inferior border. Upper right: The rhomboid and 
levator scapulae muscles are sectioned to elevate 
the scapula from the chest wall by using a mam-
mary self-retaining retractor. Lower left: The 
paraspinal muscles are dissected to expose the 
junction of the laminae and transverse processes. 
The drill is used to resect the transverse processes 
distal to the pedicle to expose the neural foramen. 
For a Type C resection, the laminae, facet joints, 
and pedicles are resected to expose the lateral 
dura. Lower right: the chest wall is then pushed 
forward, and the nerve roots are ligated at the 
distal neural foramen. En-bloc chest wall and 
tumor resection are accomplished (reprinted 
from Bilsky et al. [18], with permission).
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Vertebral Body and Epidural Tumors

Vertebral body invasion by Pancoast tumors is not necessarily a 
contraindication to surgical resection. The development of bet-
ter instrumentation for spine stabilization now permits a more 
aggressive approach to these tumors [18, 19]. Currently, with 
multimodality therapy, T4 lesions with vertebral body or epi-
dural extension can be considered for resection with curative 
intent. At Memorial Sloan-Kettering Cancer Center, spine MRI 
images are used to divide tumors into four classes, A–D, based 
on the degree of spinal column and neural tube involvement [18]. 
Class A and B tumors are T3 lesions that are amenable to com-
plete R0 resection. Class A tumors involve only the periosteum 
of the vertebral bodies and class B tumors are limited to the rib 
heads and distal neural foramina. Class C and D tumors are T4 
lesions that are not amenable to en-bloc resection but can still 
be completely resected. Class C tumors extend into the neural 
foramina, have limited or no vertebral body involvement but do 
have unilateral epidural compression. Class D tumors involve 
the vertebral column, either the vertebral body and/or lamina 
with or without epidural compression. Class A, B and some 
class C tumors can be approached through a posterolateral tho-
racotomy. A high-speed drill is used to remove involved verte-
bral bodies. The posterior longitudinal ligament is removed and 
provides a margin on the anterior dura. The disk spaces adjacent 
to the tumor are exenterated in order to aid in spinal fixation. 
Anterior reconstruction alone is sufficient for resections of one 
to two vertebral bodies. Autologous bone from the iliac crest 
or nondiseased rib, allograft fibula, or methymethacrylate with 
Steinman pins can all be used for reconstruction.

Class D tumors that involve the posterior elements (spinous 
process, laminae, and pedicles) are resected through a combined 
anterior/posterior approach. Patients are positioned prone and 
a posterior midline incision made. The involved areas of the 
spinous process, laminae, and pedicles are resected. Epidural 
tumor is dissected off the dura and a multilevel resection of 
affected nerve roots done. Posterior fixation is accomplished 
in order to maintain coronal and sagittal stability (Fig. 29.6). 
If soft tissue over the reconstruction is inadequate, muscle flap 
rotation by a plastic surgeon can be done to reduce the risk of 
skin breakdown and infection of the spine hardware [19, 20]. 
Once the posterior resection and reconstruction is complete, 
the incision is closed, the patient turned to the lateral decubi-
tus position, a posterolateral thoracotomy performed and the 
lung and chest wall resection completed.

Anterior Approaches

Pancoast tumors that involve the subclavian vessels are best 
approached anteriorly. Although several different approaches 
have been described [21–26] the anterior transcervical 
approach, originally described by Dartevelle and modified by 
others [27], is considered the standard approach for this subset 
of Pancoast tumors.

The patient is positioned supine with the neck hyperextended 
and the head turned to the opposite side of the lesion [28, 29]. 

An inverted L-shaped incision is carried down the anterior 
border of the sternocleidomastoid muscle and extended below 
the clavicle to the level of the second intercostal space, then 
turned horizontally following a parallel line below the clavicle 
to the deltopectoral groove (Fig. 29.7). The sternal attach-
ment of the sternocleidomastoid is divided along with the 
insertion of the pectoralis major. A myocutaneous flap is then 
folded laterally exposing the thoracic inlet. The scalene fat pad 
is excised and sent for frozen section to determine lymph node 
involvement. If the tumor is deemed resectable, the upper part 
of the manubrium is divided and the incision carried into the 
second intercostal space via an L-shaped incision. The involved 
section of the subclavian vein is resected but not reconstructed 
(collateral venous flow around this area being sufficient).

Next, the anterior scalene muscle is divided either at its 
insertion onto the first rib. The phrenic nerve is identified and 
preserved. The subclavian artery is resected and reconstructed 
with a 8- or 10-mm polytetrafluoroethylene (PTFE) graft 
(Fig. 29.8). The middle scalene muscle is detached above its 
insertion on the first rib to expose the C8 and T1 nerve roots. 
These are dissected in a lateral to medial direction up to the 
confluence of the lower trunk and brachial plexus. The ipsilat-
eral prevertebral muscles and paravertebral sympathetic chain 
and stellate ganglion are then resected off the anterior aspect 
of the vertebral bodies of C7 and T1. TheT1 nerve root is com-
monly divided just lateral to the T1 intervertebral foramen.

Attention can now be placed on the chest wall resection. The 
anterolateral arch of the first rib is divided at the costochondral 
junction and the second rib is divided at its midpoint. The third 
rib is dissected on its superior border in a posterior direction 

Fig. 29.6. Artist’s illustration depicting a posterolateral transpedicu-
lar approach for Class D tumor with bilateral posterior segmental 
fixation (reprinted from Bilsky et al. [18], with permission).
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toward the costovertebral angle and the first two through three 
ribs are disarticulated from the transverse processes. From this 
cavity, an upper lobectomy is completed. If exposure for the 

lobectomy and chest wall resection is inadequate, the anterior  
incision is closed and the patient turned into the lateral decu-
bitus position. The remainder of the resection can then be 
 performed via a posterolateral thoracotomy incision.

Anesthetic Considerations

Lung isolation technique with a double-lumen tube or bronchial 
blocker can be used depending on surgeon’s and anesthesiolo-
gist’s experience and preference. Intra-arterial blood pressure 
monitoring and large bore IV access should be placed on the side 
opposite to the tumor. If there is potential for SVC or innominate 
vein resection, venous access via the femoral region or lower 
extremity is advisable. Central venous catheterization on the 
nonoperative side maybe considered if adequate IV access is 
unavailable or if the patient’s cardiovascular reserve is limited 
and perioperative use of vasoactive agents is anticipated. There 
are sparse data on whether to employ neurophysiologic monitor-
ing during resection of Pancoast tumors. In the case of thoracic 
and thoracoabdominal aortic aneurysm repair where spinal cord 
ischemia is a devastating complication, a recent prospective series 
of 233 patients demonstrated that normal somatosensory and 
motor-evoked potential monitoring intraoperatively had a strong 
negative predictive value indicating that patients without signal 
loss are unlikely to awake with a neurologic deficit, whereas 
irreversible changes on monitoring were significantly associated 
with immediate postoperative neurologic deficit [30]. If spine 
stabilization is required, it is our practice to employ somatosen-
sory and motor-evoked potential monitoring intraoperatively. 
The cause of reversible changes during surgery is often due to 
compression of segmental spinal arteries or spinal cord hypop-
erfusion. Both of these situations can lead to spinal cord infarc-
tion unless corrected usually by pharmacologically elevating the 
patient’s blood pressure. During neurophysiologic monitoring, it 
is customary to employ minimal inhalation anesthesia balanced 
by total intravenous anesthetic regimens with Bispectral brain 
monitoring when feasible. Since lobectomy or pneumonectomy 
is needed in some cases, judicious fluid administration is rec-
ommended due to the risk of postoperative pulmonary edema 
and respiratory distress in these patients. Pain control must be 
accomplished, usually with an epidural catheter, in order to aid 
in early mobilization, pulmonary toilet, and chest physiother-
apy. Patients with preoperative pain may be taking significant 
amount of opioid analgesics prior to surgery and will likely have 
opioid tolerance, thus requiring a careful multimodal approach 
by a pain specialist that might include drugs against neuropathic 
pain, intravenous ketamine, nonsteroidal anti-inflammatory 
agents, and continuous nerve block in extreme cases.

Postoperative Considerations

The most common postoperative complications are respira-
tory (atelectasis, pneumonia) and are related to the extent 
of the incision and associated pain. Adequate pain control 

Fig. 29.7. An anterior transcervical incision is made and curved 
under the head of the clavicle in an L-fashion (reprinted from Nesbitt 
et al. [3], with permission).

Fig. 29.8. The phrenic nerve and subclavian vein are retracted. The 
anterior scalene muscle is divided to expose the subclavian artery 
(reprinted from Nesbitt et al. [3], with permission).
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and intensive respiratory care are pivotal to preventing these 
problems. The patient should be mobilized the first post-
operative day with attention to chest physiotherapy. Awake 
bronchoscopic suctioning may be required to clear retained 
secretions in those patients who have an ineffective cough. 
Other postoperative complications are those usually seen 
after pulmonary resection, including supraventricular cardiac 
arrhythmias, bleeding, wound infection, or empyema. Chy-
lothoraces can occur in patients who had had extensive resec-
tions in the paravertebral region (either right- or left-sided). 
Infection of the hardware used for spine stabilization is an 
uncommon but very serious adverse event that may require 
reoperation and drainage. Leak of cerebrospinal fluid is also 
rare but can be an extremely serious complication requiring 
reoperation. It is related to inadequate closure of the dura 
most frequently along the intercostal nerve roots at the level 
of the spinal foramina.

Clinical Case Discussion (Fig. 29.4a)

Case: A 50-year-old man with a recent history of dyspnea 
on exertion and recurrent pneumonias for the past year is 
scheduled for surgical resection of a large apical right lung 
mass. He is a former 40 pack-year smoker. He has mod-
erately severe but clinically stable multiple sclerosis. He 
reports pain in his shoulder radiating down his arm, but has 
normal strength and function in his right hand. CT scan, PET 
Scan, and MRI have been done and suggest no evidence of 
metastatic disease but extension into the paravertebral area 
and spine.

Questions

1. What position(s) will the patient be in for resection?
2. What is your plan for intravascular monitoring and access?
3. Do you think a chest wall reconstruction will be necessary?
4. If the vertebral bodies are involved, what other exposure is 

necessary?
5. What strategy do you have for fluid management and post-

operative pain control?

Discussion

Based on the history and preoperative imaging, this patient 
has a superior sulcus tumor, or Pancoast tumor, involving vital 
structures in the thoracic inlet and spine. A combined pos-
terior and anterior approach will be necessary for complete 
resection (see description in text). The patient will be placed 
prone for the spine resection and stabilization. Once that is 
completed, the patient will be rotated into the lateral decu-
bitus position and a posterolateral thoracotomy performed to 
complete the lobectomy and chest wall resection and recon-
struction.
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Anesthesia for Esophageal Surgery
Randal S. Blank, Julie L. Huffmyer, and J. Michael Jaeger 

Abbreviations

ALI Acute lung injury
ARDS Acute respiratory distress syndrome
COPD Chronic obstructive pulmonary disease
CT Computerized tomography
CXR Chest X-ray (radiograph)
DLT Double lumen endotracheal tube(s)
ECG Electrocardiogram
EGD Esophagogastroduodenoscopy
EUS Endoscopic ultrasound
GDFT Goal-directed fluid therapy
GERD Gastroesophageal reflux disease
LEA Lumbar epidural analgesia
LES Lower esophageal sphincter
LVEDVI Left ventricular end diastolic volume index
MIE Minimally invasive esophagectomy
MRI Magnetic resonance imaging
NGT Nasogastric tube
OLV One lung ventilation
PCA Patient controlled analgesia
PEEP Positive end expiratory pressure
PET Positron emission tomography
PH Paraesophageal hernia(s)
PONV Postoperative nausea and vomiting
SLT Single lumen endotracheal tube(s)
TEA Thoracic epidural analgesia
TEF Tracheoesophageal fistula
THE Transhiatal esophagectomy
TTE Transthoracic esophagectomy
UES Upper esophageal sphincter

Key Points

Patients presenting for esophageal surgery frequently have 
comorbidities including cardiopulmonary disease which 
should be evaluated per published ACC/AHA guidelines. 
Particular attention should be paid to symptoms and signs 
of esophageal obstruction, gastroesophageal reflux disease 
(GERD), and malnutrition which may affect the risk of 
perioperative complications.
Postoperative pain control strategies are dictated by the 
surgical approach to the esophagus. Use of thoracic epidu-
ral analgesia in patients undergoing transthoracic esopha-
geal surgery provides optimal pain control, permits early 
patient extubation and mobilization, and may improve  
outcomes.
Patients presenting for esophageal surgery commonly have 
pathology which increases their risk of regurgitation and 
aspiration. This is particularly true for patients with acha-
lasia and other motor disorders of the esophagus, patients 
with high-grade esophageal obstruction, and those with 
severe GERD. Consideration should be given to pharma-
cologic prophylaxis, awake or rapid sequence induction 
in a head-up position, and appropriate postoperative care, 
including gastric drainage.
Excessive perioperative intravenous fluid administration, 
especially crystalloid, may lead to exaggerated fluid shifts 
toward the interstitial space causing increased complica-
tions such as poor wound healing, slower return of GI 
function, abdominal compartment syndrome, impaired 
anastomotic healing, increased cardiac demand, pneu-
monia, and respiratory failure. The ideal fluid regimen 
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for major esophageal surgery should be individualized, 
optimizing cardiac output and oxygen delivery while 
avoiding excessive fluid administration.
Patients presenting for emergent repair of esophageal 
disruption, rupture or perforation may present with hypo-
volemia, sepsis, and shock. Anesthetic management strate-
gies should be based on the severity of these presenting 
conditions and the nature of the planned procedure.
Esophageal anastomotic leak is a frequent complication 
associated with high morbidity and mortality and is likely 
to be a function of numerous surgical, systemic, and possi-
bly anesthetic factors. Since anastomotic integrity is depen-
dent upon adequate blood flow and oxygen delivery, the 
development of anastomotic leak may be related to intraop-
erative management variables, particularly systemic blood 
pressure, cardiac output, and oxygen delivery and may thus 
be modifiable by anesthetic management.

Anatomy and Physiology  
of the Esophagus

The adult esophagus is a muscular tube, 18–26 cm in length, 
which acts as a conduit for the passage of food from the oral 
cavity into the stomach (Fig. 30.1). The esophagus begins 
at the level of the oropharynx; it then enters the superior 
mediastinum behind the trachea and left recurrent laryngeal 
nerve and passes into the posterior mediastinum behind the 
left mainstem bronchus. It continues caudad, passing poste-
rior to the left atrium but anterior to the descending thoracic 
aorta. At the level of T10, the esophagus joins the stomach 
at the cardia after passing through the hiatus in the right  
diaphragm.

The upper esophagus is supplied by arterial branches of 
the superior and inferior thyroid arteries whereas the mid-
esophagus receives its blood supply from the bronchial and 
right intercostal arteries as well as branches of the descending 
aorta. Distally, the esophagus is supplied by branches of the 
left gastric, left inferior phrenic and splenic arteries. Venous 
drainage from the upper segment is to the inferior thyroid 
veins, from the mid-segment to the azygous veins and from 
the lower esophageal segment to the gastric veins. The azy-
gous and gastric veins form an anastomotic network between 
the portal and systemic venous systems and are thus the site of 
esophageal varices in patients with high portal pressure.

The esophagus receives innervation from both parasym-
pathetic and sympathetic nerves. The parasympathetic input 
affects peristalsis via the vagus nerve, originating in the 
medulla, whereas both parasympathetic and sympathetic 
afferent nerves transmit information to the central nervous 
system via the spinal cord. Esophageal neuroanatomic path-
ways are shared by both the cardiac and respiratory systems, 
thus it may be difficult to ascertain which organ is responsible 
for chest pain syndromes.

Structurally, the esophagus is made up of four layers: the 
mucosa, submucosa, muscularis propria, and adventitia. The 
muscularis propria carries out most of the motor function 
of the esophagus. In the upper third of the esophagus, this 
muscularis propria is skeletal muscle but in the distal third it 
is smooth muscle, and the mid-section is mixed skeletal and 
smooth muscle. The upper esophageal sphincter (UES) is at 
the proximal origin of the esophagus where the inferior pha-
ryngeal constrictor joins the cricopharyngeus muscle. UES 
tone is contracted at rest thus preventing aspiration of air dur-
ing normal breathing. The lower esophageal sphincter (LES) is 
a 2–4 cm length of asymmetric circular smooth muscle within 
the diaphragmatic hiatus. At rest, the LES is contracted, pre-
venting regurgitation of gastric contents. Swallowing elicits a 
wave of peristalsis which is under vagal control and carries a 
bolus of food from the pharynx to the stomach in 5–10 s. The 
coordinated relaxation of the LES allows the food bolus to 
enter the stomach.

A number of medications affect LES tone. Drugs known 
to decrease LES pressure include anticholinergics, sodium 
nitroprusside, dopamine, beta-adrenergic agonists, tricyclic 
antidepressant medications, and opioids. Drugs that have been 
found to increase LES tone include anticholinesterases, meta-
clopramide, prochlorperazine, and metoprolol.

Fig. 30.1. Anatomic relationships between the esophagus, airway, 
aorta, diaphragm, and stomach.
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Nonmalignant Disorders of the Esophagus 
and Surgical Therapies

Hiatal Hernia, Gastroesophageal Reflux Disease 
(GERD), and Esophageal Stricture

Gastroesophageal reflux and hiatal hernia may be present inde-
pendently or may coexist. Esophageal strictures may be caused 
by a number of insults but are frequently related to gastroe-
sophageal reflux. Gastroesophageal reflux is a common disor-
der and depending on diet and lifestyle, may affect up to 80% 
of the population. The term gastroesophageal reflux disease 
(GERD) applies when symptoms are more frequent or severe 
than the population norm. Pharmacotherapies including hista-
mine blockers and proton pump inhibitors are widely used and 
may dramatically ameliorate symptoms and reduce the need 
for surgical therapy. Indications for surgery in patients with 
GERD include symptoms that are refractory to optimized med-
ical therapy, esophageal stricture, pulmonary symptoms such 
as asthma and chronic cough, and severe erosive esophagitis.

GERD frequently coexists with hiatal hernia but many 
patients with a hiatal hernia remain asymptomatic. Hiatal her-
nias include the sliding hiatal hernia (type I) and paraesopha-
geal hernias (PH) (types II, III, IV) (see Fig. 30.2a, b). Sliding 
hiatal hernias are most common and occur when the gastroe-
sophageal junction and part of the fundus of the stomach her-
niate axially through the diaphragm into the thoracic cavity. 
Hiatal hernia is associated with a decrease in LES pressure [1] 
reducing barrier pressure between the esophagus and stomach, 
which in turn promotes reflux. PH occur when a portion of the 
stomach, typically the fundus, herniates into the thorax ante-
rolateral to the distal esophagus (see Figs. 30.2b and 30.3).  
PH are much less common than type I hiatal hernias and 

 comprise approximately 5–15% of hiatal hernias [2]. PH are  
at risk of incarceration and the presence of a PH is thus 
 considered an indication for surgical repair [3].

Surgical therapies for GERD and hiatal hernia can be 
achieved via a number of surgical incisions, but most com-
monly utilize a laparoscopic approach. Relative to laparotomy 
or transthoracic approaches, laparoscopic surgeries may pro-
duce considerably less pain, eliminate the need for a tube tho-
racostomy, utilize smaller incisions which decrease the risk 
of postoperative incisional hernias, and provide visualization 
for the diagnosis of other intra-abdominal pathology. A tran-
sthoracic approach may be preferred for patients with severe 
peptic strictures, patients requiring reoperation, and for those 
with other intrathoracic pathologies.

The transthoracic total fundoplication (Nissen) is per-
formed through a left lateral thoracotomy (see Table 30.1 for 
a summary of thoracic esophageal procedures and anesthetic 
considerations). The distal esophagus and the esophagogastric 
junction are mobilized with preservation of the vagus nerve and 
exposure of the crura and left hepatic lobe. At the surgeon’s 
request, the anesthesiologist places a 56–60 Fr esophageal 
dilator orally and advances it through the gastroesophageal 
junction. The proximal stomach is brought into the chest and 
a 2 cm fundoplication wrap is created with the fundus of the 
stomach. The dilator is removed and the fundoplication wrap 
placed below the diaphragm without tension. A nasogastric 
tube (NGT) and a chest drain are left in place postopera-
tively. Nissen fundoplication yields a high patient satisfaction 
rate (90–95%) when the procedure is performed by experi-
enced surgeons [4, 5]. The transthoracic partial fundoplica-
tion (Belsey) is similar to the Nissen fundoplication but the 
esophageal wrap extends only 240–270° and is thus a partial 
fundoplication. The Belsey fundoplication yields a reduction 

Fig. 30.2. (a) Type I hiatal hernia (sliding hernia). Note widening of the muscular hiatal orifice that allows cephalad herniation of the gastric 
cardia. (b) Type II hiatal hernia (paraesophageal hernia). The leading part of the herniating stomach is the fundus.
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in GERD symptoms comparable to that of the Nissen and may 
cause fewer postoperative obstructive symptoms.

Chronic GERD can cause esophageal ulceration which 
leads to inflammation and may cause axial esophageal short-
ening and stricture formation. Medical therapy is inadequate 
for symptomatic stricture, though most can be internally 
dilated using any one of a number of dilating techniques. After 
dilation, surgical therapy aims to reduce reflux and prevent 
recurrence. The Collis gastroplasty, classically performed via 
a transthoracic approach, aims to lengthen the esophagus to 
facilitate a subsequent tension-free fundoplication. This pro-
cedure creates a tube of esophageal diameter from the lesser 

gastric curvature tissues via surgical stapling so that subse-
quent intra-abdominal fundoplication can be performed around 
the “neoesophagus.” In the context of advanced GERD with 
esophageal shortening, Collis gastroplasty combined with a 
fundoplication (Belsey) provided relief of GERD symptoms 
to 70% of treated patients overall, and to 89% who presented 
without dysphagia [6]. The Collis gastroplasty has also been 
used for the treatment of advanced GERD without esopha-
geal shortening. Esophageal strictures that are not amenable 
to dilation may require esophagoplasty or esophagectomy.

PH can be repaired through a midline laparotomy, a laparo-
scopic approach, or via thoracotomy. At our institution, most 
large PH are repaired through a left thoracotomy. Through a 
thoracotomy incision the esophagus can be easily isolated and 
encircled, the hernia sac opened, its contents reduced to the 
abdomen, and the hiatus narrowed. Esophageal lengthening 
and fundoplication procedures are also frequently performed 
as part of the same procedure. Both transthoracic and lap-
aroscopic approaches to the repair of PH are associated with 
good results, though recurrence rates remain a concern for 
both procedures [7, 8].

Esophageal Perforation and Rupture

Esophageal perforation typically occurs in the hospital and 
is often iatrogenic. Multiple etiologies of perforation exist 
including upper gastrointestinal endoscopy and the traumatic 
placement of esophageal dilators, NGTs, and misplaced endo-
tracheal tubes. Perforation or disruption of the esophagus may 
also occur from external trauma, typically gunshot wounds or 
less commonly, from blunt trauma, from a foreign body, or 
chemical ingestion.

Fig. 30.3. Chest radiograph demonstrating a large left-sided type 4 
paraesophageal hernia.

Table 30.1. Common transthoracic esophageal procedures and anesthetic considerations.

Surgical procedure Surgical incision(s)/approach Anesthetic considerations

Transthoracic total fundoplication (Nissen)
Transthoracic partial fundoplication (Belsey)
Collis gastroplasty

Left thoracotomy Pain control
One lung ventilation
Aspiration risk

Thoracoscopic esophagomyotomy
Heller myotomy and modified Heller myotomy

Left thoracoscopy (4–5 ports)
Left thoracotomy

Pain control
One lung ventilation
High aspiration risk
Intraoperative esophagoscopy

Transhiatal esophagectomy Midline laparotomy
Left cervical Incision

Aspiration risk
Risk of tracheobronchial injury, bleeding, cardiac  

compression, and dysrhythmias

Transthoracic esophagectomy (Ivor Lewis)

Three hole esophagectomy (McKewin)

Midline laparotomy
Right thoracotomy
Right thoracotomy
Midline laparotomy
Left cervical incision

Aspiration risk
One lung ventilation
Protective ventilation
Fluid and hemodynamic management to optimize 

oxygen delivery
Pain control
Early extubation

Minimally invasive esophagectomy Right thoracoscopy (4 ports)
Laparoscopy (5 ports)
Left cervical incision (variable)

Aspiration risk
Protective ventilation
Procedure duration
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In contrast, esophageal rupture results from a sudden 
increase in intra-abdominal pressure with a relaxed LES and 
an obstructed esophageal orifice with vomiting, straining, 
weight lifting, childbirth, defecation, or blunt crush traumatic 
injuries to the abdomen and chest. Spontaneous rupture of 
the esophagus during vomiting is known as Boerhaave’s syn-
drome. This rupture of the distal esophagus occurs under high 
pressure which forces gastric contents into the mediastinum 
and pleura [9].

Clinical presentation may be related to the mode of injury 
but is often nonspecific. Pain is the most common symptom 
[10], though fever, dyspnea, and crepitus also present not 
uncommonly. Mackler’s triad, often associated with spon-
taneous esophageal rupture includes chest pain, vomiting, 
and subcutaneous emphysema. Soilage of the mediastinum 
elicits an inflammatory response that results in mediastini-
tis. Abdominal perforation may result in peritonitis. These 
patients may present with septic shock and are likely to dete-
riorate rapidly, particularly without aggressive resuscitation 
and definitive therapy.

Evaluation for esophageal perforation or rupture includes a 
plain film chest X-ray radiography (CXR) which may reveal 
mediastinal or free peritoneal air, pleural effusion, pneu-
mothorax, widened mediastinum, and subcutaneous emphy-
sema [11]. Computerized tomography (CT) scan will also 
confirm the rupture as evidenced by esophageal edema and 
thickening, possible abscess formation, as well as air and/or 
fluid in the pleural space. A water-soluble esophagogram will 
help to confirm the location and extent of the tear by allowing 
visualization of the extravasation of contrast.

Treatment of esophageal rupture or perforation depends 
mainly on the extent and location of the tear and the disease 
state of the esophagus. The time interval between injury and 
repair may also play a role in determining the appropriate 
strategy for treatment. Perforation of the cervical esophagus 
may be treated solely by drainage; surgical repair is preferred 
for thoracic or abdominal esophageal perforations. In a stable 
patient without severe esophageal pathology, primary clo-
sure of a thoracic or abdominal esophageal perforation can 
be attempted. If the area of injury is diseased, an esophagec-
tomy may be required. Early aggressive surgical treatment of 
Boerhaave’s syndrome is favored; left untreated this condi-
tion is virtually always fatal [9]. Conservative nonoperative 
therapies emphasizing aggressive drainage of fluid collections 
and appropriate antibiotic therapy are preferred by some clini-
cians for stable patients with contained esophageal leaks [12] 
and may be associated with acceptably low morbidity and 
mortality [12, 13]. Case reports and small case series have 
also demonstrated the efficacy of treating esophageal perfora-
tion and esophageal anastomotic leaks with self-expandable 
plastic and metallic stents [14–16].

Achalasia and Motility Disorders

Achalasia is a disease of impaired esophageal motility, most 
often affecting the distal esophagus. It affects approximately 

1 in 100,000 persons per year, with an equal gender distribu-
tion [17]. The etiology of achalasia is unknown but charac-
teristic features include increased LES pressure, incomplete 
relaxation of the LES with swallowing and loss of peristalsis 
which causes impaired esophageal emptying. Primary acha-
lasia is due to a complete loss or relative absence of gan-
glion cells in the myenteric plexus. This causes an imbalance 
between excitatory and inhibitory neurons which results in 
impaired relaxation of the LES [18]. Other primary motor 
disorders of the esophagus include nutcracker esophagus and 
diffuse esophageal spasm. Secondary achalasia is most often 
caused by Chagas’ disease, a systemic disease due to infection 
with Trypanosoma cruzi [19]. Other secondary motor disor-
ders are associated with systemic disease processes such as 
scleroderma, diabetes, amyloidosis, Parkinson’s disease, and 
neuromuscular diseases of skeletal muscle.

Achalasia progresses slowly and thus when patients finally 
present for treatment they are often at advanced stages of the 
disease. Symptoms of achalasia include dysphagia, first for 
solids and then liquids. As the esophagus dilates, regurgita-
tion becomes a more frequent problem. Patients may describe 
chest pain due to esophageal spasm. Weight loss, symptoms 
of GERD, history suggestive for aspiration such as pneumonia 
and chronic cough are also consistent with achalasia [20].

Radiographic findings in advanced achalasia include 
absence of gastric bubble, esophageal dilation, and fluid 
filling [21]. Barium swallow reveals the esophageal air-
fluid level and a characteristic bird’s beak narrowing caused 
by the impaired relaxation of the LES [21] (see Fig. 30.4). 

Fig. 30.4. This thoracic level barium swallow esophagogram illus-
trates a classic radiologic feature of achalasia – bird-beak appearance 
of the esophagus.
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 Esophageal manometry is a sensitive diagnostic test for acha-
lasia and manifestations include elevated LES resting pres-
sure and incomplete relaxation of the LES, aperistalsis of the 
esophageal body, and elevated lower esophageal baseline pres-
sure [20]. Treatment goals for achalasia include elimination 
of the esophageal outflow obstruction due to the tight LES, 
alleviating dysphagia and minimizing gastroesophageal reflux 
[20]. Nonsurgical treatments include calcium channel block-
ers and nitrates, botulinum toxin injection, and balloon dilata-
tion of the LES. The superiority of surgical myotomy with 
fundoplication is supported by a recent systematic review and 
meta-analysis [22].

Laparoscopic esophagomyotomy is performed with the 
patient in modified lithotomy, reverse Trendelenberg position 
and includes an anterior longitudinal myotomy of the distal 
esophagus, esophagogastric junction, and proximal stomach. 
Thoracoscopic esophagomyotomy is performed through a tho-
racoscope via the left chest which allows for optimal visual-
ization of the lower esophagus and cardioesophageal junction 
[23, 24]. The Heller and modified Heller myotomy procedures 
are performed via a left thoracotomy incision and differ in the 
extent of the myotomy incision and the inclusion of a fun-
doplication to minimize reflux. The Heller procedure utilizes 
a shorter myotomy incision extended only 1 cm or less onto 
the stomach. The modified Heller myotomy includes a 10 cm 
myotomy incision and a partial anterior gastric fundoplication 
to decrease the risk of reflux postoperatively [24].

Minimally invasive laparoscopic and thoracoscopic Heller 
and modified Heller myotomy procedures have been shown 
to be safe, effective, and durable treatments for achalasia 
[25–37]. Patient outcomes after minimally invasive myo-
tomy surgery for achalasia generally favor the laparoscopic 
approaches, however. Multiple investigators have found that 
patients experience superior dysphagia relief and less postop-
erative reflux with the laparoscopic approach as compared to 
the thoracoscopic approach [25, 28, 32, 33]. This difference 
may result from the limitations in extending the myotomy 
incision into the stomach and creating a fundoplication wrap 
from the thoracoscopic approach.

Tracheoesophageal Fistula (TEF)

Tracheoesophageal fistula (TEF) in adult patients is most 
commonly a result of malignancy, though TEF after traumatic 
injury [38] and intubation or tracheostomy [38–42] is also 
described. Though less common, TEF of congenital origins 
has also been reported [43–45]. Rarely, the diagnosis of TEF 
may be made intraoperatively [46], in the perioperative period 
[43, 47], or in chronically intubated patients [40–42].

TEF can be managed by either surgical or nonsurgical 
means, depending largely on the etiology. Nonoperative man-
agement of TEF with malignant etiology is generally favored 
as the presence of a TEF in association with malignancy gen-
erally indicates nonrespectability. Placement of an esopha-
geal stent may provide suitable palliation [48] and survival 
is related to tumor biology rather than the fistula itself [48]. 

In critically ill patients dependent on mechanical ventilation, 
the use of esophageal stents to provide temporary closure of 
benign TEF was a safe and effective procedure for palliation 
[49]. The treatment of postintubation TEF is more aggressive 
and tracheal or laryngotracheal resection with primary closure 
of the esophagus has been recommended [50].

Esophageal Diverticula

Esophageal diverticula are classified according to their ana-
tomic location (cervical or thoracic) and pathophysiology 
(pseudo- or traction diverticula). Most diverticula are acquired 
and occur in an elderly patient population. Pulsion or pseudodi-
verticula are the most common form and consist of a localized 
outpouching which lacks a muscular covering; that is, the wall 
consists of only mucosa and submucosa herniating through 
the muscle layer. Most pseudodiverticuli are of the Zenker’s 
variety, located in the hypopharynx. Epiphrenic diverticula are 
located within the thoracic esophagus, typically in the distal 
esophagus [51]. True or traction diverticula occur within the 
middle one third of the thoracic esophagus as a result of parae-
sophageal granulomatous mediastinal lymphadenitis usually 
due to tuberculosis or histoplasmosis and are characterized by 
full-thickness involvement of the esophageal wall. These diver-
ticula are typically small and most are asymptomatic. Compli-
cations are uncommon but may include TEF formation.

Clinical presentation of Zenker’s diverticulum usually 
includes dysphagia for solid food and regurgitation of undi-
gested food substances. Patients may also complain of hali-
tosis, gurgling associated with swallowing, and symptoms 
associated with aspiration such as nighttime cough, hoarse-
ness of voice, bronchospasm, and chronic respiratory infec-
tion. Diagnostic confirmation is accomplished with barium 
contrast study which clearly demonstrates the diverticulum.

Surgical correction of Zenker’s diverticulum is usually 
accomplished via a left cervical incision and includes a cri-
copharyngeal myotomy. While the myotomy may be sufficient 
therapy for small diverticula, larger sacs require diverticulec-
tomy or diverticulopexy [51, 52]. Minimally invasive tech-
niques used to treat Zenker’s diverticulum have included 
endoscopic stapling diverticulostomy, fiberoptic endoscopic 
electrocautery, and laser coagulation techniques [51–54]. In 
general, minimally invasive treatments for Zenker’s diverticu-
lum have yielded satisfactory results in the majority of patients 
[54, 55] and most can be performed in an endoscopy unit with 
a brief general anesthetic or in an awake patient.

Thoracic esophageal diverticula are usually epiphrenic and 
most are found to be associated with an esophageal motor 
disorder such as achalasia. While many patients do not have 
symptoms specifically referable to the diverticulum, if present 
these may be difficult to distinguish from those of the associ-
ated motor disorder. Patients who are asymptomatic or present 
with mild symptoms are not surgical candidates. Presenting 
symptoms may include dysphagia, chest pain, regurgitation 
of ingested foods, and symptoms of aspiration. Patients with 
epiphrenic diverticula are advised to undergo both barium 
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 swallow examination (see Fig. 30.5 for barium  esophagogram 
of a mid-espophageal diverticulum) and  esophageal  manometry 
to delineate any associated pathology such as motility disorder, 
malignancy, or stricture. Patients with incapacitating symptom 
profiles are referred for surgery.

Surgical goals include resection of the diverticulum and 
usually, a myotomy to treat the accompanying motor disor-
der, with or without an antireflux procedure. The classical 
surgical approach has been through a left thoracotomy inci-
sion, through which the diverticulum is dissected and excised; 
a myotomy and a fundoplication may also be performed. 
Results of surgical therapy are favorable, completely elimi-
nating symptoms in 74% of patients [56]. Thoracoscopic and 
laparoscopic approaches have also been described but the 
number performed is relatively low, commensurate with the 
rarity of these lesions.

Malignant Disease of the Esophagus  
and Esophagectomy

Esophageal Cancer

Malignant esophageal tumors can be classified on the basis 
of histologic types – squamous cell carcinoma and adeno-
carcinoma, which differ with respect to affected populations, 

incidence, etiology, and risk factors. While squamous cell 
carcinoma still accounts for the vast majority of esophageal 
cancers worldwide, the incidence of adenocarcinoma has risen 
sharply throughout the Western world, now accounting for 
nearly half of esophageal cancers in many countries [57, 58]. 
Potential etiologic and predisposing factors identified through 
epidemiologic study include tobacco use and excessive alco-
hol ingestion, gastroesophageal reflux, obesity, achalasia, and 
low socioeconomic status [57].

Clinical presentation of patients with esophageal cancer is 
variable; patients may present with symptoms of dysphagia, 
odynophagia, and progressive weight loss. Patient evaluation 
should include a thorough history and physical examination 
with attention to local tumor effects, possible sites of metasta-
sis, and general health. Clinical investigations include the bar-
ium contrast swallow study to define esophageal anatomy and 
esophagogastroscopy to permit biopsy and definitive identifi-
cation of tumor type. Both CT scans and magnetic resonance 
imaging (MRI) are used clinically for noninvasive staging of 
esophageal cancer. Endoscopic ultrasound (EUS) has been 
used for imaging of local/regional esophageal disease and 
may be considered complementary to CT scanning. Positron 
emission tomography (PET) is being used with greater fre-
quency for the purpose of staging esophageal cancer and for 
assessing the response to induction chemotherapy.

In an effort to avoid the morbidity, mortality, and expense 
associated with esophagectomy, many centers are employing 
relatively new approaches to esophageal preservation in patients 
with malignant and premalignant esophageal lesions. The close 
surveillance of many patients with premalignant disease of the 
esophagus has led to the early identification of many cases of 
high-grade dysplasia and superficial adenocarcinoma. Advances 
in the use of minimally invasive endoscopic techniques permit 
the staging of superficial esophageal cancers by endoscopic 
biopsy [59, 60] and where appropriate, endoscopic resection of 
adenocarcinoma limited to the esophageal mucosa [61, 62].

Unfortunately, patients often present with advanced local/
regional and metastatic disease. The failure of surgery to cure 
most advanced local and regional disease and the early systemic 
dissemination of esophageal cancers has led to significant inter-
est in improving chemotherapeutic regimens. Chemotherapies 
are now routinely used in the context of esophageal cancer both 
for palliation of locally advanced and metastatic disease and 
increasingly as an adjunct to surgical resection. 5-Fluorouracil 
and cisplatin are widely used in combination preoperative ther-
apy for both adenocarcinoma and squamous cell carcinoma of 
the esophagus [63]. Combination therapy may improve survival 
but appears to also increase the risk of serious therapy-associated 
complications [64]. Neoadjuvant chemotherapy with or without 
radiotherapy is widely used and is believed to improve curative 
resection rate, though survival differences have been difficult to 
demonstrate in small studies. A recent review of meta-analyses 
investigating neoadjuvant chemotherapy with radiation suggests 
an improved pathologic response which may improve survival 
but also underscores the need for additional high quality clinical 
trials to confirm these findings [65].

Fig. 30.5. A thoracic level barium swallow esophagogram which dem-
onstrates a large mid-esophageal diverticulum filled with contrast.
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Esophagectomy

Esophagectomy is indicated for the resection of esopha-
geal cancer without local invasion or metastasis [66], cura-
tive resection of high-grade dysplasia [67], and may also be 
used for severe nonmalignant disorders including esophageal 
injury, nondilatable stricture, severe recurrent GERD, and 
achalasia [68, 69]. Esophagectomy surgery can be performed 
via a transhiatal approach by laparotomy, a two incision sur-
gery utilizing both laparotomy and right thoracotomy (Ivor 
Lewis), a three incision approach (McKewin) which also 
requires a cervical incision for anastomosis, and minimally 
invasive approaches utilizing laparoscopy and/or thoracos-
copy (see Table 30.1). Consideration for the transhiatal, tran-
sthoracic, and minimally invasive esophagectomy (MIE) will 
be discussed later.

Transhiatal esophagectomy (THE) is performed for tumors 
throughout the esophagus but is often preferred for lower 
tumors. The primary advantage of this resection is that it 
avoids a thoracotomy and the possibility of an intrathoracic 
anastomotic leak. This procedure is accomplished via a large 
upper abdominal incision which is used to mobilize the stom-
ach and through which transhiatal esophageal dissection is 
carried out and a cervical incision through which the conduit 
is introduced and the anastomosis is made. The transhiatal 
approach to esophagectomy requires the manual dissection of 
the esophagus from the mediastinum blindly via the abdomi-
nal hiatus.

There continues to be considerable debate regarding the rel-
ative risk of THE relative to the transthoracic esophagectomy 
(TTE) procedure, both from a surgical and oncologic stand-
point. While the morbidity and mortality associated with THE 
have declined over the past several decades [70], the advan-
tage of THE over TTE remains controversial with both early 
morbidity and mortality advantages demonstrated [71, 72] 
and refuted [73]. It is also not clear whether surgical approach 
affects long-term survival; a meta-analysis of multiple com-
parative studies demonstrated equivalent (20%) 5-year sur-
vival in both groups [71], though a trend towards an improved 
survival in the TTE group has also been reported [72].

The transthoracic approach to esophagectomy is performed 
for malignant, premalignant, or nonmalignant disease of the 
esophagus and employs an abdominal incision for mobiliza-
tion of the stomach and formation of a gastric tube or other 
esophageal conduit and a right thoracotomy through which 
the diseased esophageal portion is resected and the anasto-
mosis is made. The TTE is often preferred when the resection 
extends to other mediastinal structures, mediastinal fibrosis is 
known or suspected, tumor may involve the airway or vascular 
structures, or an intrathoracic anastomosis is required.

The term “minimally invasive esophagectomy” (MIE) 
encompasses a variety of surgical approaches to esophagec-
tomy that attempt to minimize the degree of surgical trespass 
in one or more body cavities. True MIE using laparoscopy 
and thoracoscopy is performed in very few centers. Analo-

gous to the open procedures, several variants are possible; 
the most popular are the minimally invasive equivalents of 
the Ivor Lewis and three hole esophagectomies. Thus far, out-
come data are limited, but encouraging. In a clinical series of 
222 MIE cases, morbidity and mortality outcomes compared 
favorably to those of open esophagectomy [74]. Randomized 
trials directly comparing MIE with open esophagectomy will 
be required before definitive benefits can be declared, but it is 
conceivable that advantages with regard to pain control, respi-
ratory complications, length of stay, total cost, and quality of 
life may yet be demonstrated.

Esophageal Conduits

Although a variety of conduits have been used after esoph-
ageal resection, stomach is usually preferred because of its 
excellent blood supply, because it can be readily mobilized 
to reach the thorax or neck, and because only one anastomo-
sis is required. However, the stomach may not be a suitable 
conduit in the case of prior gastric surgery or tumor involve-
ment. In such cases, an alternative conduit must be used. The 
pedicled colonic interposition utilizes a segment of colon with 
an attached vascular pedicle as an esophageal replacement 
conduit. While the pedicled colon graft has adequate mobility 
its use is associated with numerous complications including 
conduit redundancy and symptoms related to inadequate food 
transit [75–79] which may impact quality of life [76] and long-
term outcomes [80]. Additionally, atherosclerotic disease may 
affect vascular supply to the colon which may in turn increase 
the risk of colonic ischemia and necrosis, a major cause of 
morbidity and mortality [81–83].

Jejunum has a number of theoretical advantages over that of 
colon for use as an esophageal replacement. First, its diameter 
more closely approximates that of the esophagus. Secondly, 
it is generally disease free. Additionally, its intrinsic peristal-
tic activity may improve food transit and reduce symptoms 
postoperatively [84–88]. Use of the jejunum for interposition 
has previously been limited by the vascular anatomy of the 
jejunum. The jejunal mesentery lacks the collateral arcades 
of the colon which permit them to reach interposition sites 
in the thorax and neck. Ischemia of the interposition graft is 
the likely cause of jejunal loop gangrene which plagued early 
attempts and led to an interest in vascular augmentation of the 
interposition graft, now known as “supercharging.”

Recent advances in microvascular surgery have enabled 
specialized centers to expand the indications for jejunal 
interposition beyond short-segment esophageal replacement. 
Esophagectomy with “supercharged” jejunal interposition 
graft is undertaken as a one-stage procedure which includes 
esophageal resection, construction of the interposition graft 
with esophageal and jejunal reconstruction. The superior 
jejunal vascular arcade is “supercharged” by reimplanta-
tion into cervical or internal mammary arteries. The inferior 
arcade retains its native supply from the superior mesenteric 
artery. A recent series utilizing this supercharging technique 
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for  construction of jejunal interposition grafts for esophageal 
reconstruction demonstrated a 92% success rate for discharge 
with an intact flap. Ninety-five percent of patients were 
 discharged on a regular diet and without reflux symptoms 
[89, 90]. Despite some successes, this technique remains the 
purview of highly specialized centers with multidisciplinary 
teams and is considered only in the absence of a suitable gas-
tric conduit.

Anesthetic Management of Esophageal 
Surgery Patients

Preoperative Evaluation and Preparation

A thorough history and physical examination should be per-
formed prior to anesthetizing a patient for esophageal surgery. 
Comorbid conditions should be evaluated and optimized prior 
to surgery. Particular attention should be given to signs and 
symptoms of esophageal obstruction, GERD, and silent aspi-
ration. Symptoms of obstruction, particularly dysphagia and 
odynophagia, may lead to reduced oral intake and malnutri-
tion which can lead to increased morbidity and mortality [91, 
92]. Symptoms of severe GERD with aspiration may include 
water brash (hypersalivation in response to reflux), coughing 
when supine, globus sensation (feeling of lump in throat), lar-
yngitis, and asthma-type symptoms.

The presence of significant cardiovascular disease has 
important implications for patients undergoing major surgical 
procedures involving the esophagus. Patients may be evalu-
ated for cardiovascular risk with attention to the ACC/AHA 
guidelines for perioperative cardiovascular evaluation [93]. 
The risk of cardiovascular complications during major surgi-
cal procedures of the esophagus may be increased by a number 
of factors inherent to surgery and anesthesia care, including 
the degree of planned physiologic trespass, hypoxemia, hem-
orrhage, dysrhythmias, and pain. One lung ventilation (OLV) 
is often required for surgery of the esophagus. Oxygenation, 
ventilation, and weaning from mechanical ventilation may be 
more difficult in the patient with pulmonary disease. The min-
imum preoperative evaluation of the cardiopulmonary system 
should include a twelve-lead electrocardiogram (ECG) and 
CXR. A preoperative ECG serves as a screening test for myo-
cardial ischemia and arrhythmias and provides a baseline for 
comparison in the event of perioperative cardiac complica-
tions. Preoperative CXR may reveal evidence of aspiration 
as well as coexisting pulmonary and cardiac disease. Patients 
with a history of morbid obesity or chronic lung disease 
should also undergo preoperative pulmonary function testing 
if the procedure involves a thoracotomy approach.

Patients with severe GERD or those otherwise at risk for 
aspiration pneumonitis may benefit from prophylactic med-
ication to increase gastric pH and decrease gastric volume. 
Though definitive evidence of risk reduction is lacking, appro-
priate pharmacologic prophylaxis with H

2
 receptor antagonists 

or proton pump inhibitors is known to reduce gastric volume 
and acidity [94–99] and is thus likely to reduce the incidence 
and severity of pneumonitis should aspiration occur.

Patients may present for esophagectomy surgery after hav-
ing received neoadjuvant chemotherapy which may improve 
survival [63, 65]. The chemotherapeutic agents used to treat 
esophageal cancer cause bone marrow suppression and 
patients often present with some degree of anemia and throm-
bocytopenia. The need for optimizing patient status prior to 
major surgery should be balanced with the risk of delaying the 
resection of malignant tumors. Occasionally, severe throm-
bocytopenia may preclude the preoperative placement of an 
epidural catheter in which case alternative plans for analgesia 
should be made.

Intraoperative Monitoring

In general, intraoperative monitoring for esophageal surgery 
cases should be commensurate with the degree of physiologi-
cal trespass inherent in the planned procedure and the nature 
and severity of patient comorbidity. Routine monitoring 
should include pulse oximetry, noninvasive blood pressure 
monitoring, and electrocardiography. Since many patients 
presenting for esophageal 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 pul-
monary disease, routine intraoperative monitors will gener-
ally suffice for those patients presenting for endoscopic and 
minimally invasive procedures limited to the abdominal cav-
ity. Transthoracic approaches to the esophagus generally man-
date a more aggressive approach to monitoring. An indwelling 
arterial catheter for continuous measurement of systemic arte-
rial 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 filling 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 substantially limits arterial oxy-
genation. Surgical dissection can lead to unexpected bleeding, 
occasionally massive in nature. Point of care testing of arte-
rial blood samples can aid in the assessment and maintenance 
of adequate arterial oxygenation, acid base status, as well as 
hemoglobin and electrolyte concentrations.

In the patient with normal cardiovascular reserve, central 
venous access is not generally necessary and does not provide 
useful information for volume management. Nonetheless, 
central access may be required in patients with very limited 
peripheral venous access, especially obese patients in whom 
it may be difficult to re-establish lost venous access intraop-
eratively, patients requiring emergency surgery for esopha-
geal trauma or perforation as septic complications can rapidly 
ensue, and those patients who are likely to require vasopressor 
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or inotropic support. Patients undergoing esophageal surgery 
should also undergo bladder catheterization for decompres-
sion and for the monitoring of urine output. Temperature mon-
itoring is easily accomplished via a probe in the oropharynx, 
axilla, or bladder catheter. Euthermia can be achieved by use 
of commercially available forced warm air heating blankets 
and fluid warmers.

Pain Control

Pain control after esophageal surgery is dictated largely by 
the surgical approach to the esophagus. Most patients under-
going endoscopic surgery of the esophagus have little pain 
postoperatively and thus do not require an aggressive plan for 
analgesia. Similarly, a laparoscopic approach is generally not 
associated with high analgesic requirement postoperatively. 
However, the thoracotomy incision utilized in most transtho-
racic esophageal surgeries is one of the most painful surgical 
incisions in common use. As such, anesthetic techniques for 
postoperative pain control play an extremely important role 
in optimizing outcomes after transthoracic esophageal pro-
cedures. Although a variety of pain control approaches have 
been utilized, most centers favor the use of thoracic epidural 
analgesia (TEA) for its excellent analgesia [100, 101], favor-
able safety profile, cost savings [102, 103], its potential role 
in improving outcomes after transthoracic esophageal surgery 
[103–107], and as a component in multimodal strategies to 
expedite patient mobilization and recovery after esophagec-
tomy [108–111].

In comparison to parenteral opioid pain therapy alone, TEA 
provides superior analgesia after esophagectomy [100, 101] 
and is considered by many surgeons and anesthesiologists to 
represent the “gold standard” with regard to postoperative pain 
control after thoracotomy in general. However, for technical 
and safety reasons, not all patients are suitable candidates for 
the placement of thoracic epidural catheters. For patients in 
whom TEA is not possible but epidural analgesia per se is not 
contraindicated, lumbar epidural analgesia (LEA) may rep-
resent a compromise approach for analgesia after thoracoab-
dominal esophagectomy though pain control postoperatively 
is inferior to that obtained by TEA [112].

A variety of nonneuraxial techniques have been studied 
and recommended for postthoracotomy pain control; the 
most promising of these include intrapleural, intercostal, and 
paravertebral approaches. Intercostal nerve catheters in com-
bination with patient controlled analgesia (PCA) have been 
compared with TEA producing mixed results [113, 114]. 
Intrapleural and thoracotomy wound catheters have also been 
utilized, though rigorous comparison to standard therapies 
are lacking [115, 116]. Paravertebral blockade has shown 
promise as an alternative therapy [117] with analgesic effi-
cacy comparable to that of TEA by randomized trial [118] and 
meta-analysis [119] and with a favorable side-effect profile  
[119] and has been advocated as a superior modality by sev-
eral authors [120, 121]. Whether paravertebral analgesia will 

replace TEA for postthoracotomy pain may depend on the 
identification of outcome advantages that have thus far been 
ascribed only to TEA.

Specific epidural management strategies should ideally con-
sider the dermatomal range of incision(s), the impact of inci-
sional pain on respiratory function, the likelihood and impact 
of respiratory depression, and the intraoperative impact of an 
epidural induced sympathectomy on hemodynamic status. 
Since the thoracoabdominal esophagectomy requires both tho-
racotomy and laparotomy incisions, any plan for postoperative 
pain control should address this fact. A variety of management 
strategies have been reported, but most centers which perform 
transthoracic and thoracoabdominal esophageal surgeries uti-
lize a multimodal approach to pain management including 
preoperative placement of a thoracic epidural catheter unless 
contraindicated, intra- or postoperative bolus and infusion of 
a dilute local anesthetic such as ropivacaine or bupivacaine 
along with fentanyl or hydromorphone. An additional epidu-
ral bolus of preservative free morphine may provide a wider 
neuraxial spread and may provide synergism with the infused 
local anesthetics, but requires postoperative respiratory moni-
toring because of the possibility of delayed respiratory depres-
sion. Whether to bolus or infuse epidural local anesthetics 
pre- or intraoperatively has been a subject of debate among 
anesthesiologists. Arguments that a preemptive initiation of 
analgesia might provide better acute and chronic pain control 
have been based largely on theoretical considerations. Results 
thus far are mixed, suggesting that preoperative dosing of epi-
dural catheters may produce better acute pain control [122, 
123]. Although acute pain after thoracotomy has been shown 
to predict chronic pain [124], the efficacy of preemptive epi-
dural analgesia on preventing chronic postthoracotomy pain is 
not supported by a recent meta-analysis [123].

Induction and Airway Management

Induction of general anesthesia and airway management in 
patients undergoing esophageal surgery is dictated largely 
by patient factors including cardiopulmonary status, hemo-
dynamic and nutritional status at the time of induction, 
mediastinal mass effect if any, perceived risk of aspiration 
pneumonitis, and procedural factors including anticipated 
length of and nature of the procedure (i.e., if OLV is required 
for an intrathoracic procedure). Patients presenting for emer-
gency procedures of the esophagus and stomach may lack the 
desired preoperative evaluation of cardiopulmonary status 
and can present with unstable hemodynamic or pulmonary 
status from a variety of factors including underlying cardio-
pulmonary disease, aspiration, sepsis, acute respiratory dis-
tress syndrome (ARDS), or hemorrhage. Most practitioners 
favor intravenous induction agents such as propofol, thiopen-
tal, etomidate, or ketamine in conjunction with a rapidly act-
ing neuromuscular blocking agent such as succinylcholine or 
rocuronium to facilitate smooth induction of anesthesia and 
rapid tracheal intubation.
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Patients presenting for elective esophageal procedures 
will be stable at induction but complications arising from the 
presence of a mediastinal mass may accompany the induc-
tion of anesthesia, positive pressure ventilation, and muscle 
relaxation. Tracheobronchial compression or obstruction and 
cardiovascular collapse associated with anesthetic induction 
in patients with anterior mediastinal masses have been well 
described and is discussed in Chap. 14. Airway compromise 
has also been reported spontaneously or during the conduct of 
anesthesia in patients with posterior [125–129] and superior 
[130–132] mediastinal masses. Posterior mediastinal masses, 
including those of esophageal origin [125–127] and the 
dilated esophagus itself [133] may impinge on the airway and 
cause obstruction. The trachea is most easily compressed pos-
teriorly because of the lack of cartilaginous support, and thus 
posterior compression can result in near complete expiratory 
obstruction [129]. The identification of patients with mediasti-
nal masses who are at risk for cardiopulmonary complications 
is imprecise but specific factors associated with increased risk 
have been reported [134] and may aid in management.

Anesthetic management of patients for esophageal surgery 
presents an additional challenge with regard to the perceived 
risk of aspiration. Patients in need of esophageal surgery are 
widely considered to be at elevated risk of aspiration and 
its sequelae [135–138] (see Fig. 30.6) and the use of rapid 
sequence induction techniques are widely used and advocated 
[136, 137]. Those patients with severe gastroesophageal pathol-
ogy, particularly those with obstructive disease and dysmotil-
ity syndromes may represent high-risk subgroups but clear risk 
stratification is lacking. Achalasia, in particular, has been asso-

ciated with spontaneous aspiration pneumonitis [139, 140] and 
these patients may benefit from longer periods of NPO status. 
Practice guidelines for preoperative fasting have been pub-
lished [141] and effect of fasting regiments has been reviewed 
[142] but apply to healthy patients undergoing elective surgi-
cal procedures. Optimal periods of NPO status in patients with 
severe gastroesophageal pathology are not known.

Rapid sequence induction and intubation has been widely 
advocated in patients thought to be at elevated risk of regurgi-
tation and aspiration. This technique has classically referred 
to the rapid intravenous administration of induction agent and 
muscle relaxant, accompanied by the application of cricoid 
pressure (Sellick maneuver) and immediate laryngoscopy 
and tracheal intubation without intervening positive pressure 
ventilation. The rationale underlying this approach is that 
(1) the cricoid cartilage is positioned anterior to the esopha-
gus, (2) that downward pressure on the cricoid cartilage on 
a patient in the supine position would be transmitted to the 
esophagus, occluding the esophageal lumen by compressing it 
against the adjacent vertebral body, and (3) that this compres-
sion would result in a clinically significant effect on passive 
regurgitation, and thus aspiration in the anesthetized patient. 
Arguably, rapid sequence induction with cricoid pressure has 
represented the standard of care for patients at risk for pulmo-
nary aspiration in many centers. There is currently, however, 
considerable controversy regarding the efficacy and safety of 
this maneuver [143, 144]. There is also a growing awareness 
that the assumptions underlying the use of cricoid pressure and 
the efficacy of cricoid pressure in preventing regurgitation and 
aspiration remain unproven. Pressure applied to the cricoid 
cartilage increases the lateral displacement of the esophagus 
without reliably compressing it [145]. Though a recent study 
has shown that cricoid pressure compresses the hypopharynx, 
decreasing its diameter by 35%, it is not known whether this 
is sufficient to obliterate the lumen [146]. Cricoid pressure 
also displaces and compresses the airway [145], potentially 
increasing the difficulty associated with airway management 
[147, 148], and is contraindicated in the context of known or 
suspected cricoid or tracheal injury, unstable cervical spine, 
and during active vomiting. Additionally, cricoid pressure is 
not without risk, having been associated with fracture of the 
cartilage [149] and a variety of other risks [147, 148, 150]. 
It is also worth noting that cricoid pressure is associated with 
a decrease in LES pressure and esophageal barrier pressure 
[151] which could increase the risk of passive regurgitation 
in the anesthetized patient. This is consistent with the well-
described phenomenon of regurgitation and aspiration during 
the application of cricoid pressure [135, 152, 153]. Finally, 
reviews of the available evidence regarding the efficacy of 
 cricoid pressure in preventing aspiration in the context of 
rapid sequence induction fail to support the notion that it 
decreases the risk of aspiration [148, 154]. Since our current 
understanding of aspiration and the protective effects of cri-
coid pressure, if any, are incomplete, the decision to apply 
cricoid pressure in the context of a rapid sequence induction 

Fig. 30.6. CT scan of the thorax which demonstrates multifocal 
bibasilar consolidations consistent with the patient’s history of aspi-
ration pneumonitis.
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should be individualized and based on an understanding of the 
relevant anatomic and physiologic principles and the specific 
clinical context.

Though there is little definitive evidence with regard to 
practical aspects of aspiration pneumonitis risk reduction to 
guide the practitioner, we suggest the following approach. 
If there is any anatomic or historical evidence to suggest a 
difficult intubation, serious consideration should be given to 
intubation in the awake patient, particularly for patients at 
highest risk of aspiration – those presenting with achalasia, 
high-grade esophageal obstruction and those requiring emer-
gency procedures with full stomachs. For those patients with 
airways judged to be easily manageable, the use of a rapid 
sequence induction is prudent. Minimizing the time between 
loss of consciousness, muscle relaxation, and tracheal intu-
bation with a lubricated cuffed tube is likely to reduce risk. 
It is also worth considering the possible effect of patient posi-
tion on aspiration risk. A head-up or reverse Trendelenberg 
position may reduce the passive reflux of gastric contents and 
aspiration risk [155–157] in addition to the known benefits 
of this position on pulmonary mechanics, particularly in the 
obese patient and has been previously advocated [135, 155].

The suggestion that aspiration of gastric contents may be a 
contributing factor in the development of pulmonary compli-
cations in thoracic surgery patients is derived, in part, from 
evidence of intraoperative tracheal aspiration in intubated 
patients undergoing thoracotomy [158]. In this study, premed-
ication with ranitidine decreased the incidence of measured 
gastric acid regurgitation but effects on reduction of tracheal 
acid aspiration were not statistically significant. Clearly, acid 
aspiration in patients intubated with double lumen endotra-
cheal tubes (DLT) is possible [158] though dye studies sug-
gest that gel lubrication of the tube cuff may reduced leakage 
and aspiration [159, 160]. Other strategies to minimize the 
risk of tracheal aspiration in patients undergoing esophageal 
surgery include appropriate preoperative suctioning of the 
NGT if present, and of the NGT and oropharynx prior to tra-
cheal extubation. A low level of continuous suctioning of the 
NGT after major esophageal surgery may also help reduce 
the incidence of subacute and chronic aspiration postopera-
tively [161].

Intraoperative Management

After the induction of general anesthesia and tracheal intuba-
tion, the maintenance of anesthesia can be accomplished by 
a variety of approaches, though many authors prefer a bal-
anced anesthetic technique with the use of a volatile inhala-
tional agent such as isoflurane, sevoflurane or desflurane, a 
nondepolarizing paralytic agent, intravenous opioids, and opi-
oids and/or local anesthetic agents via an epidural catheter if 
present [109, 111]. As volatile anesthetic agents are known 
to precondition the myocardium against subsequent ischemic 
insult, there is a theoretical advantage in the use of these 
agents. Given the overlap of risk factors for coronary disease 

and esophageal disease, patients presenting with surgical 
esophageal disease may also be at risk for myocardial isch-
emia and thus may benefit from such protection, though clini-
cal evidence of benefit in this population is lacking. A total 
intravenous anesthetic with propofol infusion is also a viable 
option, though this technique lacks the theoretical advantage 
of myocardial preconditioning and is likely to be significantly 
more expensive, particularly for longer surgeries.

Lung Isolation and One Lung Ventilation

Surgical approaches to the thoracic esophagus have been greatly 
facilitated by the development of techniques for lung isolation 
and OLV. In most major centers, lung isolation and OLV are 
considered the standard of care for transthoracic approaches to 
the esophagus and are essential for thoracoscopic esophageal 
surgery. The most commonly utilized modalities are DLT and 
endobronchial blockers. Left-sided DLT are most commonly 
employed for transthoracic esophageal surgery and they have 
the advantage of being easily placed by experienced practi-
tioners, providing excellent lung isolation and operating con-
ditions while providing access to both lungs for suctioning, 
ventilation, and oxygen administration. Additionally, because 
the left mainstem bronchus is longer than that of the right, 
positioning is more easily accomplished without compromis-
ing left upper lobe ventilation.

However, the use of a DLT may be relatively or abso-
lutely contraindicated in some patients or may be difficult to 
achieve, necessitating another approach. First, endotracheal 
intubation with a DLT may require more time than with a 
single lumen tube [162]. This may increase the risk of aspira-
tion in the high-risk patient particularly in the context of a 
difficult airway. The use of adjunctive airway devices such as 
the endotracheal tube introducer may be more difficult with 
a DLT [163], though difficult endotracheal intubation with a 
DLT can be aided by the use of adjunctive devices such as 
the Glidescope video laryngoscope [164] or the Airway Scope 
[165]. Additionally, some patients may present with anatomic 
abnormalities of the airway such as subglottic stenosis or 
extrinsic compression of the trachea or either mainstem bron-
chus. Passage of a DLT may be difficult or even dangerous in 
this context. If it is likely that the patient will require postop-
erative mechanical ventilation or if extubation is delayed for 
another reason, exchanging the DLT for a single lumen tube at 
the end of surgery places the patient at additional risk for loss 
of airway and aspiration.

The above limitations of DLT have prompted interest in 
the use of endobronchial blockers for esophageal surgeries. 
A detailed discussion of endobronchial blockers and their 
applications can be found in Chaps. 16 and 17. Endobronchial 
blockers are placed through (coaxially) or occasionally along-
side single lumen endotracheal tubes (SLT) and can be used in 
patients with tracheostomies. The use of endobronchial block-
ers is well described for thoracic procedures, including esoph-
ageal surgery [166] and is preferred by some authors [163] 
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because of the perceived reduction in aspiration risk with the 
use of the SLT and rapid sequence induction, the improved 
ease of managing difficult airways, and lung collapse scores 
equivalent to that of the DLT [167].

Fluid Management

Fluid requirements vary widely between patients and proce-
dures and ultimately represent the sum of preoperative deficits, 
maintenance requirements, and ongoing losses. Preoperative 
fluid deficits in patients with severe esophageal disease may 
be substantial, though they have not been well defined. Fluid 
requirements in patients undergoing esophageal procedures 
may be complicated by the fact that patients may be relatively 
hypovolemic after long preoperative fasts, particularly if 
esophageal obstruction or dysphagia limit fluid intake. Peri-
operative losses occur via a number of mechanisms including 
urinary, gastrointestinal, and evaporative losses, bleeding, and 
interstitial fluid shifting. This shift of fluid from the vascular 
compartment into the interstitial space accompanies surgi-
cal trauma and is likely to reflect vascular injury and loss of 
endothelial integrity. So called “third space” losses describe 
fluid loss into noninterstitial extracellular spaces which are 
not in equilibrium with the vascular compartment and thus 
considered to be a “nonfunctional” extracellular fluid com-
partment. This space has not been well characterized and its 
existence has been questioned [168].

In general, minor procedures and those involving minimally 
invasive surgical procedures tend to be associated with low 
fluid requirements. Patients undergoing longer and more com-
plex procedures involving open abdominal and/or thoracic 
incisions may require significantly more intraoperative fluid 
to maintain homeostasis. Despite many studies in the area of 
perioperative fluid balance and fluid therapy, a consensus of 
best practice does not yet exist. However, recent advances 
in understanding the pathophysiology of fluid shifting in the 
perioperative setting, advances in the clinical management 
of fluid balance, and the application of advanced monitor-
ing modalities to drive rational goal directed fluid therapies 
(GDFTs) justify several conclusions.

First, excessive perioperative intravenous fluid administra-
tion, particularly crystalloid, is likely to contribute to an exag-
gerated fluid shifting towards the interstitial space, potentially 
increasing complications associated with poor wound heal-
ing, slower return of GI function, abdominal compartment 
syndrome, impaired anastomotic healing, increased cardiac 
demand, pneumonia, and respiratory failure [169]. Prospective 
trials examining “liberal” vs. “restrictive” fluid regimens in 
patients undergoing major surgical procedures generally favor 
greater fluid restriction [170–172] as do retrospective studies 
of patients undergoing pulmonary resection surgery [173–175] 
and esophagectomy [176, 177]. Interpretation of these pro-
spective trials is limited, however, by a lack of standard defi-
nition of the terms “restrictive” and “liberal.” What is liberal in 
one study may be restrictive in another. Retrospective analyses 

are limited in this regard by the potential for uncontrolled bias. 
Most studies of both types, however, are consistent with the 
idea that crystalloid overload rather than fluid overload, per se, 
is most closely related to adverse outcomes, but these studies 
do not permit identification of a suitable fluid regimen most 
compatible with favorable outcomes. However, inadequate 
fluid resuscitation in patients with significant fluid losses may 
cause hypovolemia and subsequently, a decrement in stroke 
volume, cardiac output, and tissue oxygen delivery which 
could compromise renal function, wound healing, anastomotic 
integrity, and even cardiovascular stability. Optimizing fluid 
regimens is likely to be dependent upon adequately measuring 
fluid requirements or surrogates thereof in individual patients 
rather than relying upon formulas for “restrictive” or “liberal” 
regimens. While fluid requirements have not been well char-
acterized in patients undergoing esophageal surgery specifi-
cally, recent evaluation of crystalloid requirements to maintain 
the left ventricular end diastolic volume index (LVEDVI) in 
patients undergoing colorectal surgery has been made. The 
rate of crystalloid infusion required to maintain LVEDVI in 
patients undergoing open and laparoscopic colorectal surgery 
was 5.9 and 3.4 mL/kg/h, respectively [178]. However, inter-
individual variability was high, consistent with the need for 
an individualized approach. Fluid requirements for thoracic 
surgical procedures or for esophageal surgeries in particular 
are not known.

Clearly, an ideal fluid regimen for major surgeries includ-
ing esophageal surgeries is individualized and optimizes car-
diac output and oxygen delivery while avoiding excessive 
fluid administration. There is an emerging body of evidence 
that fluid therapies which are designed to achieve individu-
alized and specific flow-related hemodynamic endpoints 
such as stroke volume, cardiac output, or measures of fluid 
responsiveness such as stroke volume variation (collectively 
referred to as GDFT) may provide a superior alternative to 
fixed regimens or those based on static measures of cardiac 
filling such as central venous pressure which does not predict 
fluid responsiveness or correlate with circulating blood vol-
ume in hospitalized patients [179] or after TTE [180]. GDFT 
in the setting of major surgery has been shown to reduce the 
length of stay [181–188], promote earlier return of bowel 
function [181], reduce postoperative nausea and vomiting 
(PONV) [181], morbidity [183–185, 189], and vasopressor 
use [190]. A review of nine studies utilizing GDFT revealed 
that of these, seven reported reduced hospital length of stay, 
three reported reduced PONV and ileus, and four reported a 
reduction in complications [191].

The use of GDFT for fluid management in thoracic surgery 
is currently in its infancy and most available studies are small 
and have investigated primarily patients undergoing cardiac 
surgery. In addition to the pulmonary artery catheter-derived 
cardiac output measurements which are not generally used 
for most general thoracic surgeries and the transesophageal 
echocardiographic and esophageal Doppler modalities which 
are inappropriate for esophageal procedures, a number of 
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minimally invasive modalities compatible with  transthoracic 
esophageal surgery are available. These include primarily 
devices that use proprietary algorithms to estimate stroke 
volume index, cardiac index, and/or stroke volume variation 
[192–195]. The utility of these modalities in directing GDFT 
in the context of an open hemithorax and OLV has yet to be 
demonstrated, but other studies demonstrating clinical advan-
tages of GDFT in intra-abdominal surgeries invite a closer 
examination of the potential benefits.

In addition to the potential importance of the amount and 
timing of fluid administration, there is also emerging clini-
cal evidence that the choice of fluid type may be important in 
affecting clinical outcomes. As above, most studies reporting 
the adverse effects of excessive perioperative fluid administra-
tion to patients undergoing thoracic surgery are consistent with 
the idea that crystalloid overload, rather than fluid overload per 
se is related to adverse outcomes. These include retrospective 
studies of factors affecting adverse outcomes after pulmonary 
resection [173, 174] and esophagectomy [176, 177] as well as 
number of prospective studies of perioperative fluid therapy 
[171, 172, 185]. Colloid therapy has been shown to be superior 
to crystalloid therapy in prospective trials of goal directed fluid 
management, improving outcomes and postoperative recovery 
[196]. Goal directed colloid but not crystalloid fluid therapy 
improved microcirculatory blood flow in a porcine model of 
anastomotic colon [197] and increased tissue oxygen tension 
in patients undergoing abdominal surgery [198]. This finding 
may be of particular relevance to esophageal surgery where 
anastomotic integrity may be related to blood flow and oxy-
gen delivery to a potentially flow-compromised gastric tube-
esophageal anastomosis. The improved efficacy of colloids in 
improving patient and surrogate outcomes in GDFT trials may 
be related to a number of possible factors including a greater 
effect on plasma volume expansion [199] and putative benefi-
cial effects of colloids, on vascular injury, permeability, and 
the development of edema [200–205]. Taken together, these 
studies suggest that it may be preferable to use colloids to mini-
mize fluid shifting across a potentially injured vascular barrier. 
This topic has been recently and extensively re-examined in a 
review by Chappell et al. [168] in which the authors make a 
compelling argument for the use of colloids in the replacement 
of plasma volume losses due to fluid shifting or bleeding.

The ideal choice of colloid solution for plasma volume 
expansion in major thoracic surgery (including esophageal 
surgery) also requires further elucidation. However, a number 
of theoretical advantages of the synthetic colloids have begun 
to emerge in preclinical studies. These include inhibition of 
endothelial–leukocyte interactions [206, 207], transendothe-
lial migration of neutrophils [208], and vascular fluid flux 
[209]. The primary colloid solutions available in the United 
States for this purpose are human albumin, hetastarch, and 
the (newly available in the United States) third generation tet-
rastarch, (Voluven) – a lower molecular weight starch with a 
number of theoretical advantages, including improved clear-
ance in patients with impaired renal function [210], and reduced 

adverse effects on renal integrity [211, 212] and  coagulation 
function [213, 214]. Voluven appears to share favorable char-
acteristics of other synthetic colloids on endothelial cell–
leukocyte interaction [207] and has been associated with an 
inhibition of systemic inflammatory mediators and markers 
of endothelial cell injury and activation in a clinical study of 
patients undergoing major abdominal surgery [215].

Intraoperative Complications

Intraoperative management of patients undergoing esophageal 
surgery may be complicated by a variety of surgical and anes-
thetic problems. Hypotension is not uncommon during major 
esophageal surgeries and may result from compression of the 
heart or major vessels, myocardial ischemia, hypovolemia, or 
use of an indwelling epidural catheter leading to a thoracic 
sympathectomy.

Hypoxemia during esophageal surgery occurs not infre-
quently in patients undergoing OLV and typically is due to 
right to left shunt flow via the nonventilated lung as well as 
by volume loss and atelectasis in the dependent lung. Less 
commonly, hypoxemia during transthoracic esophageal sur-
gery results from trauma to the ventilated lung and resultant 
tension pneumothorax which can be treated surgically by 
needle or finger puncture of the contralateral pleura. Pulmo-
nary edema can result from fluid overload, cardiac failure, and 
immunologic reactions to medications and other immunogens 
including latex. The diagnosis of fluid overload and/or cardiac 
failure may be difficult in the context of esophageal surgery as 
transesophageal echocardiography is usually contraindicated 
or impractical and data from central venous or pulmonary 
artery catheters, if present, are of limited value in this regard. 
Electrocardiographic evidence of myocardial ischemia along 
with pulmonary edema, particularly if it is not responsive to 
pharmacologic therapy to improve myocardial oxygen sup-
ply/demand inequality, may require aborting the surgical pro-
cedure, particularly if detected prior to esophagotomy. Rarely, 
pulmonary embolization can occur with preferential distribu-
tion to the ventilated, perfused lung.

Postoperative Management and Complications

Postoperative management of patients after esophageal surgery 
is largely dependent on the specific procedure performed and 
the patient’s response to anesthesia and surgery. In general, most 
patients should be suitable for extubation after elective esopha-
geal surgery, particularly those undergoing esophagoscopy 
and minimally invasive laparoscopic or thoracoscopic surgical 
procedures. The extubation of patients undergoing esophagec-
tomy procedures will be discussed later. Provided that patients 
are stable from a hemodynamic and metabolic standpoint and 
that neuromuscular and respiratory functions are adequate and 
a plan for suitable analgesia has been initiated, extubation in 
the OR is generally appropriate. In most cases, dosing of an 
indwelling thoracic epidural catheter is well tolerated during 
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wound closure as the intravenous or inhalational anesthetic is 
reduced. Following suctioning of the oropharynx and NGT, if 
present, the patient should be allowed to emerge from general 
anesthesia and extubated following the return of protective air-
way reflexes. Placing the patient in a 30° head-up position may 
improve pulmonary ventilation and decrease aspiration risk. 
If a gastric drain is indicated for the procedure, it should be 
secured prior to emergence and extubation.

Hypotension occurs not infrequently after esophageal sur-
gery. Causes include inadequate intraoperative plasma vol-
ume expansion, hemorrhage, cardiac dysrhythmias, most 
commonly atrial tachyarrhythmias, pneumothorax, and sym-
pathectomy from use of TEA. Careful hemodynamic assess-
ment of the postoperative patient should permit the distinction 
between hypovolemia and other causes. Urine output and 
chest drain output should be carefully followed and hemoglo-
bin concentration monitored in patients suspected of ongoing 
bleeding. Routine postoperative chest radiography is indicated 
in patients undergoing transthoracic or transhiatal procedures 
and when postoperative cardiovascular or respiratory compli-
cations are suspected. Most commonly, epidural related sym-
pathectomy is the cause and can be treated by additional fluid 
repletion, temporary discontinuation of the infusion, supine 
re-positioning or leg elevation to augment venous return, or 
reducing the concentration of local anesthetic in the epidural 
infusion. Occasionally, hemodynamically fragile patients may 
require substitution of epidural local anesthetic solution with 
an opioid such as hydromorphone or morphine, though pain 
control with this regimen is usually suboptimal.

Atrial tachyarrhythmias occur frequently after thoracic 
surgical procedures, including esophageal surgeries and 
may result in significant hemodynamic instability due to a 
rapid ventricular response and/or myocardial ischemia. This 
complication has been best studied in patients undergoing 
esophagectomy surgery and will be discussed later. Myocar-
dial ischemia, congestive heart failure, and pulmonary throm-
boembolic complications are also possible though appropriate 
patient selection, preoperative cardiovascular evaluation, and 
thromboprophylaxis should significantly reduce these risks.

Respiratory insufficiency, seen most commonly in patients 
with baseline impairment of respiratory function, may be 
related to weakness from inadequate reversal of neuromus-
cular blockade. Typically, these patients retain carbon dioxide 
and may become hypercapnic and obtunded. Often, retractions 
due to upper airway obstruction can be observed. Other causes 
of hypoventilation such as bronchospasm, aspiration pneu-
monitis, pulmonary edema, and pneumothorax, and ARDS 
should be ruled out with the appropriate diagnostic modali-
ties. Inadequate pain control after thoracotomy or laparotomy 
can also result in splinting with reduced tidal volumes and 
hypoventilation. Typically, adequate treatment of incisional 
pain leads to a dramatic improvement in respiratory function. 
Chest radiography and arterial blood gas analysis should be 
performed immediately in any patient with acute respiratory 
decompensation after thoracic surgery.

Anesthetic Considerations for Specific 
Esophageal Procedures and Disorders

Esophagoscopy

Esophagoscopy may be performed with either a rigid or flex-
ible endoscope and is used for a number of specific diagnostic 
and therapeutic purposes. In general, most diagnostic esopha-
goscopies are performed using flexible endoscopes, often in 
awake sedated patients and frequently in a gastroenterology 
suite without the care of an anesthesiologist. Conscious seda-
tion performed by a nurse or other assistant under the direc-
tion of an endoscopist, usually a gastroenterologist, is most 
often accomplished with the use of a benzodiazepine such as 
diazepam or midazolam with or without the addition of an 
opioid such as meperidine. Patient acceptance of the proce-
dure without sedation, even with ultrathin esophagoscopes, 
is quite limited [216]. Often, a local anesthetic such as lido-
caine or benzocaine is applied topically to facilitate patient 
acceptance and reduce gagging during the procedure. If local 
anesthetic is used, the total acceptable dose should be care-
fully considered as methemoglobinemia has been associated 
with topical use of benzocaine for surgical procedures [217], 
including esophagogastroduodenoscopy (EGD) [218]. Flex-
ible esophagoscopy is also routinely performed by thoracic 
surgeons immediately prior to esophageal surgery to assess 
the location and extent of esophageal lesions and the degree 
of esophageal obstruction. Most of these patients have known 
esophageal disease and are presenting for curative or palliative 
esophageal surgery. These patients are usually at elevated risk 
for regurgitation and aspiration and should be treated appro-
priately. The airway should be secured prior to instrumenta-
tion of the esophagus under general anesthesia.

Rigid esophagoscopy is most frequently employed for the 
extraction of esophageal foreign bodies, often in children, 
as well as for the removal of retained food items. As with 
laryngoscopy, this is a very stimulating procedure and not 
likely to be well tolerated without general anesthesia. These 
patients should also be considered high risk for aspiration and 
managed accordingly, with the rapid placement of a cuffed 
endotracheal tube before or immediately after induction of 
anesthesia. In selected patients who are felt to be at lower 
risk for aspiration with this procedure and who meet NPO 
guidelines, it may be appropriate to consider deeper levels of 
sedation. Monitored anesthesia care with sedation using dex-
medetomidine infusion for rigid esophagoscopy and dilation 
of the UES with botulinum toxin injection for dysphagia has 
been described [219]. Anesthetic management considerations 
for rigid esophagoscopy include the extreme neck extension 
desired by surgeons for alignment of the oral–esophageal 
axis, the risk of aspirating objects once extracted from the 
esophagus [220], and the need for a relaxed patient to mini-
mize movement during the procedure. The latter need can be 
achieved with deep levels of inhalational anesthetic or with 
short-acting muscle relaxants.
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Additional therapeutic uses of esophagoscopy include 
esophageal stent placement for TEF, benign and malignant 
strictures [221, 222], and perforation [14, 223]. Nonsurgi-
cal treatment of achalasia, including esophageal dilatation 
and intraesophageal delivery of botulinum toxin can also be 
accomplished endoscopically [224]. Endoscopic techniques 
are also used in the staging of superficial esophageal tumors 
and complete resection of mucosal adenocarcinoma [59–62].

Tracheoesophageal Fistula (TEF)

Anesthetic management of the patient with TEF is uniquely 
challenging for the following reasons. First, positive pressure 
ventilation inevitably results in ventilatory gas entering the 
esophagus and stomach. Ventilation of the gastrointestinal 
tract may result in worsening pulmonary compliance because 
of abdominal distention and a concomitant increase in the risk 
of further aspiration and other complications [43, 225, 226]. 
For these reasons, maintenance of spontaneous ventilation 
is usually preferred and can be accomplished with either an 
inhalational induction or an awake intubation, though base-
line decrements in pulmonary function and compliance on the 
affected side are likely to increase difficulties associated with 
oxygenation and adequate ventilation after induction of anes-
thesia. The preoperative placement of a gastrostomy tube will 
aid in venting the stomach in the event that positive pressure 
ventilation becomes necessary but is contraindicated if the 
stomach is to be used as a conduit within the thorax. Addition-
ally, chronic aspiration and its sequelae of pneumonia, sepsis, 
and hypoxemia may complicate the anesthetic management of 
these patients, particularly during OLV. Positive pressure ven-
tilation can be safely performed once lung isolation has been 
accomplished. Lung isolation is essential to prevent ventila-
tion of the fistula, to provide adequate pulmonary ventilation, 
and to prevent further soilage of the lung.

The anesthetic plan for airway management and ventilation 
in adult patients with TEF should reflect the anatomic position 
of the fistula in the respiratory tract. Typically, the identifica-
tion and localization of the fistula is made before presenta-
tion to the operating theater. Occasionally, the exact level of 
the fistula is not known. Though not always successful, bron-
choscopic examination of the airway may identify the level 
of airway involvement and can be performed preoperatively. 
Bronchoscopy can also be performed after tracheal intubation 
with either a DLT [227] or SLT [228] and used to guide place-
ment after localization of the TEF.

The DLT is preferred in most cases of TEF since it can be 
placed into the mainstem bronchus contralateral to the fistula, 
providing lung isolation, OLV, and protection from soilage of 
the ventilated lung. Thus, right-sided DLT should be used for 
left-sided lesions and vice versa. Occasionally, for a tracheal 
TEF well above the carina, a SLT may be used if the cuff can 
be inflated below the fistula. If this is not possible, a right DLT 
is preferable for distal tracheal fistulae or if the fistula site is 
not identified preoperatively. In patients with severe pulmonary 

disease, OLV may be incompatible with adequate oxygenation 
and ventilation. Rarely, alternative approaches for oxygenation 
and ventilation that minimize gas flow into the esophagus may 
be required. The use of a left DLT for lung isolation with high 
frequency oscillation ventilation on the right side has been 
described for optimizing gas exchange in a patient with a low 
tracheal TEF and ARDS [229]. An alternative approach in criti-
cally ill ventilated patients with benign TEF utilizes temporary 
stenting to functionally separate the airway and esophagus, 
minimizing air leak, and improving CO

2
 removal [49]. This 

procedure was easily performed and well tolerated and could 
presumably serve as a bridge to definitive surgical correction 
following improvement in the patient’s status.

Postoperative goals include optimizing pulmonary func-
tion to facilitate a return to spontaneous ventilation with 
adequate gas exchange. The continuation of positive pressure 
ventilation may lead to disruption of the esophageal closure 
and could thus cause a ventilatory leak. Achieving this goal 
requires adequate pain control and may also require aggres-
sive pulmonary toilet with bronchoscopy prior to emergence.

Transthoracic Nissen and Belsey Fundoplication, 
Collis Gastroplasty, and Paraesophageal Hernia 
Repair

Transthoracic antireflux procedures require monitoring, arterial 
and venous access commensurate with an open thoracotomy 
but are otherwise without many specific implications for the 
anesthesiologist. Lung isolation and OLV is required as is an 
aggressive plan for postoperative pain control, ideally TEA. 
Following induction, intubation, and placement of vascular 
cannulae, the patient is placed in the right lateral decubitus posi-
tion. It may be desirable to decompress the stomach at this point, 
particularly if significant amounts of air were introduced dur-
ing mask ventilation. After withdrawing an indwelling gastric 
tube, a large bougie/dilator is advanced into the esophagus at 
the surgeon’s request to facilitate the fundoplication. The dila-
tor should be well lubricated with a water soluble lubricant and 
passed atraumatically into the upper esophagus with manual 
guidance or with the use of a largynoscope to aid engagement 
with the esophageal orifice. Caution should be exercised during 
advancement and communication with the surgeon is important, 
particularly if resistance is encountered as esophageal disrup-
tion can occur. It is then passed slowly through the esophago-
gastric junction and left in this position until the fundoplication 
sutures are secured at which time it can be withdrawn.

Unless complications are encountered intraoperatively, most 
patients can be allowed to emerge from anesthesia at the con-
clusion of surgery and extubated at emergence. The stomach 
should be drained with a NGT postoperatively. Oral feeding is 
begun after return of normal bowel activity which may require 
several days after open repair. Dysphagia to solid foods can be 
experienced by some patients for several weeks after surgery 
and is more common with transthoracic procedures and total 
fundoplications but typically resolves spontaneously.
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Esophagectomy

Transhiatal Esophagectomy (THE)

Patients presenting for this procedure require standard moni-
toring plus a Foley catheter and arterial catheter for continuous 
arterial blood pressure monitoring. Patients will also benefit 
from the preoperative placement of an epidural catheter. After 
preoxygenation and induction of general anesthesia, the trachea 
is intubated with a SLT and both arterial and adequate intra-
venous access is obtained – generally two peripheral venous 
cannulae and an arterial catheter. A NGT is placed and secured 
in its position after the esophageal anastomosis is made.

The transhiatal approach to esophagectomy requires the 
manual dissection of the esophagus from the mediastinum 
blindly via the abdominal hiatus. The manual compression of 
the heart and great veins commonly causes hypotension, usu-
ally transiently. Optimizing volume status prior to this step 
may partially mitigate the decrement in blood pressure and 
cardiac output. Close communication between surgeon and 
anesthesiologist is critical during this stage, as it may become 
necessary for the surgeon to temporarily discontinue the dis-
section to permit hemodynamic recovery, particularly in the 
elderly or fragile patient. The duration of hypotension during 
dissection may be related to a patient history of cardiac disease 
and the presence of a midesophageal tumor [230]. The tran-
shiatal dissection may also precipitate atrial and/or ventricular 
ectopy which could theoretically contribute to hypotension and 
reduced cardiac output during this phase. Atrial arrhythmias 
are commonly associated with transhiatal dissection and are 
more likely in patients with cardiac disease [230]. In a small 
study of transhiatal esophagectomies, arrhythmias occurred 
during transhiatal manipulation in 65% of cases, but were 
transient, did not require treatment, and were not correlated 
with hypotension [231]. Other potential intraoperative com-
plications include pneumothorax, mediastinal bleeding from 
injuries to the aorta or azygous vein, and injury of the mem-
branous trachea. Pneumothorax is easily managed surgically 
with the placement of a tube thoracostomy from the operative 
field. Massive hemorrhage is rare but is likely to require emer-
gent thoracotomy and repair with aggressive transfusion and 
resuscitation. Tracheal injury also requires definitive repair 
and the anesthesiologist may be required to advance the endo-
tracheal tube beyond the site of injury to facilitate ventilation 
during the repair. For this reason, only full-length uncut endo-
tracheal tubes should be used for THE.

Following completion of the cervical anastomosis and 
wound closure, the NGT is secured in position. If in situ, the 
epidural catheter should be appropriately dosed prior to emer-
gence. Tracheal extubation is performed at emergence with 
return of protective airway reflexes and the patient is trans-
ferred to a unit where appropriate monitoring and pain control 
can be accomplished. The head of the bed should be elevated 
between 30 and 45° to optimize respiratory mechanics and 
to minimize the potential for reflux and aspiration. Postop-
erative therapy includes antibiotics and thromboprophylaxis. 

Postoperative complications attributable to the THE include 
recurrent laryngeal nerve injury which results in hoarseness 
and an increased risk of aspiration pneumonitis, chylothorax, 
and anastomotic leak.

Transthoracic Esophagectomy (Ivor Lewis; TTE)

Unless contraindicated, a thoracic epidural catheter should be 
placed preoperatively. Induction and maintenance of general 
anesthesia can be accomplished with standard agents. For 
the reasons enumerated earlier, a rapid sequence induction is 
recommended and endotracheal intubation should ideally be 
accomplished with attention to the risks of aspiration. Lung 
isolation is not required for laparotomy and thus, some prac-
titioners intubate initially with a SLT, replacing it with a DLT 
prior to the thoracotomy incision and after suctioning of the 
stomach. It is also reasonable to place a DLT at induction unless 
difficult placement is predicted in a patient with elevated risk 
of aspiration, such as high-grade obstruction, gastroparesis, 
or emergency surgery. In such a case, the practitioner should 
first rapidly secure the airway with a SLT, evacuate stomach 
contents intraoperatively, and then either place a DLT prior to 
thoracotomy or simply use an endobronchial blocker.

After induction, an NGT is placed with consideration 
to possible partial or complete esophageal obstruction that 
may necessitate surgical assistance for positioning distally. 
Decompression of the stomach and esophageal conduit is of 
paramount importance; thus the NGT should be secured intra-
operatively to prevent its removal by the patient or inadver-
tent removal during patient movement and transport. Muscle 
relaxation with nondepolarizing muscle relaxants provides 
optimal operating conditions. An arterial catheter and large 
bore peripheral or central venous access should be obtained 
after induction.

Intraoperative hypotension occurs not infrequently during 
TTE surgery and usually results from hypovolemia and/or  
TEA-related sympathectomy. Hypotension may precipitate 
myocardial or cerebral ischemia and may also contribute 
to gastric tube ischemia. Thus, potential causes should be 
immediately sought and treated. The mobilized gastric tube 
has a limited blood supply, usually from the right gastroepi-
ploic artery and blood flow at the distal segment is decreased.  
Factors such as hypotension may further compromise perfusion 
of the gastric tube and may thus increase the risk of anastomotic 
leak. Since anastomotic integrity is dependent upon adequate 
blood flow and oxygen delivery [232–234], the development  
of anastomotic leak may be related to intraoperative manage-
ment variables, particularly systemic blood pressure and cardiac 
output and may thus be modifiable by anesthetic management.

Some esophageal surgeons eschew the use of vasoconstrict-
ing agents for fear of the theoretical adverse effects on gastric 
tube blood flow, though the limited available data do not sup-
port this reasoning. The effect of vasoconstrictors on gastric 
tube blood flow has not been well studied, but a small clini-
cal study by Al-Rawi et al. demonstrated that a TEA-induced 
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sympathectomy decreased gastric tube blood flow during 
esophagectomy and that IV infusion of epinephrine restored 
blood flow [235]. The use of norepinephrine to maintain arte-
rial blood pressure during esophagectomy as part of a multi-
modal anesthetic regimen has been associated with reduced 
respiratory morbidity without increasing the incidence of 
anastomotic complications [111]. Given the established rela-
tionship between gastric tube blood flow and anastomotic 
leak [232, 234, 236], maintenance of normal hemodynamics 
should be a priority in the intraoperative management of these 
patients. Towards this end it may be prudent to postpone dos-
ing the indwelling epidural catheter in a hypotensive patient 
and to consider the use of inotropic agents with or without 
vasopressor activity.

Following uneventful TTE, most patients can be extubated 
in the operating room provided that they are normothermic, 
metabolically and hemodynamically stable, well oxygenated, 
and pain control modalities have been employed. Although 
an older randomized trial comparing early vs. late extubation 
after esophagectomy reported a higher mortality in the early 
extubation group, this difference was not statistically sig-
nificant [237] and has not been observed subsequently. Early 
extubation after esophagectomy has been well studied and 
is supported by a number of retrospective and observational 
analyses [108, 238, 239] as well as reports of standardized 
management approaches [109] and fast track clinical path-
ways [108, 110, 240]. Factors which may predict failure or 
complications associated with early extubation include a his-
tory of smoking and chronic obstructive pulmonary disease 
(COPD) [241]. Epidural analgesia may facilitate successful 
early extubation [108, 239, 241].

At emergence, patients should be seated 30° above supine 
and extubated upon return of protective airway reflexes. 
Supplemental oxygen may be delivered via face tent or nasal 
cannulae. If postoperative ventilatory support is required or 
extubation must be delayed for other reasons, tube exchange 
can be performed with laryngoscopy, adjunctive airway 
devices, or via a tube exchange catheter.

Minimally Invasive Esophagectomy (MIE)

At this time, there is little specific data available to guide 
anesthetic management of the patient undergoing MIE but 
principles of management in the patient undergoing open 
esophagectomy are likely to apply. OLV is considered essen-
tial for any thoracoscopic procedure, including MIE and thus, 
lung isolation is required. The use of DLT and bronchial 
blockers for esophageal surgery has been discussed earlier 
and applies here as well. Because of the longer duration of 
MIE surgery, a DLT is preferred as bronchial blockers are less 
stable positionally [167] and are likely to require more fre-
quent repositioning.

Avoiding a large thoracotomy incision in the context of MIE 
might conceivably reduce major pulmonary complications 
after esophagectomy. Though high quality comparative stud-
ies are few and randomized controlled trials are completely 

lacking, a systematic review of the available studies indicates 
an overall incidence of pulmonary complications of 22.9% in 
TTE and 15.1% in MIE [242]. Rigorous comparison to the TTE 
awaits adequately powered prospective trials. It is not clear 
that patients undergoing MIE require aggressive pain control 
modalities such as TEA for optimal postoperative pain con-
trol. However, the TEA remains the standard of care in centers 
which perform these surgeries largely because of the theoreti-
cal and demonstrated advantages of TEA in the context of open 
esophagectomy and thoracic surgery in general.

Postoperative Care of the Esophagectomy Patient

With appropriate pain control regimens, most patients are 
extubated in the operating room. Early ambulation and chest 
physiotherapy are used to reduce respiratory complications. 
Pleural drains are removed as soon as drainage is minimal and 
absence of air leak is confirmed, though mediastinal drains 
may be left until confirmation of intrathoracic anastomotic 
integrity is confirmed. The indwelling epidural catheter is gen-
erally used and left in situ until pleural drains are removed, at 
which time pain control can be adequately accomplished with 
parenteral or enteral medications. Feeding via jejunostomy 
tubes is initiated after 24 h postoperatively and advanced over 
a period of several days. A contrast study of the esophagus is 
usually performed on or about the fifth postoperative day and 
if normal, a clear diet by mouth is begun at that time. At dis-
charge, the patient will be eating solid food and the jejunos-
tomy tube is clamped. At surgical follow-up in several weeks, 
the feeding tube is removed.

Adverse Outcomes After Esophagectomy

Adverse outcomes after esophagectomy surgery have histori-
cally been divided into surgical and anesthetic complications. 
At first glance, this division is logical and appealing, but 
recent insight into the pathophysiology of complications after 
major thoracic and thoracoabdominal surgeries is beginning 
to blur this distinction.

Esophageal Anastomotic Leaks

As mentioned earlier, the development of an esophageal 
anastomotic leak is a frequent and serious complication of 
esophagectomy. This complication is particularly worrisome 
when the leak is mediastinal in location. Mortality rates from 
intrathoracic leaks range from 3.3 to 71% [243]. Preoperative, 
operative, and postoperative factors that may predispose to the 
development of anastomotic leak have been well described in 
the literature [243] and include comorbidities such as diabetes, 
pulmonary disease, and cardiovascular disease; a variety of sur-
gical and technical factors; and postoperative factors including 
gastric distension, prolonged ventilatory support, and hypoxia. 
Though still considered a surgical complication, accumulating 
evidence suggests that intraoperative management may have 
an impact on the incidence of this complication. Because of 
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the tenuous blood supply to the mobilized gastric tube, fluid  
status, hemodynamics, and oxygenation may affect anasto-
motic integrity through effects on oxygen delivery [232, 233] 
and blood flow [232]. Though the optimization of tissue oxygen 
delivery through appropriate management of hemodynamics, 
fluid status, and oxygenation is a priority for all perioperative 
patients, this truism may be particularly critical for patients 
undergoing esophageal anastomoses.

Cardiovascular Complications

Cardiovascular complications account for significant mor-
bidity and mortality after esophagectomy. The most common 
cardiac complication is arrhythmia, typically atrial tachyar-
rhythmias such as atrial fibrillation, atrial flutter, and paroxys-
mal supraventricular tachycardia. While generally considered 
benign after cardiac surgery, these diagnoses may be more 
ominous after general thoracic surgery including esophagec-
tomy. There is considerable evidence that atrial tachyar-
rhythmias after esophagectomy are associated with a higher 
rate of ICU admission, greater length of hospital stay, and 
a higher mortality [244, 245]. These findings are consistent 
with those for general noncardiac thoracic surgery patients in 
whom atrial fibrillation was a marker for increased morbidity 
and mortality [246]. Atrial fibrillation after esophagectomy 
is also associated with a higher rate of pulmonary complica-
tions, anastomotic leakage, and sepsis [245]. Risk factors for 
the development of atrial dysrhythmias after esophagectomy 
include older age, perioperative theophylline use, a low dif-
fusion capacity [244, 247], COPD, male sex, and history of 
cardiac disease [247]. Larger studies of general thoracic sur-
gery patients including esophagectomies point to similar risks 
for the development of atrial fibrillation – male sex, older age, 
history of congestive heart failure, arrhythmia, peripheral vas-
cular disease and resection of mediastinal tumor, pulmonary 
resection, esophagectomy, and intraoperative blood transfu-
sion [246].

The prophylaxis of atrial tachyarrhythmias in general tho-
racic surgery has been the subject of numerous clinical trials 
and observational studies but no clinical standard for prophy-
laxis exists. A review of trials of pharmacologic prophylaxis 
for postoperative atrial arrhythmias reported that calcium 
channel blockers and beta blockers reduced the risk of tach-
yarrhythmias, though the latter increased the risk of pulmo-
nary edema [248]. The routine prophylactic use of digoxin, 
flecainide, and amiodarone is not supported by the available 
evidence [248]. The available evidence supports individual-
ized prophylaxis in patients at higher risk of atrial tachyar-
rhythmias after esophagectomy with either calcium channel 
blockers or beta blockers, with attention to the potential for 
adverse effects of the latter.

Pulmonary Complications

Respiratory morbidity occurs frequently after thoracic surgery 
in general and after esophagectomy in particular [107, 249]. 
Pulmonary complications of thoracic surgery are variably 

defined in the literature, but include pneumonia, aspiration 
pneumonitis, acute lung injury (ALI), ARDS, bronchopleural 
fistula, atelectasis, and pulmonary embolism. Any individ-
ual or cluster of these complications can result in respira-
tory insufficiency or respiratory failure, which may require 
specific therapies including the continuation or reinstitution 
of mechanical ventilation. The overall incidence of serious 
respiratory morbidity is highly variable but is between 10 
and 30% in most large series [250–253]. Factors predictive 
of pulmonary complications after esophagectomy include age 
[250, 251], proximal location of esophageal tumor, and dura-
tion of surgery [250], as well as forced expiratory volume in 
1 s (FEV

1
) [251] which predicts pulmonary complications in 

patients with COPD [254].
ALI and ARDS are among the most severe pulmonary com-

plications associated with esophagectomy and their incidence 
in a large series was 23.8 and 14.5%, respectively [255]. 
ARDS was associated with a 50% mortality rate in this series. 
Risk factors included low body mass index, tobacco history, 
surgeon experience, duration of surgery and OLV, anastomotic 
leak, and cardiorespiratory instability. The pathophysiology 
of ALI and ARDS are complex and thought to result from 
direct or indirect pulmonary injury. Though injury can occur 
from a variety of mechanisms, the final pathway appears to 
involve inflammatory mediators including cytokines and cel-
lular mediators. Still a very active area of investigation, it 
has become clear that surgical stress itself elicits an already 
well characterized and profound inflammatory response that 
includes cytokines such as IL-1, IL-8, TNF-alpha, IL-6, selec-
tins, neutrophil elastase, and thrombomodulin [256–260]. In 
particular, IL-8 has been implicated in the development of 
ARDS [261] and is likely to provide a strong signal for the 
chemotactic migration of neutrophils [262, 263], the alveolar 
infiltration of which is characteristic of the disease process. 
The degranulation of neutrophils and an increase in pulmonary 
capillary permeability has been demonstrated after esophagec-
tomy and has been proposed as a human model of lung injury 
[260]. Causative involvement of IL-8 is suggested by stud-
ies of IL-8 antagonists in animal models [262], the presence 
of high concentrations in both ventilated and nonventilated 
lungs [264], and the relationship between IL-8 concentrations 
in lavage fluid and the subsequent development of pulmonary 
complications after esophagectomy [265].

Improving Outcomes After Esophagectomy

The use of TEA for postoperative analgesia has been reviewed 
earlier, but its potential value in improving outcomes after 
esophagectomy merits additional mention. Improved outcomes 
associated with the use of TEA after transthoracic esophageal 
surgery [103–107] may be related to improved postopera-
tive pulmonary function and resultant decrease in pulmonary 
complications [104] and an improvement in gastric tube blood 
flow [266, 267]. The use of TEA has been associated with a 
decreased risk of anastomotic leak in a retrospective study of 
esophagectomy patients [106]. A causative role is implied by 
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animal experiments in which the use of TEA improved micro-
circulation and motility in the gastric tube [267] and a clinical 
study with similar findings [266]. For these reasons and the 
overwhelming evidence of superior pain control, TEA repre-
sents the standard of care for TTE in most institutions.

Though lung injury in this context is multifactorial, there is 
a growing awareness that anesthetic and perioperative factors 
are involved. These include, atelectasis which is obligate in 
the operative hemithorax during OLV, direct injurious effect 
of volutrauma or barotrauma in the contralateral lung dur-
ing OLV, oxygen stress and toxicity resulting from high FIO

2
 

in the ventilated lung, and ischemia reperfusion injury in the 
ipsilateral lung after re-ventilation. Strategies to protect the 
lung and optimize outcomes after major thoracic surgery are 
most likely to be successful if they minimize these injurious 
stimuli. Guidance in the absence of definitive outcome data 
in the perioperative thoracic surgery setting is based largely 
on results from studies of animal models, surrogate mark-
ers of lung injury, and patients with established lung injury. 
Nonetheless, several reasonable conclusions can be drawn at 
this time.

First, ventilation strategies, particularly during OLV, should 
be tailored to patient physiology. That OLV itself may be a 
factor in the inflammatory response accompanying thoracic 
esophageal surgery is suggested by studies of cytokine and 
complement levels during and after OLV [256, 268]. Thus, 
ventilation should be as physiologic as possible in an effort 
to minimize the likelihood of volutrauma. So-called protec-
tive ventilation strategies represent a physiologic approach to 
tidal ventilation and are likely to improve outcomes in this 
patient population by minimizing the risk of alveolar over-
distension as well as cyclic collapse of alveoli. Specifically, 
protective ventilation in the context of thoracic surgery and 
OLV has referred to lower tidal volumes (4–6 mL/kg ideal 
body weight) with added positive end expiratory pressure 
(PEEP). This ventilatory strategy in patients undergoing TTE 
has been shown to minimize surrogate markers of systemic 
inflammation (IL-1Beta, IL-6, IL-8) [256, 269] while improv-
ing oxygenation intra- and postoperatively, and decreasing the 
duration of mechanical ventilation [256]. Specific protective 
pharmacologic agents have not been well studied, though there 
is preliminary data suggesting that prostaglandin E1 may also 
lead to a reduction in the inflammatory response [270] and 
improvements in gastric tube [271] and tracheal [272] blood 
flow in esophagectomy. Since oxygen toxicity and oxidative 
stress may also contribute to the development of adverse out-
comes, it may be prudent to minimize FIO

2
, though the large 

obligate right to left shunt in the nonventilated lung during 
OLV limits the extent to which this maneuver is practicable.

It is clear that anesthetics themselves may modify the inflam-
matory response to surgical stimulation and trauma [273] and 
produce other specific and in some cases, desirable biologic 
effects such as myocardial protection. Recent evidence suggests 
that sevoflurane may also affect lung tissue by modulating the 
inflammatory response to OLV. De Conno et al. demonstrated 

an attenuated increase in the bronchoalveolar lavage levels of 
TNF-alpha, IL-6, IL-8, MCP-1 in patients anesthetized with 
sevoflurane vs. propofol [274]. This immunomodulation was 
accompanied by a reduction in adverse clinical events suggest-
ing a protective role of sevoflurane.

Surgery for Esophageal Rupture  
and Perforation

Patients presenting for emergent repair of esophageal disrup-
tion, rupture, or perforation may present with pain, hypov-
olemia, sepsis, and shock. Anesthetic management should be 
based on the severity of these presenting conditions and the 
nature of the planned procedure. To the extent possible, fluid 
deficits should be corrected preoperatively and may be guided 
by standard and invasive monitoring as appropriate. Because 
of the likelihood of further fluid losses and hemodynamic dec-
ompensation, an arterial catheter for continuous blood pres-
sure monitoring and arterial blood gas sampling is indicated.

The principles of anesthetic management are based on cor-
recting preoperative fluid deficits, minimizing hemodynamic 
derangements, avoiding increases in abdominal pressure which 
may exacerbate leakage of gastroesophageal contents, and 
minimizing the risk of aspiration, particularly during induc-
tion. In general, a rapid sequence induction is indicated with 
the choice and dose of induction and neuromuscular blocking 
agents tailored to the patient’s hemodynamic status. If a tho-
racotomy is planned or likely, surgical exposure will benefit 
from the use of a DLT, but this advantage should be consid-
ered in light of airway anatomy, anticipated ease of intubation, 
and the potentially elevated risk of aspiration should place-
ment of the DLT require additional time.

Intraoperative management is likely to be dominated by 
the need for continuous fluid resuscitation. Arterial blood gas 
analysis and pulmonary artery catheter data may be used to 
guide fluid management and plasma volume expansion as 
well as the likely need for blood products. This factor com-
bined with the probability of ongoing fluid shifts, pulmonary 
edema, and the need for inotropic and vasopressor support 
usually mandates postoperative ventilatory support.

Surgery for Achalasia

Esophagomyotomy is most commonly performed to relieve 
esophageal obstruction at the sphincter level as well as for the 
relief of pain from esophageal spasm. Esophagomyotomy can 
be performed laparoscopically, thoracoscopically, or via thora-
cotomy, with or without the addition of an antireflux procedure. 
Either transthoracic procedure requires a suitable plan for lung 
isolation and postoperative pain control, though a TEA may 
not be absolutely essential for the thoracoscopic esophagomy-
otomy. Arguably, the most important anesthetic consideration 
is the possibility of aspiration on induction of anesthesia with 
loss of protective airway reflexes. Because achalasia results 
in a dilated esophagus with impaired motility, the likelihood 
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of retained food material in the esophagus is dramatically 
increased. It may also be desirable to restrict oral intake to only 
clear liquids for 2 days prior to surgery in an effort to reduce 
food retention. Approaches to minimize the risk of regurgita-
tion and aspiration have been discussed previously and are 
especially important in these patients.

Additional anesthetic considerations for esophagomyotomy 
procedures include pain control and lung isolation. The use of 
thoracoscopy to perform a transthoracic myotomy undoubt-
edly reduces pain intensity and may not require TEA, though 
many practitioners still prefer it. After induction and intuba-
tion with a DLT or SLT with blocker and placement of a NGT, 
the patient is turned in the lateral decubitus position, usually 
right lateral decubitus and the transthoracic myotomy is per-
formed. Most patients can be extubated in the operating room 
after return of protective airway reflexes. The NGT is usually 
removed and feedings initiated and advanced after the return 
of normal peristaltic activity.

Surgery for Esophageal Diverticula

Zenker’s Diverticulum

While Zenker’s diverticulum is not a disorder of the thoracic 
esophagus, its repair is often undertaken by thoracic surgeons 
and so it will be briefly discussed. Anesthetic management 
of patients with Zenker’s diverticulum should be focused 
on the prevention of aspiration. Patients should be restricted 
to clear liquids for at least 24 h preoperatively and encour-
aged to manually express and empty the diverticulum prior to 
anesthetic induction if this is possible. Other efforts to avoid 
aspiration of diverticular contents include a head-up position 
(30°) during induction and a rapid sequence induction without 
cricoid pressure. In the patient with difficult airway anatomy 
it may be preferable to intubate the trachea prior to induction 
of anesthesia. Caution should be exercised during placement 
of a gastric drain tube or esophageal bougie as these may enter 
the diverticulum and cause perforation.

Thoracic Diverticula

Patients presenting with thoracic esophageal diverticula may 
represent a subclass of patients at the highest risk for aspiration 
in the perioperative period. The reasons for this are twofold. 
First, these diverticula may be large and potentially contain 
significant quantities of food material. Secondly, these diver-
ticula cannot be emptied by manual expression, though drain-
age may be possible with the careful placement of a large bore 
drain tube. Additionally, most thoracic diverticula are associ-
ated with an esophageal motility disorder such as achalasia 
which is itself, a high-risk condition with regard to aspiration. 
Thus, all reasonable precautions should be taken, including a 
head-up position, and either a rapid sequence induction or an 
awake intubation depending on the anticipated ease of airway 
management.

Transthoracic repair of esophageal diverticula is usually 
accomplished via a left thoracotomy incision. Surgical expo-
sure is facilitated by lung isolation and OLV. During dissection, 
the anesthesiologist may assist by passing a large esophageal 
bougie with surgical guidance until it passes the diverticular 
aperture. If not already in situ, a NG tube should be placed 
prior to emergence and should remain in place until esopo-
hageal integrity has been demonstrated by a contrast esopha-
gram several days postoperatively. Most patients presenting 
for elective transthoracic resection of esophageal diverticula 
can be extubated following the procedure provided that a suit-
able plan for pain control has been initiated.

Clinical Case Discussion (Fig. 30.7)

Case: A 61-year-old male presents with a 14-month history 
of episodic dysphagia to solids that is progressively worsen-
ing. He notes no pain or weight loss. His evaluation included 
an EGD and biopsy showing high-grade dysplasia with fea-
tures highly suspicious for invasive esophageal adenocarci-
noma. Further evaluation in preparation for surgery included a 
whole-body PET-CT scan following injection of 14.014 mCi 
of F-18-FDG intravenously. Figure 30.7 shows the distal 
esophageal lesion illuminated by the marker. His past medical 
history is significant for CAD (MI 12 years prior treated with 
angioplasty). He has not had a recent cardiac catheterization. 
He also has intermittent supraventricular tachycardia (PSVT) 
controlled with diltiazem. He denies ever having an elec-
trophysiologic study performed. He also suffers from HTN 
(enalapril), hypercholesterolemia (simvastatin), and asthma 
(albuterol as needed and Claritin). His only surgery has been a 
C4–7 discectomy and fusion and a L4–S1 laminectomy. He is 
scheduled for an Ivor-Lewis esophagectomy.

Fig. 30.7. PET scan reveals focal soft tissue thickening with increased 
uptake of FDG in the distal esophagus at the gastroesophageal junc-
tion consistent with esophageal carcinoma.
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Questions

What further preoperative evaluation might be considered 
reasonable?
What are the anesthetic considerations for this esophageal 
surgery?
What specific intraoperative management strategies might 
be prudent in this patient?

Focused Preoperative History, Physical,  
and Investigations

Patient reports a daily requirement for his MDI and has 
recovered recently from a viral pharyngitis (physical exam, 
preoperative MDI use) (see Chap. 8).
Cardiac evaluation: baseline ECG to evaluate impulse 
 initiation site, AV node conduction, and QTc in the con-
text of PSVT history and diltiazem use. Stress echocardio-
gram to evaluate audible murmur and ventricular function 
(see Chap. 2).
Careful airway evaluation with particular attention to cervi-
cal extension after cervical fusion.
Focused neurologic exam to identify any preoperative defi-
cits given the risk of position-related neurologic injury in 
left lateral decubitus position (see Chaps. 17 and 18).

What Intraoperative Management  
Considerations Will Optimize  
the Patient’s Surgery?

Thoracic epidural to provide postoperative analgesia for 
a right thoracotomy and upper midline laparotomy (see 
Chaps. 30 and 46).
Avoidance of beta-blockade because of a significant his-
tory of reactive airway disease and chronic calcium chan-
nel blockade use. Intraoperative application of external 
electrodes for emergency cardioversion, pacing, or defi-
brillation. Calcium channel blockers indicated for treating 
hemodynamically stable PSVT (see Chap. 8).
Fluid management strategy which seeks to optimize overall 
oxygen delivery, with particular attention to the high-risk 
esophageal anastomosis. A variety of methods can be used 
to guide fluid therapy (base deficit, serum lactate, mixed 
venous O

2
 saturation). Optimal fluid management will 

seek to optimize cardiac output and oxygen delivery while 
avoiding excessive fluid administration.
High postoperative risk of atrial arrhythmias, in particular, 
atrial fibrillation. Treatment usually includes rate control 
with a beta blocker especially in the patient with CAD but 
preoperative use of a calcium channel blocker and history 
of asthma may preclude its use. Amiodarone can be used 
if atrial fibrillation is sustained and resistant to rate control 
with calcium channel blockers (see Chap. 41).
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Anesthesia for Robotic Thoracic Surgery
Javier Campos 

Key Points

The management of the robotic thoracic surgical patient 
requires the knowledge of minimally invasive surgery tech-
niques involving the chest.
Familiarity with the da Vinci® robot surgical system by the 
anesthesiologist 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 fiberoptic 
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 
(CO

2
) during insufflation in the chest is required.

Potential for conversion to open thoracotomy or open pro-
cedure in the abdomen.

Introduction

Minimally invasive surgery approaches have become increas-
ingly popular in cardiac, thoracic, and esophageal surgery [1–5]. 
With the introduction of robotic systems, specifically the da 
Vinci® robot surgical system, more than 10 years ago, a wide 
variety of surgical operations have been performed with some 
provocative results and limited defined advantages. This chapter 
provides an overview of the anesthetic implications and the use 
of the robotic system in patients undergoing mediastinal mass 
resection, pulmonary resections, and esophageal surgery.

The da Vinci® Robot Surgical System

The da Vinci® robot surgical system provides three dimen-
sional (3D) video imaging plus a set of telemanipulated flex-
ible effector instruments [6]. The system consists of three 
major components, a console for the operating surgeon, a 
patient-side cart with four interactive robotic arms, and a 
vision cart including optical devices for the robotic camera 
[7]. Figure 31.1 displays the da Vinci® robot surgical system.

In brief the surgeon operates while seated at a console and 
views a 3D image of the surgical fields through the vision sys-
tem. The patient-side cart (the actual robot) consists of three or 
four robotic arms, two or three instrument arms, and one endo-
scope arm which houses the camera. A full range of EndoW-
rists (Surgical Intuitive) instruments are used to assist with the 
surgery. These EndoWrists provide seven degrees of motion 
which exceeds the capacity of a surgeon’s hand in open surgery 
and two degrees of axial rotation to replicate human wrist-like 
movements. In clinical practice the first two arms, representing 
the surgeon’s left and right hands, hold the EndoWrist instru-
ments; a third arm positions the endoscope, the optional fourth 
arm, which represent the latest design in the da Vinci® robot sur-
gical system, adds surgical capabilities by enabling the surgeon 
to add a third EndoWrist instrument. The surgical instruments 
are introduced via special ports and attached to the arms of the 
robot. The surgeon sitting at the console triggers highly sensitive 
motion sensors that transfer the surgeon’s movement to the tip of 
the instruments. Figure 31.2 displays the console and a surgeon 
seated and performing robotic surgery. Figure 31.3 displays the 
Endo Wrist instruments during a thoracic surgical case.
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Robotic surgical procedures are usually performed by two 
surgeons, the surgeon at the console and the table-side sur-
geon, who introduces the trocars and connects them with the 
robotic arms and changes the robotic instruments through the 
other ports if needed. The size of the robotic trocar is 10 mm 
for the binocular robotic camera and 8 mm for the instruments. 
Some of the potential advantages of using a robotic surgical 
system in thoracic surgery include: shorter hospital length of 
stay, less pain, less blood loss and transfusion, minimal scar-
ring, faster recovery, and probably a faster return to normal 
activities [8, 9]. Table 31.1 displays the advantages and disad-
vantages of robotic thoracic surgery. Table 31.2 displays the 
surgical procedures performed in thoracic surgery with the da 
Vinci® robot surgical system.

Anesthetic Implications in Robotic  
Thoracic Surgery

The basic principles applied to minimally invasive surgery 
of the chest (i.e., thoracoscopic surgery, see also Chap. 23) 
also apply to robotic-assisted thoracic surgery. The combina-
tion of patient position, management of one-lung ventilation 
(OLV) techniques, and surgical manipulations alter ventila-
tion and perfusion from the dependant and nondependant or 
collapsed lung. The preferred method for lung isolation dur-
ing robotic-assisted thoracic surgery is the use of a left-sided 
double-lumen endotracheal tube (DLT) because of the greater 
margin of safety and faster and more reliable lung collapse. 
Also, it provides ready access for bronchoscopic evaluation of 
the airway during surgical resection.

Fig. 31.2. Displays the console and a surgeon seated and performing 
robotic surgery.

Fig. 31.3. Displays the Endo Wrist instruments during a thoracic  
surgical case.

Table 31.1. Advantages and disadvantages of robotic thoracic  
surgery.

Advantages of robotic thoracic surgery

Disadvantages

Table 31.2. Surgical procedures performed in thoracic surgery 
with the da Vinci® robotic surgical system.Fig. 31.1. Displays (a) the console (b) a three arm da Vinci® robot 

surgical system and (c) video monitor.
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In general, careful attention must be given to airway devices 
because changes in body position may cause tube migration. 
OLV anesthetic management is more challenging during 
robotic thoracic surgery due to the presence of the robot chas-
sis that is stationed over the patient. The patient’s airway is also 
usually located far from the anesthesia field. In some instances 
access to the airway, if needed, is not optimal because of the 
presence of the robotic arms nearby. In addition, visualization 
during robotic thoracic surgery may be enhanced by continu-
ous intrathoracic carbon dioxide (CO

2
) insufflation, which 

may increase airway pressures. When CO
2
 is used it should 

not exceed intrathoracic pressures of 10–15 mmHg. Increasing 
the intrathoracic pressure (i.e., >25 mmHg) can compromise 
venous return and cardiac compliance; also the dependant lung 
develops higher airway pressures and ventilation can become 
difficult. During the surgical procedure, the FiO

2
 should be 

maintained at 100% and the peak inspiratory pressure should 
be kept <30 cm H

2
O. The ventilatory parameters should be 

adjusted to maintain a PaCO
2
 at approximately 40 mmHg.

Robotic-Assisted Surgery and Anesthesia 
for Mediastinal Masses

Among the thoracic surgical procedures performed to date 
with the use of the da Vinci® robot surgical system is thymec-
tomy [3]. Of the patients scheduled for robotic-assisted 
thymectomy, some have the diagnosis of myasthenia gravis 
because of the presence of a thymoma. Preparation of the 
patient for surgery includes neurological evaluation to assess 
the patient’s neurological status and optimization of neurolog-
ical conditions; continuation of anticholinesterase therapy and 
plasmapheresis may be indicated in some cases [10, 11] (see 
also Chap. 15). Precautions regarding anesthetic management 
include the proper dosing of muscle relaxants and the poten-
tial consequences of a large mediastinal mass on oxygenation 
and ventilation.

Positioning the patient for a thymectomy with the use of the 
robot system requires an optimal surgical position. In these 
cases, the patients are placed in an incomplete side-up posi-
tion at a 30° angle right or a left lateral decubitus position 
with the use of a beanbag. The arm of the elevated side is 
positioned at the patient’s side as far back as possible so the 
surgeon can gain enough space for the robotic arms. While 
the robot is in use it is imperative to consider strategies to 
protect all pressure points and to avoid unnecessary stretch-
ing of the elevated arm because this can cause damage to the 
brachial plexus. Also, because the arm of the robot is in the 
chest cavity, a complete lung collapse must be maintained 
throughout the procedure. Robotic surgery with the da Vinci® 
robot surgical system does not allow for changes in patient 
position on the operating room table once the robot has been 
docked. Robotic thymectomy requires that the operating room 
table be rotated 90° away from the anesthesiologist’s field. 
For this reason access to the airway to make adjustments 

to the DLT during the surgery can be challenging. In some 
cases, a bilateral approach may be required. In these cases, the 
operation is performed in two stages and requires rotating the 
table 180° to provide the surgeon access to the contralateral 
chest for the second stage of the operation. The anesthesiolo-
gist must be cautious during these changes to avoid problems 
with the airway and to ensure that the lines and monitor wires 
have enough slack to accommodate changes in position. The 
anesthesiologist must be aware during these cases about pos-
sible injury to the contralateral pleura, especially if CO

2
 cap-

nothorax is being used, as the elevated intrathoracic pressure 
in the contralateral hemithorax can make ventilation difficult 
and cause cardiovascular collapse or tension pneumothorax 
because of malfunction of the chest tube. Special attention 
must be given to the patient’s elevated arm and head to pre-
vent crushing injuries with the robotic arms. A recent case 
report [12] showed a brachial plexus injury in an 18-year-old 
male after robot-assisted thoracoscopic thymectomy. In this 
report, the left upper limb was in slight hyperabduction. It is 
important to keep in mind that hyperabduction of the elevated 
arm to give optimal space to the operating arm of the robot 
can lead to a neurologic injury. Close communication between 
surgeon and anesthesiologist in relation to the positioning and 
function of the robot is mandatory, and all proper measures 
must be taken, including the use of soft padding and mea-
sures to avoid hyperabduction of the arm. The elevated arm 
should be protected by using a sling resting device. Operating 
room staff should always be vigilant of telescope light sources 
because direct contact of these devices with surgical drapes 
and the patient’s skin can quickly cause serious burns while 
telescopes and cameras are being changed.

An early report by Bodner et al. [13] involving 13 patients 
with mediastinal masses resected with the da Vinci® robotic 
surgical system showed no intraoperative complications or 
surgical mortality. In this series of patients, a complete thymec-
tomy with en bloc removal of all mediastinal fat around the 
tumor was performed. In this report, cases were restricted to 
patients with a tumor size less than 10 cm in diameter.

In a report by Savitt et al. [4] involving 14 patients undergo-
ing robot-assisted thymectomy, all patients received a DLT for 
selective lung ventilation; in addition, patients were managed 
with arterial and central venous pressure catheters. Complete 
thymectomy was performed on all 14 patients. Right-lung 
deflation was accomplished with selective lung ventilation 
and CO

2
 insufflation to a pressure of 10–15 mmHg to main-

tain the lung away from the operative area. It is important that 
the anesthesiologist recognize the effects of CO

2
 insufflation 

in the thoracic cavity. The outcome of this report included no 
conversion to open thoracotomy, nor any intraoperative com-
plications or deaths; the median hospital stay was 2 days with 
a range of 1–4 days.

In another report, Rückert et al. [9] had zero mortality and 
an overall postoperative morbidity rate of 2% in 106 consecu-
tive robot-assisted thymectomies. Therefore, robotic thymec-
tomy is a promising technique for minimally invasive surgery.  
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Length of stay was shorter with robotic thymectomy when 
compared to the conventional approach via sternotomy.  
Figure 31.4 displays a case of mediastinal mass resection.

Robotic-Assisted Pulmonary Lobectomy

With the introduction of the da Vinci® robotic surgical system, 
there has been widespread interest in its use in minimally inva-
sive surgery involving the chest. A report by Park et al. [14] 
showed robot-assisted thoracic surgical lobectomy to be fea-
sible and safe. In the report, the operation was accomplished 
with the robotic system in 30 out of 34 scheduled patients. 
The remaining four patients required conversion to open tho-
racotomy. Anderson et al. [15] reported a series of 21 patients 
that underwent robotic lung resection for lung cancer. In this 
report, the 30-day mortality and conversion rate was 0%. The 
median operating room time and blood loss was 3.6 h and 
100 mL. The complication rate was 27% and included atrial 
fibrillation and pneumonia. Gharagozloo et al. [16] reported 
a series of 100 consecutive robotic-assisted lobectomies for 
lung cancer and concluded that robotic surgery is feasible for 
mediastinal, hilar, and pulmonary vascular dissection during 
video-assisted thoracoscopy lobectomy.

Positioning the patient for a robotic lobectomy includes 
placing the patient over a bean bag in a maximally flexed lat-
eral decubitus position with the elevated arm slightly extended 
so that the thoracic cavity can be accessed and no damage 
to the arm occurs during manipulation of the robotic arms. 
Patients undergoing robotic lobectomy must have a lung 
 isolation device to achieve OLV. In the vast majority of these 
cases, a left-sided DLT is used and optimal position is achieved 
with the flexible fiberoptic bronchoscope [17]. In a few cases 
in which the airway is deemed to be difficult, an independent 
bronchial blocker could be used and optimal position achieved 
with the use of a fiberoptic bronchoscope [18]. Initial thoracic 
exploration is performed with conventional thoracoscopy to 

verify tumor location. During robot-assisted lobectomy, it is 
mandatory that lung collapse is achieved effectively to allow 
the surgeon the best field of vision and to avoid unnecessary 
damage to vessels or lung parenchyma.

All patients undergoing robot-assisted thoracic lobectomy 
should have an arterial line. The anesthesiologist must be 
ready for potential conversion to an open thoracotomy. In the 
Park report [14], three out of four cases that needed to be con-
verted had minor bleeding; in addition, in one case lung isola-
tion was lost, requiring an open thoracotomy. It is mandatory 
that the anesthesiologist involved in these cases have experi-
ence in placing a DLT [19] and can guarantee optimal position 
with the aid of flexible fiberoptic bronchoscope. Using intra-
operative fiberoptic bronchoscopy to make adjustments to the 
DLT during surgery is challenging because the table is rotated 
180° away from the anesthesiologist’s field. The chassis of the 
robot is often positioned over the patients head leaving a very 
small area for the anesthesiologist to access the airway.

A recent report by Gharagozloo et al. [16] involving 
100 patients who underwent lobectomy and complete medi-
astinal nodal dissection for early stage lung cancer (stage I 
and II) with the robotic system reported one nonemergent 
conversion to open thoracotomy. In this report, postoperative 
analgesia was managed with the infusion of a local anesthetic 
(0.5% bupivacaine, 4 mL/h) through catheters placed in a 
subpleural tunnel encompassing intercostal spaces 2 through 
8. All patients were extubated in the operating room. Mean 
operating room time was 216 min (range 173–369). Overall 
mortality within 30 days was 4.9%, and median length of 
stay was 4 days. Postoperative complications included atrial 
fibrillation in four cases, prolonged air leak in two cases, and 
pleural effusion requiring drainage in two cases – complica-
tions that are not different from those occurring with video 
thoracoscopic surgery. Although lobectomy can be performed 
via robot-assisted surgery, the advantages at present are not 
well defined. In contrast, the increasing surgical times, the 
increased number of operating room personnel needed, and 
the cost and outcomes of robotic surgery need to be studied 
and compared with thoracoscopic lobectomy.

Carbon Dioxide Insufflation During 
Robotic Surgery

Continuous low-flow insufflation of CO
2
 has been demon-

strated as an aid for surgical exposure during minimally inva-
sive thoracic procedures. It has been used as the only means 
of providing surgical exposure to the thoracic cavity (during 
two-lung ventilation for VATS), or more frequently in con-
junction with a DLT or an independent bronchial blocker and 
OLV. The compression of the lung parenchyma by CO

2
 acts 

as a retractor [20].
A study by Ohtsuka et al. [21] involving 38 patients under-

going minimally invasive internal mammary harvest during 
cardiac surgery found significant increases in mean central 

Fig. 31.4. Mediastinal mass resection.
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venous pressure, pulmonary artery pressure, and the pulmonary 
artery wedge pressure. They also found that with insufflation 
of the right hemithorax, but not the left side, slight decreases 
were noted in the mean arterial blood pressure and cardiac 
index. They concluded that the hemodynamic effect from con-
tinuous insufflation of CO

2
 at 8–10 mmHg for 30–40 min is 

mild in both hemithoraces, although the impact is greater on 
the right. This information was supported by another study 
[22]. This study involving 20 patients undergoing thoraco-
scopic sympathectomy and concluded that compared to the 
left side hemithorax the impact of CO

2
 insufflation on the 

vena cava and the right atrium during right-sided procedures 
was associated with reduction of venous return and low car-
diac index and stroke volume. The impact of CO

2
 insufflation 

on the respiratory system has also been studied. El-Dawlatly 
et al. [23] reported a significant pressure-dependent increase 
in peak airway pressure and a decrease in dynamic lung com-
pliance but no difference in tidal volume or minute ventilation 
during volume-controlled ventilation.

Insufflation of CO
2
 should only be started after initial tho-

racoscopic evaluation has ruled out that the port of insuffla-
tion has not compromised a vascular structure or the lung 
parenchyma. Communication between the surgeon, anesthesi-
ologist, and operating room personnel is crucial at this point. 
Insufflation is ideally started at low pressures of 4–5 mmHg 
and is gradually increased while monitoring the patient’s vital 
signs. The anesthesiologist should always be aware of the pos-
sibility of gas embolization during these cases. In the case of 
sudden cardiac collapse, the CO

2
 flow should be discontinued 

immediately. Ventilation during CO
2
 insufflation should be 

titrated to keep adequate oxygenation and a normal PaCO
2
 and 

pH. Also, damage to the contralateral pleura may occur result-
ing in CO

2
 flow to the contralateral chest, making ventilation 

difficult and also causing hemodynamic compromise, along 
with the potential development of subcutaneous emphysema.

Robotic-Assisted Esophageal Surgery  
and Anesthetic Implications

Transthoracic esophagectomy with extended lymph node dis-
section is associated with higher morbidity rates than tran-
shiatal esophagectomy. Esophagectomy is a palliative and 
potentially curative treatment for esophageal cancer. Mini-
mally invasive esophagectomy has been performed to lessen 
the biological impact of surgery and potentially reduce pain. 
The initial esophagectomy experience with the da Vinci® 
robot surgical system involved a patient who had a thoracic 
esophagectomy with wide celiac axis lymphadenectomy. The 
case was reported by Kernstine et al. [24] and had promis-
ing results. Thereafter another report using the using the da 
Vinci® robot surgical system has been published of 6 patients 
undergoing esophagectomy without intraoperative complica-
tions [25]. The surgical approach in this report was performed 
from the right side of the chest. A left-sided DLT was used 

to selectively collapse the right lung while, at the same time, 
ventilation was maintained in the left lung.

In a report by Hillegersberg et al. [26] involving 21 consec-
utive patients with esophageal cancer who underwent robot-
assisted thoracoscopic esophagolymphadenectomy, 18 were 
completed thoracoscopically and 3 required open procedures 
(because adhesions or intraoperative hemorrhage). In this case 
series report, all patients received a left-sided DLT and a tho-
racic epidural catheter as part of their anesthetic management. 
Positioning of these patients was in a left lateral decubitus 
position, and the patient was tilted 45° towards the prone posi-
tion. Once the robotic thoracoscopic phase was completed, the 
patient was then put in supine position and a midline lapa-
rotomy was performed. A cervical esophagogastrostomy was 
performed in the neck for the completion of surgery.

Of interest in this series is the fact that pulmonary compli-
cations occurred in the first 10 cases (60%), caused primar-
ily by left-sided pneumonia and associated acute respiratory 
distress syndrome in 3 patients (33%). These complications 
were probably related to barotrauma to the left lung (ven-
tilated lung) attributed to high tidal volumes and high peak 
inspiratory pressures. In the 11 patients that followed, the 
same authors modified their ventilatory setting to administer 
continuous positive airway pressure ventilation 5 cm H

2
O dur-

ing single-lung ventilation and pressure-controlled ventilation 
was used; with this approach the respiratory complication rate 
was reduced to 32%.

A recent report by Kim et al. [27] described 21 patients who 
underwent robotic-assisted thoracoscopic esophagectomy 
performed in a prone position with the use of a Univent® bron-
chial blocker tube (Fuji Systems Corp, Tokyo Japan). All tho-
racoscopic procedures were completed with robotic-assisted 
techniques followed by a cervical esophagogastrostomy. In 
Kim’s report, major complications included anastomotic 
leakage in 4 patients, vocal cord paralysis in 6 patients, and 
intraabdominal bleeding in 1 patient. The prone position led 
to an increase in central venous pressure and mean pulmonary 
arterial pressure and a decrease in static lung compliance. The 
overall conclusion from this report is that robotic assistance 
esophagectomy in the prone position is technically feasible 
and safe. Others have reported a robotic-assisted transhiatal 
esophagectomy technique feasible and safe as well [28].

Another study [5] involved 14 patients who underwent 
esophagectomy using the da Vinci® robot surgical system in 
different surgical stages. It showed that for a complete robotic 
esophagectomy including laparoscopic gastric conduct, the 
operating room time was an average of 11 h with a console 
time by the surgeon of 5 h, and an estimated mean blood loss 
of 400 ± 300 mL. In this report after the robotic thoracoscopic 
part of the surgery was accomplished with the patient in the 
lateral decubitus position, patients were then placed in supine 
position and reintubated, and the DLT was replaced with a 
single-lumen endotracheal tube. The head of each patient 
was turned upward and to the right, exposing the left neck 
for the cervical part of the operation. Among the pulmonary 
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complications in the postoperative period, arterial fibrillation 
occurred in 5 out of 14 patients.

In Kernstine’s report [5] among the recommendations to 
improve efficiency in these cases is the “use of an experi-
enced anesthesiologist who can efficiently intubate and man-
age single-lung ventilation and hemodynamically support the 

Chitwood [19] have reported in their editorial views regarding 
anesthesia and robotics: that a team approach with expertise 
in these procedures involving nurses, anesthesiologists, and 
surgeons with an interest in robotic procedures is required.

The data on robotic-assisted esophagectomy suggest that the 
procedure is safe, feasible, and associated with preoperative 
outcomes similar to open and minimally invasive esophagec-

terms of operative morbidity, pain, operative time, or total 
costs [29]. Table 31.3 displays the complications of robotic-
assisted thoracic surgery involving the mediastinum lung and 
esophagus.

Summary

The use of the da Vinci® robot surgical system in thoracic and 
esophageal surgery continues to gain acceptance. Although 
its use has reduced surgical scarring and decreased length of 
stay, specific indications for use in these areas need to be deter-
mined. All reports to date describe the use of lung isolation 
devices, most often a left-sided DLT, as part of the intraopera-
tive management of thoracic surgery patients to facilitate surgi-
cal exposure. In addition, because the surgical approach varies 

depending on the thoracic procedure, optimal positioning is not 
standard, and varies among the specific surgical procedures. 
Vigilance is required with patients’ elevated arms to avoid 
nerve injuries or crush injuries from the robotic arms. Continu-
ous low-flow insufflation of CO

2
 has been used as an aid for 

surgical exposure during minimally invasive thoracic proce-
dures. The potential to convert to an open thoracotomy requires 
preparation by the surgical team and anesthesiologist. The use 
of the da Vinci® robot surgical system is expected to grow in 
the years to come [30, 31]. Prospective studies are needed to 
define the specific advantages of this robotic system.
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Anesthesia for Combined Cardiac  
and Thoracic Procedures
Marcin W sowicz 

Key Points

From a physiologic point of view the alveolar–capillary 
membrane is the most important part of respiratory system. 
It always undergoes micro-injury during cardiac surgery 
with the use of cardiopulmonary bypass (CPB). Therefore, 
a second insult, such as loss of part of the pulmonary paren-
chyma, can lead to acute lung injury and unfavorable out-
comes from combined thoracic and cardiac procedures.
Additional insult to respiratory system can be caused by 
phrenic nerve injury and subsequent diaphragmatic dys-
function and disturbances in chest wall mechanics caused 
by sternotomy.
Clinicians should be very selective in choosing to com-
bine pulmonary resection and heart surgery. Concomitant 
pulmonary resection and cardiac surgery entail substantial 
additional risk, especially pulmonary complications and 
bleeding problems.
Anesthetic management must be individualized and based 
on preoperative assessment, extent of surgery, and need to 
use CPB. Anesthesiologists managing these cases should 
have extensive training in both cardiac and thoracic anes-
thesia. An expertise in transesophageal echocardiography 
is also desired.

Introduction

Combined cardiac and thoracic procedures are rare. Anesthe-
sia and optimal perioperative management for these complex, 
high-risk surgical interventions requires an expertise in both 
cardiac and pulmonary physiology, lung isolation techniques, 
the multiorgan impact of cardiopulmonary bypass (CPB), 
and additional monitoring techniques (e.g., transesophageal 
echocardiography, TEE). Combined procedures may include 
excision of invasive tumors, pulmonary endarterectomy, 
 cardiac revascularization combined with lung resection, and 
cardiac procedures combined with lung transplantation (e.g., 
PFO closure). Optimal management of these procedures 
remains controversial and is not well described [1]. Proponents 
of single-stage operations will argue in favor of the avoidance 
of a second surgery and anesthetic and reduced hospital stay 
[1, 2]. The opponents will argue for divided, two-stage pro-
cedures on the basis of limiting surgical trauma, blood loss, 
multiorgan impact of CPB, high intensive care morbidity, and 
thus may potentially confer a better long-term survival [2, 3].

The following chapter will briefly describe the anesthetic 
management for various combined thoracic and cardiac pro-
cedures. For a better understanding of why CPB is detrimental 
for lung function the author will briefly describe the structure 
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and function of the air–blood barrier and the pathophysiology 
of its injury during procedures with use of CPB.

Structure of the Alveolar–Capillary Barrier

The human lung consists of 30,000,000 alveoli. Each of them 
has a dense network of capillaries, which form air–blood bar-
riers (alveolar–capillary membranes). From a physiological 
point of view, the air–blood barrier is the most important part 
of the respiratory system. It is the site of gas exchange. Addi-
tionally, the alveolar–capillary barrier separates the external 
environment from the pulmonary circulation, regulates trans-
port of fluid and molecules from alveoli to capillaries, and is a 
vital part of the natural defense mechanism of the human body 
(see also Chap. 7) [4].

Structure

The alveolar–capillary barrier has three components: thin 
processes of type I pneumocytes (epithelial cells), endothe-
lial cells, and their common basement membranes (Fig. 32.1). 
Typically, endothelial and epithelial cells have separate base-
ment membranes, but the pulmonary alveolus is a unique 
site where the basement membranes are fused together. This 
creates an extremely thin barrier (0.2–0.4 m) enabling effi-
cient exchange of oxygen and carbon dioxide [5, 6]. The pro-
cesses of type I pneumocytes are very thin and cover 95% of 
the alveolar surface. The remaining 5% is covered by type 
II pneumocytes, which produce surfactant. Type II pneumo-
cytes (also called granular cells) reside within the corners of 

the alveoli because their large cellular structure makes them 
inefficient for gas exchange (Fig. 32.1). Type II pneumocytes 
eventually divide into type I pneumocytes (progenitor cells). 
During injury of the alveolar surface, the damaged type I 
pneumocytes are replaced by large, cubical, quickly divid-
ing, type II pneumocytes. These large cuboidal cells create 
a thicker alveolar–capillary barrier leading to inefficient gas 
exchange.

Tight intercellular junctions between epithelial cells (pneumo-
cytes) are impermeable to fluid, which contrasts with endothe-
lial cell junctions which are highly permeable to fluids and 
allow the continuous exchange of plasma components between 
capillaries and the pulmonary interstitium. The common base-
ment membrane consists of laminin, glycosaminoglycans, col-
lagen type IV, and fibronectin [5–7]. Glycosaminoglycans are 
concentrated on one side of basement membrane regulating 
its permeability. Among all the components of the alveolar–
capillary barrier this is the most critical part and its injury leads 
to permanent damage of the blood–gas interface [8, 9]. There 
are three stabilizing elements of the alveolar–capillary barrier: 
surfactant, the pulmonary circulation, and the connective tissue 
of the intra-alveolar septa [6, 10].

Surfactant

Surfactant is composed from lipids (90%) and proteins (10%). 
The lipid component mainly consists of phosphatidylcholine 
(bipolar lipid) and phosphatidylglycerol [11]. Both lipids have 
a hydrophilic “head” and “lipophilic” tail (see Fig. 32.1a, 
right-hand inset). Surfactant forms a monolayer lining the 
alveolar surface with the hydrophilic part directed towards the 

Fig. 32.1. (a) The picture presents a scheme of an air–blood barrier, which consist of endothelial cell, epithelial cell (type I pneumocyte), 
and their common basement membrane. The large cuboidal cell is type II pneumocyte producing surfactant contained within its cytoplasm 
as lamellar bodies (onion-like structures), which are exocytosed into the alveolar lumen, then transformed into tubular myelin, and finally 
monolayered on the surfactant covering the surface of type I pneumocytes. The left-hand side inset shows details of the thin alveolar–capillary 
membrane and the right-hand side inset shows a scheme of the surfactant monolayer. (b) Electron microscope photograph which is showing 
an air–blood barrier.
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epithelial cells. The biochemical structure of the pulmonary 
surfactant resembles a detergent, surface-active layer, which 
aims to lower the surface tension and stabilizes the alveolar 
shape and structure. Surfactant protects the alveolus from col-
lapse and prevents overdistension [12]. Moreover, surfactant 
acts as an antipulmonary edema substance.

The protein component consists of four, distinct surfactant 
proteins – A, B, C, and D (SP-A surfactant protein A, SP-B, 
SP-C, and SP-D). These molecules play an important role in 
local defense mechanisms, surfactant metabolism, recircula-
tion, and spreading on the alveolar surface. Additionally, they 
participate in local defense mechanisms. SP-A is a 28,000–
36,000 kD protein and participates in monolayer formation 
and in recirculation of pulmonary surfactant. It has hydrophilic 
character. SP-D is the biggest surfactant protein (42,000 kD), 
has also hydrophilic character and its main role is to regulate 
local defense mechanisms. SP-B and -C are relatively small 
proteins (9,000 and 4,000 kD, respectively) with lipophilic 
character, they are essential for monolayer formation [13]. 
Surfactant is produced in type II pneumocytes and is seen as 
so-called lamellar bodies (onion like structures) (Fig. 32.2). 
Lamellar bodies are excreted into the alveolar lumen, trans-
form into tubular myelin (Fig. 32.3), and then spread as a 
monolayer on the surface of type I pneumocytes (Fig. 32.1). 
The metabolism of surfactant is unique, it is recycled. Mol-
ecules of surface-active material are endocytosed back into 
type II pneumocytes and without any breakdown incorporated 
back into the lamellar bodies. Small amounts of surfactant 

(7–8%) are digested by alveolar macrophages. In the normal 
physiological situation, surfactant is not present within the 
pulmonary circulation (except for newborns when the lung is 
drying out after delivery). If surfactant is present within the 
pulmonary circulation, its amount reflects the extent of dam-
age to the alveolar–capillary barrier [14, 15].

Pulmonary Circulation

Flow through the pulmonary circulation equals systemic flow 
enabling effective gas exchange. The pulmonary circulation 
also plays an important role in the metabolic and filtrating 
functions of the lung. The pulmonary circulation is a low-
 pressure system, which is influenced by gravitation forces 
creating West’s zones. The alveolar capillaries make contact 
with multiple alveoli, which increases the efficiency of gas 
exchange. The alveolar vessels are stabilized by a delicate net-
work of collagen and elastic fibers, which form a continuum 
connected to basement membranes of the air–blood barriers. 
The location and structure of the alveolar capillaries make them 
susceptible to pressure changes occurring within the alveolar 
space. Rising intra-alveolar pressure will decrease the volume 
of the alveolar capillaries and increase their resistance.

Connective Tissue

The connective tissue (mesenchyma) of the inter-alveolar 
septae is responsible for both their elasticity and mechani-
cal resistance [10, 16]. The mesenchyma consists of cel-
lular and extracellular components. The cellular part is 
largely composed from fibroblasts, which are responsible for 

Fig. 32.2. Electron microscope photograph showing a type II pneu-
mocyte filled with lamellar bodies (onion-like structures), some of 
them exocytosed into the lumen of the alveolar space.

Fig. 32.3. Electron microscope picture, which presents structure of 
the tubular myelin.
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 producing extracellular elements of the connective tissue, for 
example, collagen fibers, elastic fibers, fibronectin, entactin, 
glycosaminoglycans, and components of the basement mem-
branes [6]. The extracellular connective tissue forms a contin-
uum extending from the hilum into each alveolus [17]. Thus, 
any structural change within the lung tissue will have a trans-
mitted effect upon every alveolus. This means that any change 
of shape within the lung affects every alveolus. Collagen fibers 
form the main mechanical support and restrictive force. This 
is counterbalanced by the presence of elastic fibers, which are 
responsible for the elastic recoil of lung parenchyma and its 
compliance. Collagen fibers are interwoven with elastic fibers 
and both elements aid in stabilization of the alveolar–capillary 
membranes. During injury, the elastic fibers are more suscep-
tible to damage, which creates an imbalance in the resistive-
elastic forces of the lung in favor of a stiffer lung with low 
compliance.

Lung Injury During Surgery  
with Use of Cardiopulmonary Bypass

Combined cardiac and thoracic surgical procedures with the 
use of CPB are controversial. If a cardiac procedure is per-
formed with the use of CPB and is combined with thoracic 
surgery, which involves resection of lung parenchyma (lobec-
tomy or pneumonectomy), respiratory complications may 
reach an incidence as high as 49% [18, 19]. It is postulated 
that CPB is the main causative factor of the aforementioned 
complications; therefore, the most common injuries of respi-
ratory system caused by CPB will be briefly described in the 
following paragraphs [20–22].

Respiratory complications occurring after cardiac surgery 
with use of CPB are relatively common but the vast majority 
are mild and self-limiting [23, 24]. It is important to empha-
size that the cause of lung failure after operations involving 
CPB is multifactorial [25, 26]; patient factors combine with 
the direct detrimental effects of CPB to compromise pulmo-
nary function in the early postoperative period. A second insult 
to the respiratory system, such as loss of part of the pulmonary 
parenchyma, can be detrimental and lead to acute lung injury 
(ALI) and unfavorable outcomes.

The most severe forms, acute respiratory distress syndrome 
(ARDS) or ALI, occur in 1–2% of cardiac cases with a very 
high mortality (40%) [9, 23].

Histological Injury

Most patients who undergo cardiac surgery with the use of 
CPB present some degree of histological lung injury [27]. 
Microscopic observations reveal a range of injuries detected 
within the structures of the air–blood barriers [8, 27, 28]. Mild 
injury presents as edema of endothelial (type I pneumocytes) 
and epithelial cells. More severe forms cause denuding of the 

basement membranes with loss of epithelial lining (Fig. 32.4). 
In the most severe cases, basement membranes of alveolar–
capillary membranes lose their continuity, which means they 
are permanently damaged. The alveoli with damaged base-
ment membrane fill with fluid and lamellar bodies (surfac-
tant) are not able to spread on the surface of epithelial cells. 
Beyond the damage visualized within the alveolar–capillary 
membranes, authors have observed congestion within alveolar 
capillaries, and the accumulation of polynuclear leukocytes 
(neutrophils), many of which are extravasated (Fig. 32.5). 
Upon migrating from the intravascular space into the inter-
stitium or alveolar space, neutrophils are able to survive for 
6 h. Subsequent breakdown of neutrophils will exacerbate 
alveolar damage by releasing an abundance of proteolytic 
enzymes, reactive oxygen species, and free radicals [29, 30]. 
In summary, in all patients undergoing surgery utilizing CPB 
some injury will occur within the pulmonary parenchyma 
[8, 27, 28].

Systemic Inflammatory Response Syndrome

CPB causes a systemic inflammatory response syndrome 
(SIRS) [29–33]. This leads to the activation of neutro-
phils, macrophages, and multiple cytokines including 
 complement, and is commonly associated with free radical 

Fig. 32.4. Electron microscope photograph presenting a portion of 
alveolar–capillary barrier with partially “denuded” basement mem-
brane (arrows). A-alveolar lumen, C-capillary lumen. Permission 
for publication obtained from Taylor & Francis (Reprinted with 
permission from W sowicz M, Sobczy ski P, Drwiła R, Biczysko 
W, Marszałek A, Andres J. Air-blood barrier injury during cardiac 
operations with the use of cardiopulmonary bypass (CPB). An old 
story? Scand Cardiovasc J 2003; 37: 216–221).



45732. Anesthesia for Combined Cardiac and Thoracic Procedures

formation  [30–35]. Complement proteins, mainly C3a and 
C5a,  promote neutrophil activation, which can subsequently 
adhere to the endothelial cells and migrate into the intersti-
tium  promoting local damage and inflammation [34, 35]. The 
lung acts as a “filter” to activated neutrophils and therefore 
is often more vulnerable to CPB-related injury compared to 
other organs [4]. In addition to the release of proinflamma-
tory mediators and enzymes, activated neutrophils express 
surface receptors, CD11a and CD 18b, which facilitate fur-
ther  leukocyte–endothelial adhesion and hemotaxis. Those 
activated neutrophils, which remain within the lumen of the 
alveolar capillaries tend to accumulate in congested blood 
vessels and release their contents causing “leakage” from 
alveolar capillaries into the extracelluar spaces and alveo-
lar lumen [27–29]. Neutrophils are not the only cells, which 
are activated by an extracorporal circuit. Macrophages also 
belong to the first line of cells, which are stimulated by CPB 
[35]. They release multiple cytokines. The main cytokines 
involved in the inflammatory process and lung injury are 
interleukin 6 and 8. At the end of CPB their concentration 
within the alveolar  lining is much higher than within plasma 
[30, 31, 33].

Lipid Peroxidation

Another line of activation caused by CPB is lipid peroxida-
tion and release of free radicals [36]. They are mainly freed 
as a consequence of ischemia–reperfusion injury. It should be 
stressed that during aortic cross-clamp the lung has no blood 

supply, except for a small amount of flow coming from the 
bronchial arteries. During reperfusion large amounts of free 
radicals are flushed from ischemic lung tissue (as a result of 
xantine oxidase activation) [15]. Free radicals have a high 
affinity for cellular membranes causing oxidation of lipid 
components (so-called peroxidation) [37]. Free radicals also 
activate leukocytes [23].

Surgical Factors

CPB is not the only cause of respiratory system dysfunction 
after cardiac surgery. Other common factors include:

Changes in lung mechanics related to sternotomy, internal 
mammary artery harvesting, and other surgical manipula-
tions. This presents as an increased elastance of the pulmo-
nary tissue (decreased compliance). Decreased compliance 
is also caused by the injury caused by CPB, i.e., increased 
pulmonary vasculature permeability, positive fluid balance, 
and accumulation of neutrophils [38].
Atelectasis is a common postoperative complication 
after any major, prolonged surgery performed under 
general anesthesia. Atelectasis occurs in up to 70% of 
patients undergoing cardiac surgery with or without the 
use of CPB [25, 38]. After cardiac surgery, atelectasis 
is observed most frequently in the left lower lobe and is 
considered the most common cause of an increased alve-
olar-arterial PO

2
 gradient [39]. Atelectasis is also thought 

to be one of the main factors leading to further inflamma-
tory injury leading to further deterioration in pulmonary 
function during the recovery phase after cardiac surgery. 
During the postoperative period, atelectasis is aggravated 
by pleural effusion (s) or pneumothorax, which may 
develop as a result of mechanical ventilation, central line 
cannulation, or air leaks from surgical manipulations 
[9, 23, 25].
Phrenic nerve injury leading to poor diaphragmatic func-
tion. The most common cause of phrenic nerve injury is the 
use of cold saline flush or ice slush as a method of addi-
tional cardiac preservation. Fortunately, most centers have 
abandoned this method of cardioprotection.
Postoperative infections – pneumonia. All the aforemen-
tioned factors impairing pulmonary mechanics and cili-
ary clearance increase the risk of postoperative infections. 
Moreover, if a patient remains intubated for a prolonged 
period of time after any cardiac procedure the risk of ven-
tilator associated pneumonia (VAP) increases to 44% (after 
7 days of intubation) [40]. Other significant risk factors for 
postoperative pulmonary infectious complications include 
cigarette smoking (a very common habit in patients under-
going combined cardiac and thoracic surgery) and the use 
of H

2
 blockers [41].

Massive transfusions of red blood cells and other blood 
products also contribute to respiratory dysfunction postop-
eratively [42, 43].

Fig. 32.5. Electron microscope photograph showing severe micro-
scopic injury of an air–blood barrier occurring post-CPB. The alveo-
lar lumen is filled with edema fluid and surfactant structures (lamellar 
bodies-arrow heads) are not able to spread. The arrows indicate type 
II pneumocytes. Permission for publication obtained from Taylor & 
Francis (Reprinted with permission from W sowicz M, Sobczy ski P, 
Drwiła R, Biczysko W, Marszałek A, Andres J. Air-blood barrier 
injury during cardiac operations with the use of CPB. An old story? 
Scand Cardiovasc J 2003; 37: 216–221).
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Prevention of Lung Injury After Cardiac 
Procedures

Although severe lung injury after CPB (ARDS) is uncommon 
(1–2%), other pulmonary complications remain a significant 
cause of mortality and morbidity after cardiac surgery [9, 24]. 
There are many patient-related risk factors, which contribute 
to postoperative pulmonary dysfunction, some of them are 
modifiable. Among most important ones are smoking, obe-
sity, COPD (see Chap. 2), and use of proton pump inhibitors 
[38, 41].

There is little doubt that CPB is considered a “main  culprit” 
of the pulmonary dysfunction occurring after cardiac surgery, 
however other factors also play an important role in their patho-
genesis. Since the pathophysiology of respiratory complica-
tions following cardiac surgery has been extensively studied 
for last 40 years, clinicians have developed multiple strategies 
to prevent them [23]. One of the most common approaches is 
the avoidance of CPB, which can be applied to coronary artery 
bypass surgeries [43]. On the other hand, currently available 
results are still inconclusive as to the true benefits of the “off-
pump” (OP) CABG. Certainly, the new types of oxygenators 
(hollow fiber) and use of centrifugal pumps instead of roller 
pumps decrease activation of neutrophils and subsequent pul-
monary dysfunction. The addition of leuko-reduction filters 
which filter out activated polynuclear leukocytes has also been 
proven to have a beneficial effect [24, 25]. Similarly, a benefi-
cial effect is observed with the use of heparin-coated circuits. 
Alternatively, some authors propose the use of the patient’s 
lungs as a natural oxygenator (so-called Drew-Anderson tech-
nique) [44]. Even though it improves the function of the respi-
ratory system after surgery it increases the complexity of the 
surgical technique (additional cannulation sites) and makes it 
impractical for combined cardiothoracic procedures. It seems 
that a much easier approach would be to continue ventilation 
with small tidal volumes, PEEP, and the use of air during the 
surgical procedure and use of the vital capacity maneuver just 
prior discontinuation of CPB [45]. One of the oldest methods 
used in the cardiac surgery aiming to attenuate of detrimental 
effects of CPB (including pulmonary dysfunction) is use of 
corticosteroids [46]. Even though use of methylprednisolone 
decreased the release of inflammatory interleukins (IL-6 and 
-8) and complement activation, it has been frequently proven 
to work as a double-edge sword. While preventing pulmonary 
complications it can contribute to other significant postopera-
tive problems (sternal wound infection, insulin resistance, and 
abdominal complications).

Among the many methods aimed at prevention of respiratory 
complications we should also mention strategies used during 
the postoperative period. They include use of low-tidal volume 
ventilation, active preventions of VAP (detailed discussion is 
beyond the scope of this chapter), early extubation whenever 
possible and aggressive physiotherapy and incentive spirom-
etry. One of the keys to achieve the above mentioned aims 

is to maintain effective pain control during the postoperative 
period.

In summary, the incidence of postoperative pulmonary 
complications occurring after cardiac surgery is high. Prog-
ress in their prevention and advance in surgical and anesthetic 
techniques makes most of them temporary. On the other hand, 
given that many patients currently undergoing cardiac sur-
gery are older and suffering from many comorbidities this is 
probably the main reason for reluctance to perform combined 
cardiac and thoracic procedures. The main argument against 
combined procedures is that most of the patients suffer some 
degree of lung injury related to the use of CPB and an addi-
tional insult to lung tissue caused by surgical resection might 
significantly increase mortality and morbidity [47, 48].

Surgical Considerations

Many thoracic surgeons are familiar with techniques of 
 extracorporeal circulation. There are some thoracic proce-
dures, which are routinely performed with use of CPB. Among 
the most common are lung transplantation and  pulmonary 
endarterectomy. Since anesthetic management during these 
procedures is discussed in different chapters of this textbook 
they will not be further reviewed here (see Chaps. 37 and 38). 
The scope of the discussion in this section will concentrate on 
the perioperative management of patients with intrathoracic 
malignancies invading cardiac or major vascular structures and 
patients undergoing thoracic surgery who are suffering from 
coexisting coronary artery disease. Many surgeons are reluc-
tant to perform one stage cardiac–thoracic operation because 
of the concerns mentioned earlier [47–49]. Additionally, there 
is anxiety regarding heparin use and the possibility of exces-
sive bleeding. Apart from the injury to pulmonary function, a 
frightening consideration is the possibility of dissemination of 
pulmonary malignancy through the use of CPB [18, 49–51]. 
On the other hand, a one-stage combined procedure avoids 
the need for a second major thoracic surgery [2, 50, 51]. 
In the case of coexisting pulmonary malignancy and coro-
nary artery disease, the answer seems to be straightforward 
[20, 47, 51, 52]. Preoperative revascularizations performed by 
interventional cardiologists (PCI –  primary coronary interven-
tion) may cause significant time delays for subsequent cancer 
surgery [53]. Thus, combined surgical coronary revascular-
ization and resection of the lung cancer may be the optimal 
management. In most cases, revascularization can be per-
formed without use of CPB (i.e., OPCABG),  therefore the 
detrimental effects of CPB can be avoided [20, 47, 51]. The 
results of combined thoracic-cardiac surgeries are encourag-
ing, however  published results usually involve small number 
of patients [19, 20, 54–56].

When considering proper management of thoracic malig-
nancies invading heart structures, it should be mentioned 
that surgical resection remains the only curative option for 
most intrathoracic malignancies [49, 50, 57, 58]. Sometimes 
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 conventional thoracic surgical techniques do not allow  complete 
resection of a pulmonary tumor which is invading the heart or 
large vessels, therefore radical surgical removal may necessitate 
the use of CPB [49]. The most common examples are tumors 
involving left atrium or infiltrating the descending portion of 
the aorta [50, 55].

Most of these procedures are performed via median ster-
notomy. Surgical exposure to some of the hilar structures 
is more difficult when compared to a lateral thoracotomy 
approach. Left lower lobectomy and mediastinal lymph nodes 
dissection are especially technically challenging when per-
formed via median sternotomy. Probably in most of the cases, 
mediastinoscopy is indicated initially to rule out mediastinal 
spread of the disease. All these concerns raise a question as 
to whether aggressive treatment including surgical resection 
of lung parenchyma and cardiac or major vascular structures 
should be a routine management. The answer is clearly no. 
This mode of treatment should be only performed in depart-
ments that are prepared for the complexity of those cases, can 
offer expertise in both cardiac and thoracic surgery and anes-
thesia. Moreover, the functional status of the patient prepared 
for this type of surgery should be excellent to allow them to 
survive a potential prolonged stay within an intensive care 
setting.

Anesthetic Management for Combined 
Cardiac and Thoracic Procedures

The literature describing the anesthetic management of the 
patient undergoing combined thoracic and cardiac procedures 
is very scarce and includes mainly case reports [1, 59]. Sub-
sequent paragraphs will try to summarize current information 
described as individual cases and the experience of the insti-
tution where the author practices cardiac and thoracic anes-
thesia. The anesthesiologist who is looking after the patient 
who is scheduled to undergo combined thoracic and cardiac 
surgery should posses an expertise in both cardiac and tho-
racic anesthesia. Quite often these procedures are complex 
and require management by two consultants. For most of the 
cases we also require the presence of perfusionist, who will be 
either actively involved with management of the case requir-
ing the use of CPB or prepare the machine for extracorporeal 
circulation in a “stand-by” mode.

Preoperative Assessment

Apart from standard preoperative evaluations before surgery 
the anesthesiologist preparing the patient for combined cardiac 
and thoracic procedure must perform a detailed assessment 
of the respiratory and cardiovascular systems. An extensive 
description of respiratory system evaluation is described 
elsewhere (see Chap. 2). Briefly, the anesthesiologist who 
is assessing the pulmonary function should concentrate 
on lung mechanics, pulmonary parenchymal function, and 

 cardio-respiratory reserve. The most popular test performed 
to assess lung mechanics is spirometry. The value most com-
monly used by anesthesiologists is the forced expiratory vol-
ume in one second (FEV1). FEV1 is also used to calculate 
the predicted postoperative FEV1 (ppo-FEV1) once part of 
the pulmonary parenchyma is resected. Values below 30–35% 
for ppo-FEV1are considered as predictors of increased risk 
of respiratory complications and prolonged weaning from 
mechanical ventilation. Maximal oxygen consumption is used 
to assess cardiopulmonary reserve and the diffusing capacity 
of the lung for carbon monoxide is measured to estimate the 
gas exchange function of lung parenchyma. Any patient being 
prepared for a combined procedure requires a very careful 
airway evaluation. Intrathoracic malignancies necessitating 
these types of procedures often result in airway involvement, 
causing deviation or invasion of large airways. Moreover, 
they can infiltrate or compress large vascular structures. Apart 
from clinical symptoms the anesthesiologist must examine the 
results of computed tomography (CT) scans, which show pre-
cisely the extent of the disease and possible vascular involve-
ment. A preoperative echocardiogram will be complementary 
to the radiological examination and should be routinely per-
formed before any cardiac surgical procedure.

The “second leg” of preoperative evaluation focuses on the 
status of the cardiovascular system. The mortality and mor-
bidity of cardiac surgical patients is strongly influenced by 
their preoperative severity of the illness. The important fac-
tors included in most preoperative risk assessment scores 
include: age, sex, left ventricular function, type of surgery, 
urgency of the surgery, redo cardiac surgery, unstable angina, 
congestive heart failure, history of peripheral vascular disease 
and cerebral vascular disease, renal insufficiency, and history 
of diabetes. In most cases, this information can be obtained 
from the medical history, physical examination, and simple 
laboratory findings including electro- and echocardiogram. 
Additionally, results of echocardiography provide a detailed 
description of valve structure and pathology, contractility 
of the left and right ventricle, and morphology of most the 
large vessels. In the case of poor ventricular function (ejection 
fraction <30%), it is recommended to consider an alternative 
therapeutic approach rather than combined cardiac–thoracic 
surgery. If the patient suffers from coronary artery disease, the 
degree of coronary stenosis(es) is assessed preoperatively by 
cardiac catheterization (coronary angiogram). This informa-
tion is important for the anesthesiologist who will be intraop-
eratively assessing the contractility of the particular segments 
of myocardium with the use of TEE.

Patients who are scheduled to undergo combined cardiac–
thoracic surgery frequently suffer from multiple comorbidities. 
Among the most significant we should mention: peripheral 
 vascular disease, diabetes mellitus, and kidney dysfunction. 
Most of these comorbidities are aggravated during the periop-
erative period and this in turn significantly increases mortality 
and morbidity. The anesthesiologist must collect a detailed list 
of medications the patient is currently taking.
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Anesthetic Management

The anesthesiologist providing care during combined cardiac–
thoracic procedures faces multiple challenges. Quite often he/
she must simultaneously manage hemodynamic instability, 
hypoxemia, problems with ventilation, and excessive bleed-
ing. It is beyond the scope of this chapter to fully discuss all 
of the challenges of cardiac anesthesia, and most of the top-
ics related to thoracic anesthesia are presented elsewhere in 
this textbook. Therefore, the author will discuss only the most 
important problems occurring during combined thoracic and 
cardiac procedures.

1. Airway management. If pulmonary resection is performed 
before or after CPB the patient will require lung isolation. 
Detailed techniques and methods of choice are discussed 
in Chap. 16. The position of a double lumen tube or bron-
chial blocker should be always verified with a fiberoptic 
bronchoscope. If resection of pulmonary parenchyma is to 
be performed during CPB the patient can be intubated with 
standard, single lumen tube.

2. Management of hypoxemia during one lung ventilation is 
discussed in Chap. 6.

3. Transesophageal echocardiography (see Chap. 20). The 
use of TEE is one of the key components of intraoperative 
anesthetic management of patients undergoing combined 
cardiac and thoracic procedures. The important information 
obtained from intraoperative TEE during combined cardiac 
and thoracic procedures includes: assessment of left and 
right ventricular function (especially important after pneu-
monectomy), diagnosis of new wall-motion abnormalities 
(coronary artery bypass surgery), and evaluation of effects 
of valve repair/replacement.

4. The anesthesiologist and CPB. CPB has three main func-
tions during cardiac procedures: (1) replacing the func-
tion of the heart (circulation of the blood), (2) replacing 
the function of the lungs (oxygenation and CO

2
 removal), 

and (3) diversion of blood from the operating field to cre-
ate optimal surgical conditions. To achieve these purposes 
superior and inferior vena cavae are cannulated and blood 
is passively drained into the CPB venous reservoir. The 
blood is then oxygenated and returned back to the patient 
via an aortic cannula usually placed in the distal part of the 
ascending aorta. In the case of combined thoracic-vascular 
surgery including the resection of the tumor invading the 
descending aorta one can use partial bypass, which diverts 
some of the blood from the left atrium and returns it back 
to one of the femoral arteries. Since the primary function 
of CPB is to oxygenate blood and perfuse the vital organs 
an important question for the anesthesiologist is what 
 perfusion/oxygenation is optimal? Even though, it has been 
over 50 years since the first human use of extracorporeal 
circulation, there is no definite answer. Blood is exposed 
multiple times to the foreign surface of the extracorporeal 
circuit causing SIRS and microembolization, which can 
affect every organ of the human body. Apart from lung 

injury, CPB can contribute to cognitive dysfunction, renal 
injury or failure, pancreatitis or, in the worst-case scenario, 
multiorgan dysfunction. It is the anesthesiologist’s role to 
prevent or minimize these complications.

5. The anesthetic approach to combined procedures performed 
without the use of CPB. OPCABG is the preferred surgi-
cal management of coronary artery disease in patients who 
require pulmonary resection at the same time as coronary 
revascularization [20, 51, 53]. Revascularization is usually 
performed as the first part of the procedure followed by the 
resection of the pulmonary pathology. The most important 
principles of anesthetic management for OPCABG include 
aggressive maintenance of normothermia to prevent bleed-
ing and/or acidosis, and preservation of hemodynamic sta-
bility during surgical manipulation of the heart. The first aim 
is achieved by the use of warming blankets, body warmers, 
fluid warmers, and adjustment of the room temperature in 
the operating theater. Maintaining hemodynamic stability 
is crucial for the ultimate success of the procedure, thus it 
requires ideal communication and cooperation between the 
surgeon and the anesthesiologist. It is accomplished by a 
combination of inotropic support, proper volume therapy 
(quite often achieved by “deep” Trendelenburg position) 
and antiarrhythmic prophylaxis. The surgeon should use 
gentle manipulations (e.g., incision of right pleura to avoid 
compression of the heart) and devices (e.g., Starfish™, 
Medtronic International Ltd., Minneapolis, MN) to pre-
serve the geometry of the heart ventricles, their contractil-
ity, and prevent mitral regurgitation.

6. Hemodynamic support, right ventricular failure. Cardiac 
anesthesiologists must be familiar with all forms of circu-
latory support to provide hemodynamic stability during and 
after surgery. It can be achieved by optimization of pre- 
and after load, maintaining or improving contractility and 
preservation of a stable sinus rhythm. The most worrisome 
hemodynamic problem complicating combined cardiac–
thoracic procedures is right ventricular dysfunction/failure. 
It is commonly caused by a rapid increase in the afterload 
(pressure) for the right side of the heart, especially after a 
major resection of the pulmonary parenchyma (e.g., pneu-
monectomy). The warning symptoms include right ventric-
ular distension visualized directly by the surgeon and the 
anesthesiologist, a low cardiac output state, and a central 
venous pressure (CVP) higher than the pulmonary diastolic 
pressure (PAD). The treatments include:

Reduction of RV preload (e.g., promotion of diuresis 
with furosemide).
Maneuvers to decrease the pressure in the pulmonary 
circulation-hyperventilation, hyperoxia, and the phar-
macological support. Among the intravenous agents, 
which decrease afterload for the RV and improve its 
contractility the first choices are dobutamine and milri-
none. Inhalational pulmonary vasodilators (nitric oxide 
or prostacyclin) are used when a lack of response to 
intravenous agents occurs.
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Preservation of good perfusion pressure to the right ventricle 
and ventricular interdependence-norepinephrine or vaso-
pressin, and/or the use of an intra-aortic balloon pump.
Since stroke volume is usually fixed in RV failure, to 
increase the cardiac output it is recommended to increase 
heart rate (e.g., A-V pacing).

7. Treatment of coagulopathy. Combined cardiothoracic pro-
cedures performed with the use of CPB are frequently com-
plicated by excessive bleeding, which can have two possible 
causes: surgical and coagulopathy related to prolonged CPB. 
In cases of surgical resection of pulmonary parenchyma com-
bined with a cardiac procedure, CPB duration often exceeds 
2 h. Duration of CPB directly correlates with the magnitude 
of coagulopathy. There are multiple mechanisms of exces-
sive, nonsurgical bleeding caused by extracorporeal circu-
lation; among the most important are the dilutional effect, 
SIRS, platelet consumption, depleted amount of clotting 
factors, secondary fibrinolysis, and low hemoglobin. Treat-
ment is based on the results of laboratory tests (INR, aPTT, 
fibrinogen level, and platelet count). Many centers use point-
of-care devices, which deliver quick assessment of coagu-
lation status based on results obtained from a whole-blood 
sample. Among the most popular ones are thromboelastog-
raphy, sonoclot, and PFA-100. In our institution, for most of 
the combined cardiac–thoracic cases we secure at least two, 
large bore venous catheters to be able to transfuse, large vol-
umes of blood products in relatively short period of time.

Summary

There is no complete agreement about the optimal surgical 
management of patients who are suffering from both cardiac 
and thoracic diseases requiring surgery [1, 49, 59]. The argu-
ments for one-stage procedures are avoidance of a second sur-
gery/anesthetic and reduced hospital stay and cost. However, 
two-stage procedures may be associated with less surgical 
trauma and blood loss, and may offer better long-term survival 
because the consequences of CPB are minimized.

Combined cardiac–thoracic procedures should be per-
formed only for selected cases in centers which have an exper-
tise in both cardiac and thoracic anesthesia and surgery. This 
chapter briefly describes the important perioperative consid-
erations and management. Since there is minimal literature 
describing the anesthetic management for combined cardiac–
thoracic procedures the aforementioned recommendations are 
based on the experience and clinical practice developed in the 
institution where the author works.

Clinical Case Discussion

Case: A 21-year-old patient admitted for redo cardiac sur-
gery for resection of recurrent left atrial angiosarcoma 
invading  pulmonary tissue which was demonstrated on a 

recent  follow-up chest X-ray and CT scan of his chest (see 
Figs. 32.6 and 32.7). The proposed procedure will also 
involve resection of pulmonary parenchyma. His previous 
surgery was performed 3 years ago without complications 
and followed by multiple courses of chemotherapy. He has 
no other significant comorbidities. The anesthesiologist is 
asked to decide whether the patient will tolerate a combined 
cardiac–thoracic procedure and what additional tests he/she 
would like preoperatively.

Fig. 32.6. Chest X-ray taken before surgery.

Fig. 32.7. Computed tomogram showing invasion of the tumor 
obtained before surgery.
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Questions

What additional tests would you order?
Will the patient tolerate procedure? What kind of thoracic 
procedure will the patient require to achieve complete erad-
ication of his tumor?
What is your anesthetic plan?
Do you have any specific concerns related to intraoperative 
management?
What kind of postoperative complications can you expect?

Figures 32.8 and 32.9

These pictures show the intraoperative transesophageal echo 
findings.

Questions

What cardiac procedure should be performed?
Which pulmonary vein(s) are invaded?
What postoperative complications would you expect?

Answers

Before proceeding with combined cardiac–thoracic procedure 
additional tests should be ordered: pulmonary function test 
(PFT) (possible left-sided pneumonectomy) and echocardiog-
raphy to reassess the extension of the tumor and its mobility. 
As mentioned, to achieve full surgical resection of the recur-
rent neoplastic lesion, the patient most likely will require a left 
pneumonectomy. Assuming that the PFTs are acceptable, and 
knowing that the patient has no other significant comorbidi-
ties, the patient should tolerate a combined procedure. Most 
likely, the procedure will involve left atrial resection and left 
pneumonectomy with the use of CPB. Additionally, following 
left atrial resection, atrial reconstruction with bovine pericar-
dium will be necessary. This will result in a long CPB time 
complicated by coagulopathy and massive blood loss. Appro-
priate venous access must be secured (at least, two large-bore, 
peripheral venous catheters, and central venous access), a 
sufficient supply of blood products must be available. Even 
though the pneumonectomy will be performed during CPB, 
the postoperative course might be complicated by prolonged 
mechanical ventilation. One might decide to use double lumen 
tube for intubation to protect the bronchial stump during pro-
longed use of mechanical ventilation.

Unfortunately, following such an extensive, combined 
surgery the patient may suffer from a wide spectrum of post-
operative complications occurring after cardiac and thoracic 
procedures.

Among the most serious are:

Coagulopathy and transfusion of large amounts of blood 
products with all subsequent complications (e.g., renal fail-
ure, transfusion-related lung injury)
Prolonged mechanical ventilation
Low-cardiac output syndrome
Postpneumonectomy pulmonary edema
Broncho-pleural fistula

The presented echocardiograms show tumor originating 
from left upper pulmonary vein, thus the patient will require 
a left pneumonectomy. Additionally, tumor is invading the 
mitral valve, therefore the procedure should be expanded to 
include mitral valve replacement. Most likely almost all the 
left atrium must be fully resected and reconstructed.
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Key Points

The risk of contamination of healthy lung regions from 
infected secretions in patients with infectious processes 
such as lung abscess, cyst, bronchopleural fistula, etc.
The risk of tension pneumothorax during positive pressure 
ventilation with bronchopleural fistula or bullae.
The risk of inability to ventilate due to air leak with bron-
chopleural fistula.
The increased risk of intraoperative hemorrhage due to 
intrathoracic inflammation and scarring with infectious 
diseases.
The possibility of sepsis developing before or during surgery 
with infectious diseases.
The presence of right-to-left shunt in patients with pulmonary 
arteriovenous malformations.

Bronchopleural Fistula

Air leaks from the lung into the pleural space are classified 
according to several different systems (see Table 33.1). An 
anatomic classification is based on the site of the commu-
nication between the respiratory system and the pleura. An 
alveolar-pleural fistula (APF) is a communication between 
the pulmonary parenchyma distal to a segmental bronchus 
and the pleural space, while a bronchopleural fistula (BPF) 
is a communication between a main stem, lobar, or segmental 
bronchus and the pleural space [1]. Most air leaks after pul-
monary resection are APFs. APFs rarely require reoperation. 
BPFs have significant morbidity and almost always require 
some form of surgical intervention.

Another classification of air leaks is functional and depends 
on the phase of the respiratory cycle and the amount of gas lost 
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through the leak [2]. The largest gas loss is from a continuous 
leak, which is present throughout the respiratory cycle. This 
is the least common type of air leak and is seen in patients 
receiving mechanical ventilation with a BPF. The second larg-
est type is an inspiratory air leak seen almost exclusively in 
the patient receiving mechanical ventilation with a sizable 
APF or a small BPF. The third largest leak is an expiratory 
leak which is present only during expiration. This type of leak 
is commonly seen after pulmonary surgery and is usually due 
to an APF. A fourth type of leak is referred to as a forced 
air leak and is present only with coughing. This type of leak 
is also common after pulmonary resection. Postoperatively 
small leaks resolve more quickly with simple underwater seal 
drainage but larger leaks require suction [3].

A BPF may be caused by: (1) rupture of a lung abscess, bron-
chus, bulla, cyst, or parenchymal tissue into the pleural space, 
(2) the erosion of a bronchus by carcinoma or chronic inflam-
matory disease (see Fig. 33.1), or (3) stump dehiscence of a 
bronchial suture line after pulmonary resection. Pneumonec-
tomy patients have an incidence of BPF, ranging from 2 to 11% 
[4] with a mortality ranging from 5 to 70%. BPF is more com-
mon with preoperative infection and after chemotherapy [5].

The diagnosis of BPF is usually made clinically. In the early 
postoperative period after pneumonectomy, the diagnosis is 
based on the sudden onset of dyspnea, subcutaneous emphy-
sema, contralateral deviation of the trachea, and a decrease 
of the fluid level on serial radiographs of the chest [6]. Early 
postpneumonectomy BPF is often life threatening since the 
mediastinum is still mobile. Pendeluft, or ineffective exchange 
of gas, occurs between the remaining lung and the postsurgical 
hemithorax, similar to the situation of a flail chest in trauma. 
If the disruption occurs early in postpneumonectomy patients, 
it is possible to resuture the stump. Late or chronic postpneu-
monectomy bronchial disruption presents subacutely with 
fever and cough and is not usually life threatening because 
the mediastinum has become fixed due to fibrosis and gas 
exchange remains adequate in the nonoperative hemithorax. 
Late postpneumonectomy BPF is usually managed initially 
with drainage or with a Clagett procedure (see Chap. 45) [7] 
which allows for sterilization of the pleural space with packing 

and antibiotic instillations. Following this, a secondary closure 
may be performed using a muscle or omental flap to reinforce 
the bronchial stump.

In postlobectomy patients, persistent air leak, purulent 
drainage, and expectoration of purulent material are usually 
diagnostic indicators of a BPF. When the fistula appears after 
removal of a chest tube, the diagnosis of BPF is made on the 
basis of fever and a new air-fluid level in the pleural cavity on 
the chest radiograph. A surgical drainage procedure such as an 
Eloesser flap may then be required (see Fig. 33.2).

Diagnosis is most often confirmed by bronchoscopic exami-
nation. Additionally, bronchography and sinograms of the fis-
tula may be used to confirm the diagnosis. Other diagnostic 
methods include the injection of an indicator, such as meth-
ylene blue, into the pleural space and subsequent recovery 
from sputum. Accumulation of radionuclide in the pleural 
space after inhalation of xenon or a mixture of O

2
 and N

2
O to 

detect the presence of a BPF can also be used as indicators [8].  
In nonpneumonectomy cases, if the lung expands to fill the 
thoracic cavity, the air leak can usually be controlled with chest 
tube drainage alone. However, if the fistula is large and a sig-
nificant leak through a large persistent pleural space occurs, it 
is unlikely that the fistula will close, and surgical resection is 
necessary. With small persistent leaks or in debilitated patients 

Fig. 33.1. Coronal chest CT scan of a patient with bilateral upper 
lobe bronchopleural fistulae due to Aspergillus infection. Surgical 
management was with two separate lobectomies. Airway manage-
ment for the initial left thoracotomy and upper lobectomy was with 
a left-sided double-lumen tube (DLT) placed in the right bronchus 
intermedius, excluding the right upper lobe. The airway management 
for the subsequent right upper lobectomy was with a left-sided DLT 
in the left mainstem bronchus.

Table 33.1. Classification of lung air leaks.

Anatomical
1. Alveolar-pleural fistula (APF): Pulmonary parenchyma-pleural com-

munication distal to a segmental bronchus. Common after pulmonary 
resections (except pneumonectomy). Rarely requires surgery

2. Bronchopleural fistula (BPF): Communication between a main stem, 
lobar, or segmental bronchus and the pleura. Usually requires some type 
of surgical intervention

Functional
1. Continuous: Usually during mechanical ventilation with a BPF. Uncommon
2. Inspiratory: Usually during mechanical ventilation with a sizable APF 

or small BPF
3. Expiratory: Common after pulmonary resections due to an APF
4. Forced expiratory: Only during coughing. Common postlung resection 

due to a small APF
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several endoscopic methods of treating BPFs have been 
described such as the use of fibrin glue, bronchial stents, or 
endobronchial valves [9].

Anesthetic Management

The patient with a BPF presents several intraoperative 
 challenges for the anesthesiologist (see Table 33.2), these 
include: (1) the need for lung isolation to protect healthy lung 
regions, (2) the possibility of tension pneumothorax with pos-
itive pressure ventilation, and (3) the possibility of inadequate 
ventilation due to air leak across the fistula. Except in the rare 
acute indication for surgery, every effort possible should be 
made to eliminate active respiratory infection preoperatively, 
with appropriate antibiotics and aggressive chest physiother-
apy including postural drainage.

It is useful to estimate the loss of tidal volume through the 
BPF, which may be done in two ways. First, one should deter-
mine whether air bubbles flow intermittently or continuously 
through the chest tube. If air bubbles flow intermittently, then 
the fistula is small. In contrast, when a patient has a large BPF 
or bronchial rupture, air will bubble continuously through 
the water-seal chamber of the chest tube drainage system. 

 Second, the size of the BPF may be quantified by the differ-
ence between inhaled and exhaled tidal volumes. In a nonintu-
bated patient, this may be determined with a tight-fitting mask 
and a fast-responding spirometer. In an intubated patient, it is 
determined by direct attachment of a spirometer to the endo-
tracheal tube (ETT). The larger the air leak, the greater the 
need to isolate the BPF with the use of a lung isolation device, 
either a double-lumen tube (DLT), single-lumen endobron-
chial tube, or independent bronchial blocker.

Several nonsurgical approaches (i.e., the use of various 
mechanical ventilation-chest tube drainage systems) have 
been used for the treatment of patients with a BPF. These 
approaches consist of OLV and differential lung ventilation, 
including high frequency ventilation (HFV), PEEP to the 
pleural cavity equal to intrathoracic PEEP, and unidirectional 
chest tube values.

For patients undergoing operative repair, the ability to ade-
quately deliver positive-pressure ventilation intraoperatively 
must be carefully considered prior to surgery. A chest drain 
should be placed prior to induction to avoid the possibility 
of tension pneumothorax with positive pressure ventilation. 
If a fistula is small, chronic, and uninfected, a single-lumen 
ETT can be used safely. If the air leak is significant, then a 
DLT is the best choice for delivering positive-pressure venti-
lation (see Table 33.3). The DLT can provide positive pressure 
ventilation to the normal lung without loss of minute ventila-
tion through the fistula and prevent the contamination of the 
uninfected lung with infected material when the patient is 
turned to the lateral decubitus position. In an emergency, an 
uncut single-lumen tube or a specifically designed endobron-
chial tube can be advanced into the contralateral mainstem 
bronchus. This will not allow for suctioning of the fistula side 
and will block the right upper lobe when placed in the right 
mainstem bronchus. However, it will provide for protection of 
the nonoperative lung and ensure gas exchange. In nonpneu-
monectomy patients, a bronchial blocker can also be placed 
through an ETT into the mainstem bronchus on the side of 
the fistula for lung isolation. Blockers are less stable and thus 
offer less protection to the noninvolved lung than double- or 
single-lumen endobronchial tubes. After a pneumonectomy, 
blockers are not an option due to the short length of the bron-
chial stump.

For all patients with a BPF, induction of anesthesia should 
be done with a slight head-up position and lateral tilt, with 
the good lung up, to minimize contamination of the good 
lung until lung isolation is secured. Options for anesthetic 

Fig. 33.2. Diagram of a Clagett procedure as a first stage operation to 
treat a chronic infectious process in the chest. There are many varia-
tions of this surgical procedure shown here for a chronic empyema. 
The skin is sutured to the parietal pleura to prevent closure of wound 
and to ensure drainage (this figure was published in Pearson’s Tho-
racic and Esophageal Surgery, 3rd ed. Patterson GA. Pleura. p. 1168. 
© Elsevier 2008).

Table 33.2. Anesthetic considerations in a patient with a bron-
chopleural fistula.

-
tially infected secretions via the BPF

 
the BPF
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management with a BPF are presented in Table 33.4. The 
safest method of obtaining lung isolation is awake fiberoptic 
intubation with a DLT or single-lumen tube advanced into the 
contralateral mainstem bronchus [10]. This requires a coopera-
tive patient and excellent topical anesthesia and is often not an 
option. Another option is to maintain spontaneous ventilation 
during induction and intubation until lung isolation is secured. 
This decreases the possibility of inadequate positive pressure 
ventilation due to air leak, but is not well tolerated in older 
patients with significant comorbidity and is not a good option 
in a patient with a full stomach. If the patient has a postpneu-
monectomy fistula, the DLT or single-lumen endobronchial 
tube must be guided under direct vision with the assistance 
of fiberoptic bronchoscopy, and the tip of the endobronchial 
lumen should be placed in the existing lung (i.e., for right-
sided fistula a left-sided tube). A useful management plan is 
a modified rapid sequence induction with a bronchoscope 
placed in the single- or DLT during intubation and avoidance 
of positive pressure ventilation until lung isolation is achieved 
[11]. During induction of anesthesia, suction of the chest tube 
should be discontinued to decrease the loss of tidal volume 
with the initiation of positive-pressure ventilation. After the 
chest is opened, if an excessive leak is encountered when 
using a single-lumen ETT, ventilation can be improved by 
lung packing and manual control of the air leak.

In the patient with a chronic BPF, there are many options 
to manage anesthesia if the risks of contralateral soiling are 
minimal. Endoscopic procedures, including rigid bronchos-
copy, can be performed with spontaneous ventilation [12]. 

This is a viable option in younger patients but older patients 
with significant comorbidities may not tolerate the respiratory 
or hemodynamic depressant effects of a prolonged deep anes-
thetic while maintaining adequate spontaneous ventilation. 
An option to avoid instrumentation of the airway in elderly 
patients with a BPF after pneumonectomy is the use of tho-
racic epidural anesthesia combined with awake intravenous 
sedation during minimally invasive surgery [13]. Another 
alternative method of ventilating patients with a BPF is the 
use of HFV or high frequency oscillation (HFO) possibly 
with permissive hypercapnia. This avoids barotrauma to the 
nonoperative lung, decreases BPF air leak, and optimizes the 
operative outcome [14]. The advantage of high-frequency 
oscillatory ventilation over conventional mechanical ventila-
tion is that it uses lower peak airway pressures and higher 
mean airway pressures and may decrease the air leak across 
the fistula. HFV has been used in combination with spontane-
ous ventilation for endoscopic BPF repair in a patient with a 
chronic postpneumonectomy fistula [15].

In all cases of general anesthesia for a BPF, at the end of sur-
gery and prior to extubation, the airways on both sides should 
be carefully examined with fiberoptic bronchoscopy. Specifi-
cally the affected side needs to be suctioned for remaining 
secretions/pus. With a DLT this should be performed before 
the bronchial cuff is deflated. Early extubation in the operat-
ing room should be attempted in all patients undergoing fistula 
repair to avoid barotrauma to the surgical stump from positive 
pressure ventilation in the postoperative period.

Postoperative Management

When a patient with a BPF requires postoperative ventilation 
the optimal method of ventilation will depend on the individ-
ual physics of the air leak across the fistula. The volume of air 
leak across a fistula will depend on the size of the fistula(s) 
and the location and the pressure differential between the 
mean airway pressure and the pleural space at the site of the 
fistula. Each of these variables will be different in different 
patients and the common goal is to maintain adequate gas 
exchange while limiting the volume of air leak and both need 
to be closely monitored. In addition to conventional methods 

Table 33.3. Options for airway management with a bronchopleural fistula.

Technique Pro Con

Double-lumen tube

Single-lumen endobronchial  
tube BPF lung

endobronchial use

available

Bronchial blocker

Table 33.4. Anesthetic management options with a major bron-
chopleural fistula.

 
endobronchial tube or bronchial blocker. Induction of general  
anesthesia after lung isolation

during intubation, avoiding positive pressure ventilation until lung 
isolation is secured

-
sure ventilation until lung isolation is confirmed
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of positive pressure ventilation, HFV and HFO techniques 
have been useful in certain individuals. Generally, high fre-
quency techniques have been useful with proximal (tracheal 
or main bronchial) fistulas and in patients with normal lung 
parenchyma [16]. The physics may be that HFV techniques 
tend to produce lower proximal mean airway pressures than 
conventional techniques and result in less air leak with cen-
tral BPFs. However, HFV may be associated with higher 
distal mean airway pressures and a larger air leak with distal 
BPFs. Similarly, chest-drain suction management with a BPF 
requires individualization. Suction may be required to prevent 
a tension pnemothorax or lung collapse but may also increase 
the cross-fistula leak.

In refractory respiratory failure with a BPF, independent 
lung ventilation using a DLT may be required. The techniques 
of ventilation to the two lungs can be adjusted independently 
to minimize air leak and optimize gas exchange [17]. Lobar 
blockade with a bronchial blocker in addition to independent 
lung ventilation with a DLT has also been reported [18].

Bronchiectasis

Bronchiectasis is a chronic condition of localized, irreversible 
 dilatation of part of the bronchial tree. Involved bronchi are 
dilated, inflamed, and easily collapsible, resulting in airflow 
obstruction and impaired clearance of secretions. Bronchiecta-
sis is associated with a wide range of disorders, but it usually 
results from necrotizing bacterial infections.  Bronchiectasis 
was a  common respiratory problem in the preantibiotic era 
and  continues to be a problem in third world countries (see 
“Thoracic Anesthesia in Developing Countries” at the end of 

this  chapter). In developed countries it is now mainly seen 
in congenital conditions which result in impaired clearance 
of bronchial secretions such as cystic fibrosis or other forms 
of respiratory ciliary dysmotility. Kartagener’s syndrome is 
a congenital ciliary dysmotility syndrome that encompasses 
bronchiectasis, infertility, and dextrocardia or situs inver-
sus and may include chronic sinusitis and otitis media [19]. 
 Bronchiectasis may also develop distal to a chronic partial 
bronchial obstruction from a tumor or foreign body.

The diagnosis is suggested by the history of hemoptysis or 
recurrent lower respiratory infections and cough productive 
of chronic purulent secretions. The cough is often related to 
a change of position. Diagnosis in confirmed by imaging (see 
Fig. 33.3a, b) and bronchoscopy. Bronchiectasis may require 
surgery if it causes massive hemoptysis or recurrent pneu-
monia. Surgical procedures involve resection of the involved 
bronchiectatic segments or lobes. Long-term survival has 
been reported after resection of up to 13 lung segments for 
bronchiectasis (there are only 19 lung segments in total) [20]. 
For severe bilateral forms of bronchiectasis, bilateral lung 
transplantation may be the only possible surgical option.

The principles of anesthetic management for bronchiectasis 
are similar to the concerns mentioned above for protection of 
healthy lung regions from the secretions in the affected lung 
in cases of BPF (see Table 33.5). There is not the concern for 
loss of ventilation or tension pneumothorax that occurs with 
BPF so there is no caveat attached to positive pressure venti-
lation in bronchiectasis. As for BPF, induction of anesthesia 
should be performed in a position that limits spread of secre-
tions until lung isolation is achieved; this most commonly is a 
slight head-up position with the infected lung dependent. It is 
best to initially place as large a single-lumen ETT as possible 

Fig. 33.3. (a) Chest X-ray and (b) chest CT scan of a patient with severe bilateral bronchiectasis predominately affecting the lower lobes. 
There is extensive bronchial thickening and dilation with  evidence of mucoid impaction. The left lower lobe is atelectatic. Oxygen tubing can 
be seen in the chest X-ray. This patient has a  ciliary dysmotility syndrome of unknown etiology. A peripheral  central infusion cannula and 
clips from previous thyroid surgery can be seen on the chest X-ray.
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and to perform careful fiberoptic suctioning and segmental 
lavage of the secretions in the infected lung segments. The 
single-lumen tube can then be replaced with a DLT and after 
lung isolation and inflation of the bronchial cuff, the patient 
can be repositioned with the noninfected lung dependent for 
surgery. The use of a bronchial blocker or single-lumen tube 
for lung isolation in bronchiectasis is not ideal since the pro-
tection of the healthy lung is less secure. However, these air-
way options may be required in certain circumstances such as 
the patient with a difficult airway. Protecting ipsilateral lung 
segments intraoperatively from infected secretions is compli-
cated and is usually not necessary after initial thorough airway 
toilette through a single-lumen tube. If indicated, lobar block-
ade can be performed by several methods depending on the 
site of the diseased segments. The left or right upper lobes can 
be deliberately obstructed by a left-sided double lumen placed 
in the ipsilateral mainstem bronchus with fiberoptic broncho-
scopic guidance. The lower or right-middle lobe bronchi can 
be packed with saline soaked gauze during rigid bronchoscopy 
at induction, the gauze is then removed when the bronchus is 
opened later during thoracotomy.

The use of neuraxial anesthetic techniques, specifically 
thoracic epidural analgesia in bronchiectasis and other infec-
tious indications for thoracic surgery is a more complex clini-
cal question than in other types of pulmonary resection due to 
the extremely small possibility of contamination and epidural 
abscess in the patient with an infectious process. Each case will 
require an individual risk/benefit assessment and discussion 
between the patient and/or family and the anesthesiologist. In 
most cases, for a patient who is not septic and has significant 
pulmonary disability, the risks are acceptable due to the supe-
rior analgesia of thoracic epidural techniques. Due to inflam-
mation, surgery is technically more difficult in all infectious 
indications for pulmonary resection and there is a greater risk 
of massive hemorrhage which must be anticipated with appro-
priate venous access and preparations for transfusion.

Empyema

An empyema is a collection of pus between the visceral and 
parietal pleural layers often a complication of pneumonia or 
surgery. Empyema complicating lung resections occurs in 

2–16% of cases and with a 40% increase in the associated 
 perioperative mortality rate [21]. Mortality further increases 
when the empyema is associated with a BPF. The surgical inter-
ventions for patients with pleural empyema include: decortica-
tion (the method of choice when the underlying lung is unable 
to expand due to a thick inflammatory coat) or open window 
thoracostomy (the ideal method for drainage of the pleural cav-
ity to control septic symptoms in patients with postpulmonary 
resection empyema) [22]. In less severe cases, tube drainage, 
antibiotic irrigation, and debridement may be sufficient.

Anesthetic Management

The major consideration in a patient with an empyema is that 
the patient might have an underlying BPF. In the absence of 
a history of a position-related productive cough, a BPF is 
extremely unlikely and there is a very low probability of con-
tamination of healthy lungs regions or of developing a tension 
pneumothorax from positive-pressure ventilation. However, if 
the history is unclear, it is safest to assume there may be a 
communication between the empyema and the bronchial tree 
and management should be based on the assumption of a BPF. 
Patients undergoing a decortication may have massive blood 
loss. If the lung has been chronically collapsed, expansion 
should be done gradually to avoid the development of pulmo-
nary edema upon re-expansion. Extubation in the operating 
room is encouraged if the patient meets the standard criteria 
for extubation (see Chap. 2).

Lung Abscess

An abscess is a nonanatomic area of liquefactive necrosis of 
the lung often distal to an obstruction or following a pneumo-
nia (see Fig. 33.4a, b). A patient with a lung abscess distal to 
an obstructing tumor may be relatively asymptomatic when 
they present for resection of their lung cancer. For this rea-
son it is important that the anesthesiologist always examine 
the chest imaging preoperatively. All of the considerations for 
protection of healthy lung regions that apply to BPF and bron-
chiectasis also apply to the patient with a lung abscess. There 
is a significant risk of soiling the noninvolved lung when the 
abscess is manipulated during surgery. Anesthetic manage-
ment principles are the same as for other underlying infectious 
indications for thoracic surgery (see Sect. “Bronchiectasis”).

Bullae

Bullae are thin walled air-filled intraparenchymal lung spaces 
caused by the loss of alveolar structural tissue (see Fig. 33.5). 
These are usually associated with emphysema but their exact 
cause is unclear. Although there is some confusion over ter-
minology in this area, bullous-like lesions of the lung associ-
ated with congenital malformations or secondary to trauma or 

Table 33.5. Principles of anesthetic management for bronchiectasis 
and other infectious respiratory lesions.

healthy lung segments (e.g., slight head-up with infected lung dependent)

bronchoscopy and thorough tracheobronchial toilette

patient for surgery
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infection are more correctly termed pneumatoceles or cysts 
[23]. There are no universally accepted surgical indications 
for resection of lung bullae. However, a patient with symp-
tomatic dyspnea and a giant bulla (or bullae) which occupies 
>30% of a hemithorax and in whom X-ray and CT scans sug-
gest that reasonably functional lung tissue can be restored to 
a more anatomically favorable position should be considered 

(see Figs. 33.6 and 33.7). Factors which support the effect of 
the bullae as a cause of a patient’s dyspnea are a restrictive 
pattern on spirometry (proportional decrease of both FEV1 
and FVC) and a discrepancy in lung volume studies in which 
the functional residual capacity (FRC) measured by plethys-
mography exceeds the FRC measured by helium dilution by 
>2 L [24].

The pathophysiology of bullae is complex. Ting described 
how the compliance pattern of bullae varied from that of sur-
rounding lung tissue [25]. In the usual tidal volume range, 
bullae are more compliant than normal lung and fill prefer-
entially during spontaneous ventilation. However, beyond the 
normal tidal volume range, bullae become much less compli-
ant and the intrabulla pressure rises acutely as airway pressure 
increases. Much anesthesia literature has dwelt on the differ-
ences between communicating and noncommunicating bullae 

Fig. 33.4. Chest CT scans (a) coronal and (b) transverse of a patient with a right upper lobe lung abscess distal to an obstructing carcinoma. The 
typical thick walled appearance of the abscess can be appreciated. Since the CT scan is performed in the supine position the air-fluid level is only 
seen in the transverse plane. This patient had initially presented with a right upper lobe pneumonia 4 weeks previously. Following antibiotic treat-
ment the patient had no symptoms related to the abscess at the time of admission for right upper lobectomy. These patients are at risk for soiling 
of uncontaminated lung regions during surgery from pus in the abscess. The optimal method of lung isolation is with a DLT.

Fig. 33.5. Preoperative chest X-ray of a patient with COPD and mul-
tiple bullae including a giant right upper lobe bulla for bullectomy. 
The bulla occupies nearly 50% of the right hemithorax.

Fig. 33.6. A giant bulla exposed and opened during thoracotomy. 
The thin-walled structure of the bulla can be appreciated.
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and the potential effects of a valve mechanism which could lead 
to hyperinflation and rupture of a bulla with positive pressure 
[26]. However, measurement of in vivo intrabullae pressures 
in patients using fine needles both before and during anesthe-
sia has changed our understanding of the behavior of bullae. 
Morgan et al. [27] found no evidence of a valve mechanism. 
All bullae studied communicated with the central airways, 
although some very slowly. The typical compression pattern 
seen on X-ray or CT is more likely due to intralesional loss of 
structural alveolar support tissue with secondary elastic recoil 
of more normal lung regions (see Fig. 33.8a, b). Intrabulla 
pressure at FRC corresponds more with the mean airway pres-
sure averaged over the respiratory cycle than with the peak 
airway pressure. Thus, during spontaneous ventilation, the 
intrabulla pressure will tend to be negative with respect to sur-
rounding lung tissue. However, whenever positive pressure is 
used, the intrabulla pressure will rise in relation to surround-
ing lung regions. There is a risk of hyperinflation and rupture 
whenever positive pressure is used [28]. The complications 
of bulla rupture can be life threatening due to hemodynamic 
collapse from tension pneumothorax or inadequate ventilation 
due to a resultant BPF.

Relief of dyspnea symptoms and improved pulmonary 
 function are well documented in series of patients after resec-
tion of giant bullae with most patients showing an increase in 
FEV1 of >0.3 L and excellent short-term improvement in qual-
ity of life, but with a decrease in improvement by 3 years [29]. 
Hypercapnia is not a contraindication to bullae resection. Lung 
infection must be meticulously treated preoperatively. Outcome 
depends on patient age, smoking history, and  cardiac  status.  

In the postoperative period, lung air leaks are the major 
 complication. The surgical approach can be by traditional or 
modified thoracotomy, sternotomy, or by VATS. Laser resec-
tion has been advocated to try and decrease the incidence of 
air leaks [30]. The advantages of laser in these operations ver-
sus reinforced automatic lung stapling devices remain to be 
proven. Various thoracoscopic and bronchoscopic procedures 
such as the subsegmental injections of fibrin glue have been 
used to deal with these air leaks [31].

The anesthetic considerations are similar to those for a 
patient with a BPF with the exceptions that it is best not to 
place a chest drain prophylactically as this may enter the bulla 
and create a fistula and there is not the risk of soiling healthy 
lung regions from extrapleural fluid that exists with a BPF. 
For induction of anesthesia it is usually optimal to maintain 
spontaneous ventilation until the lung or lobe with the bulla 
or bleb is isolated [32]. When there is a risk of aspiration or it 
is felt that the patient’s gas exchange or hemodynamics may 
not  permit spontaneous ventilation for induction, the anesthe-
siologist will have to use small tidal volumes with pressure-
 controlled ventilation and low airway pressures during positive 
pressure ventilation until the ipsilateral bronchus is isolated.

Blebs

A bleb is a subpleural collection of air under the visceral pleura 
caused by a ruptured alveolus [33]. The air dissects through 
the pulmonary parenchyma and enlarges to form a bubble on 
the surface of the lung. Blebs most commonly occur at the 
apices of the lung and can rupture into the inter-pleural space 
causing a pneumothorax. Patients are commonly tall individu-
als. A spontaneous pneumothorax presents with a spectrum of 
sudden-onset symptoms from mild to severe chest pain and 
dyspnea. Signs include decreased unilateral breath sounds on 
auscultation, hyperresonance on percussion, tachycardia, and 
possibly a pleural friction rub. ECG changes can occur due 
to rotational effects of the pneumothorax on the heart or due to 
decreased electrical conduction causing low voltage artifacts. 
Diagnosis is confirmed by chest imaging, a small pneumotho-
rax can often be seen more easily on an expiratory film. Ten-
sion pneumothorax with hemodynamic compromise is usually 
related to positive pressure ventilation or chest trauma but is a 
possible complication of a spontaneous pneumothorax.

A single episode of spontaneous pnemothorax is usually 
treated conservatively with chest tube drainage until the air 
leak has stopped. Resection of blebs is commonly indicated 
for recurrent pneumthoraces, bilateral pneumothoraces, 
non-re-expansion of the lung, or prolonged chest tube drain-
age (>48 h). Resection of blebs after a single pneumothorax 
may be indicated if the patient’s occupation exposes them to 
significant rapid fluctuations in atmospheric pressure (e.g., 
flight crews or scuba divers) or in patients with severe COPD. 
Resection is most commonly combined with a procedure to 
obliterate the pleural space by partial pleurectomy or pleural 
abrasion [34]. Resection of blebs is most often performed by 

Fig. 33.7. Coronal CT scan of a patient with bilateral giant lower 
lobe bullae. During one-lung ventilation for bullectomy, the risk of 
contralateral bulla rupture and tension pneumothorax must always 
be kept in mind.
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VATS. Although VATS procedures per se are generally asso-
ciated with limited need for postoperative analgesia, pleurec-
tomy or pleural abrasion is very painful.

Catmenial pneumothorax is a condition of recurrent pneu-
mothoraces associated with menstruation. The exact etiology 
is unclear but may be related to endometrial implants on the 
visceral pleura or diaphragm or due to passage of air from the 
abdomen to the pleural space via congenital diaphragmatic 
defects. Surgical treatment is as for other conditions of recurring 
pneumothoraces but may also involve hormonal therapy [35].

A ruptured alveolus may dissect medially along peri-
bronchial planes and present with a spontaneous pneumo-
 mediastinum. This is often associated with physical exertion 
and/or an increase in intrathoracic pressure. Symptoms include 
chest pain, and possibly cough, dyspnea, or dysphagia. 
Patients may have subcutaneous emphysema in the neck and 
chest wall. The differential diagnosis will include esophageal 
perforation and aortic dissection. Treatment is usually conser-
vative unless pneumothorax develops [36].

Lung Cysts, Hydatid Cysts

Congenital bronchogenic cysts are products of abnormalities 
in the tracheobronchial budding process of lung  organogenesis. 
They may occur peripherally within the lung parenchyma 
(70%) or centrally attached to the mediastinum or hilum (see 
Fig. 33.9) [37]. Bronchogenic cysts become problematic if they 
become enlarged, exerting a mass effect on functional lung or 
mediastinal structures “tension cyst,” if they rupture and cre-
ate a pneumothorax, or if they become infected. Small cysts 
without communications to a bronchus are asymptomatic and 
may be incidentally noted as round clearly demarcated lesions 
on chest imaging. Communicating cysts often produce air-
fluid levels, are prone to recurrent infection, and may trap air 
by a ball-valve mechanism risking rapid expansion or rupture. 
Infected cysts may be obscured by surrounding pneumonia or 
may be difficult to differentiate from an empyema. CT scans 
help differentiate cystic from solid lesions. Surgical excision 

of bronchogenic cysts is generally recommended, whether or 
not a bronchial communication is evident.

Pulmonary Hydatid cysts are discussed under “Thoracic 
Anesthesia in Developing Countries”.

Pneumatocele

Pneumatoceles are thin walled, air-filled spaces generated by 
pulmonary infections or trauma. They usually appear in the first 
week of pneumonia and resolve spontaneously within 6 weeks. 
As with other lung cysts, potential complications of pneu-
matoceles include secondary infection, and enlargement as a 
result of air entrapment, with possible rupture or  displacement 

Fig. 33.8. (a) A spider’s web seen on a woodbox on a sunny day used as a lung model to demonstrate the pathophysiology of bullae. 
(b) Breaking one septum of the spider’s web causes a bulla to appear as elastic recoil pulls the web away from the area where structural 
 support has been lost. Although the cells surrounding the bulla appear compressed, this is only due to redistribution of elastic forces. It is not 
positive pressure inside the bulla which causes this appearance of surrounding compression.

Fig. 33.9. Coronal MRI image of a patient with a congenital bron-
chial cyst (arrow) located just below the carina with minimal dis-
placement and mild compression of the mainstem bronchi.
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and  compression of normal lung. Adverse hemodynamic 
 consequences may result either from a tension pneumothorax or 
a tension pneumatocele. The latter is unusual and is presumed to 
result from a one-way valve mechanism, usually in the setting 
of positive pressure mechanical ventilation [38].Occasionally 
surgical decompression is required, and has been performed by 
percutaneous needle aspiration, catheter drainage, or chest tube 
drainage under CT or fluoroscopic guidance. Rarely is thoraco-
scopic or open surgical drainage or excision required.

Pulmonary Arteriovenous Malformations

Direct communications between the pulmonary arteries and 
veins are uncommon lesions, most are congenital malforma-
tions (AVMs). The largest group of patients with pulmonary 
AVMs are those with hereditary hemorrhagic telangiectasia 
(HHT) (Osler–Weber–Rendu disease), an autosomal domi-
nant vascular dysplasia (see Fig. 33.10). Patients with HHT 
usually have multiple pulmonary lesions and may also have 
telangiectasia of the skin or mucous membranes, recurrent 
epistaxis, or gastrointestinal bleeding. Pulmonary arterio-
venous communications may also develop following trauma 
or infection and these are more correctly termed arteriovenous 
fistulae [39]. Patients may also develop pulmonary AV fis-
tulae after Glenn shunts (a surgical anastomosis between the 
superior vena cava and the right pulmonary artery for complex 
congenital heart disease).

Patients may present with exertional dyspnea, hemoptysis, 
or central cyanosis from right-left intrapulmonary shunting. 
Patients with AVMs are at high risk of developing neurologi-
cal complications, either cerebrovascular accidents of transient 
ischemic attacks, so treatment is aggressive whenever possi-
ble. The diagnosis is confirmed by chest imaging techniques, 
primarily CT angiography (see Fig 33.11). Currently, the basis 
of treatment of pulmonary AVMs is by embolization in inter-
ventional radiology primarily by the endovascular placement 
of coils. Certain AVMs may not be suitable for embolization 
due to their anatomy (e.g., a large feeding vessel, central loca-
tion) and surgery may be required (see Fig. 33.12a, b) [40].

Anesthetic Management

Several specific concerns must be remembered in the peri-
operative anesthetic management of patients with pulmonary 
AVMs (see Table 33.6). First these patients have right-to-left 
intrapulmonary shunting and the same concerns apply as for 
patients with congenital heart disease and right-to-left shunt-
ing. There is the risk of paradoxical systemic air emboli. All 
intravenous lines need to be meticulously de-aired and bubble 
filters should be used. The rate of induction with relatively 
insoluble volatile anesthetics will be delayed while the clini-
cal onset of intravenous anesthetics will be accelerated. Sec-
ond there is an increased risk of massive blood loss during 

Fig. 33.10. Chest X-ray of a patient with hereditary hemorrhagic 
telangiectasia (HHT) who has been treated for recurrent episodes of 
hemoptysis. Multiple bilateral radiographic coils can be seen which 
have been placed in pulmonary AVMs.

Fig. 33.11. CT angiogram of a single pulmonary AVM in the right 
lower lobe. A feeding pulmonary artery; V draining pulmonary vein. 
This AVM is suitable for treatment by radiologic coiling (photo cour-
tesy of Dr. Elsie Nguyen, Department of Radiology, Toronto General 
Hospital).
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surgical resection due to the increased vascularity. Third there 
is a risk of intraoperative airway hemorrhage when the lung 
is mobilized. Fourth there is an increased risk of desaturation 
during one lung ventilation due to the lack of response of the 
AVM to hypoxic pulmonary vasoconstriction. Mechanical 
techniques such as surgical compression of the ipsilateral pul-
monary blood flow may be required to manage hypoxemia 
during one-lung ventilation. Placement of a Swan-Ganz cath-
eter and inflation of the catheter balloon in the ipsilateral pul-
monary artery has been used to improve oxygenation during 
thoracotomy for resection of a pulmonary AVM [41].

Decortication

Decortication is the surgical removal of the surface layer, 
membrane, or fibrous cover of the lung. It can be performed by 
thoracotomy or VATS depending on severity and nature of the 
problem. The procedure is usually performed when the lung is 
covered by a thick, inelastic pleural peel restricting lung expan-
sion to restore the function of the lung and diaphragm and to 
obliterate the space in cases of recurring infections. It has best 
results when performed at the earliest possible opportunity. For 
chronic hemothoraces, decortication is indicated when there is 
50% compression of the lung and there is no appreciable pul-
monary expansion for 4–6 weeks following aspiration [42].  
In pleural tuberculosis, therapy is primarily medical and sur-
gery is only used for refractory pleural disease.

The primary concerns for anesthesia are intraoperative 
blood loss and air leaks. As for all inflammatory indications 
for intrathoracic surgery, there will be extensive vascularity of 
the surgical field with the potential for major intraoperative 
blood loss. Cross-matched blood and products and adequate 
invasive monitoring and vascular access, possibly including a 
central line, are indicted for open procedures. Lung isolation 
is indicated if there is a possibility of soiling of the nonop-
erative lung and may be required to maintain ventilation as 
there are frequently numerous air leaks from the raw surface 
of the operative lung. The possibility of surgical phrenic nerve 
injury should be kept in mind if the disease process involves 
the mediastinal pleura.

Thoracic Anesthesia in Developing  
Countries

Readers of this book are aware that thoracic anesthesia is a 
challenging specialty even in the best centers, with highly 
skilled professionals using the most sophisticated equipment 
and monitoring. The challenges are multiplied and magnified 
when the patients are poor, malnourished, anemic, and pres-
ent late for treatment out of ignorance, superstition, or abject 
poverty. The spectrum of diseases is also quite different. There 
is a preponderance of infectious diseases such as those of 
pyogenic origin, tuberculosis, and helminthiasis. Medical per-
sonnel have limited training, inadequate equipment, and use 
antibiotics inappropriately or inadequately. Drugs, fluids, and 
safe blood are in short supply and there is often a fatalistic 
approach to all problems [43]. However, these conditions are 
not prevalent uniformly in all developing countries. Conditions 
or “degrees of development” vary both from country to coun-
try or within each country, so that at least in parts of a country 
the environment in which medicine is practiced is very similar 
to that practiced in the developed world. In most cases, main-
taining the safety of the patient while treating them within the 
limits of our resources continues to be the challenge [44].

Fig. 33.12. Contrast chest CT scans, (a) coronal, (b) transverse plane, of a patient with a right lower lobe pulmonary AVM who required right 
lower lobectomy.

Table 33.6. Anesthetic considerations in a patient with a 
pulmonary arteriovenous malformation (AVM).
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Anesthetic Management

Adequate preoperative preparation of “wet lungs” is crucial to 
the perioperative management and outcome. The aim should 
be to reduce the sputum production to the minimum possi-
ble. The patient should be managed with physiotherapy and 
dependent drainage, good hydration, frequent humidification/
nebulization, and appropriate antibiotics and bronchodilators, 
as required. This regime should be started early and continued 
until surgery.

Except where a median sternotomy is required, as in the 
case of bilateral pulmonary hydatid cysts, most thoracotomies 
are performed in the lateral decubitus position. Isolation of 
the diseased or nondependent lung is required so as to prevent 
soiling of the “good” dependent lung, to provide adequate 
ventilation of the noninvolved lung as in the case of a BPF 
or to improve surgical exposure for intrathoracic procedures 
such as video-assisted thoracoscopy.

Isolation of the lung is often achieved with a disposable 
endobronchial DLT or bronchial blocker placed accurately 
with the help of a fiberoptic bronchoscope. However, an 
appropriate size fiberoptic bronchoscope, blocker, or DLT 
may not always be available. Reusable, autoclavable, red rub-
ber Robertshaw or Carlen’s DLTs are most commonly used. 
Clinical judgment and experience are heavily relied upon for 
accuracy of placement. A commonly used blocker is a Foga-
rty arterial embolectomy catheter (Edwards Life Sciences, 
Irvine, CA, USA) placed on the diseased side through a rigid 
bronchoscope with an ETT passed alongside it subsequently. 
Its position is then confirmed clinically and with a fiberop-
tic bronchoscope, if available. Accidental dislodgement of 
a blocker can be catastrophic if there is an occlusion of the 
trachea or the mainstem bronchus of the dependent lung. 
The Arndt endobronchial blocker (Cook Medical, Blooming-
ton, IN, USA) though very good is expensive and requires a 
fiberoptic scope for placement. The Univent tube (Fuji Sys-
tems Corporation, Tokyo, Japan) is expensive and though 
the smallest size has an internal diameter of 3.5 mm its outer 

diameter is such that the smallest patient in whom it can be 
placed is 7–8 years old.

In places where DLTs are not available or in young children 
where the available DLTs are too large, many advocate the pas-
sage of a single-lumen ETT down the main bronchus of the 
dependent lung. The Murphy’s eye or a hole cut in the tube is 
expected to provide ventilation to the right upper lobe if the tube 
is down the right main bronchus. This method of lung isolation 
is neither complete nor effective and provides the anesthetist 
with a false sense of security. The tube may move during posi-
tioning or surgery and ventilation to the right upper lobe may be 
compromised. Furthermore, purulent secretions or blood will 
soil the dependent lung as the tube does not fit snugly in the 
main bronchus (see Fig. 33.13a). The tube is often smaller than 
that used for an ETT and suctioning is more difficult. Many 
of these problems can be overcome with the use of the largest 
 possible ETT, a steep head down tilt, and frequent suctioning 
(see Fig. 33.13b). This technique is not possible with mechani-
cal ventilation in the presence of a BPF but can be used with 
spontaneous ventilation [45] (see Fig. 33.14). Another option 
in case of a “wet lung” is for the surgeon to operate through an 
antero-lateral incision with the patient in the head down position. 
However, few surgeons are comfortable with this approach.

Tubes, monitors, and catheters should be secured and venti-
lation checked before positioning the patient and then checked 
again before the start of surgery. Monitoring is often only by 
a pulse oximeter, NIBP, a hand on the pulse and an eye on 
the surgical field. Ventilation is often manual but sophisticated 
monitors and ventilators are available in many centers. ECG, 
end-tidal CO

2
, temperature, intra-arterial blood pressure, and 

blood gas monitoring are used wherever possible.
Two working suctions, one for the surgeon and one for the 

anesthetist, are essential during thoracic anesthesia. If there is 
no central suction and electricity is unreliable, a foot operated 
pneumatic suction should be kept as a standby. Extra cylinders 
of oxygen and/or an oxygen concentrator should always be 
available.

Fig. 33.13. Strategies to minimize soiling of the 
“good lung” using a single lumen ETT. Arrows 
show direction of flow of blood and secretions. 
(a) Shows a small ETT passed down the main 
bronchus of the dependent lung. It provides 
inadequate protection. (b) The use of a large 
ETT with the table tilted steep head down, 
though not foolproof, provides better protection 
and ease of suctioning.
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Tuberculosis

Tuberculosis (TB) is a major health hazard in developing 
countries. It is caused by the tubercle bacillus, Mycobacte-
rium tuberculosis, which is usually transmitted by droplet 
infection. It affects the lungs most commonly but may affect 
any organ in the body. Diagnosis is by identification of the 
acid fast bacillus (AFB) in the sputum or gastric aspirate or by 
culture of the sputum or tissue (traditional cultures take 4–8 
weeks, newer methods 2–4 weeks) [46].

Classically, primary tuberculosis appears as a small focus 
of exudative pneumonia in the periphery of the middle and 
lower zones of the lung. These drain into a hilar or paratra-
cheal lymph node forming the “primary complex.” The pri-
mary site may also be in the pleura. In the majority of cases, 
these lesions heal spontaneously. In immunocompromised or 
malnourished patients, primary pulmonary tuberculosis may 
progress rapidly to clinical illness with pleural effusion, necro-
sis, and cavitation of the lung. Hematogenous spread from a 
caseating lymph node may affect any organ. Compression or 
erosion of bronchi may cause obstruction atelectasis [47].

Reactivation, post primary, “adult type,” or secondary tuber-
culosis results from endogenous reactivation of latent infection 
and almost always infects the apical or apical-posterior seg-
ment of an upper lobe where the relatively high oxygen ten-
sion favors mycobacterial growth. The tuberculous infiltration 
often increases in size with diffuse pneumonic consolidation. 

It may undergo cavitation or invade the blood stream produc-
ing miliary tuberculosis. Productive cough with variable quan-
tities of sputum and/or hemoptysis in a debilitated patient are 
hallmarks of pulmonary tuberculosis. Other pulmonary com-
plications include pneumothorax, pleural effusion, empyema, 
BPF, massive hemoptysis, fibrosis with loss of parenchymal 
volume, and distortion of the tracheobronchial tree including 
bronchial stenosis (see Fig. 33.15).

In recent years, the convergence of human immunodefi-
ciency virus (HIV) and the TB pandemic in developing coun-
tries has been a disaster practically unequaled in history with 
sub-Saharan Africa bearing the brunt of it. Infection with the 
tubercle bacillus proceeds rapidly to active disease and those 
coinfected with HIV are often smear negative. At present there 
is no sensitive, specific, rapid point of care diagnostic test for 
TB. The prolonged incubation time of traditional culture tech-
niques delays time to diagnosis and institution of effective 
antituberculous therapy.

Anesthetic management principles are the same as for 
other infectious pulmonary diseases (see Sect. “Bronchiecta-
sis”). Note that “open tuberculosis,” where bacilli are present 
in the sputum, is contagious and health care workers must 
take adequate precautions to protect themselves and other 
patients.

Hydatid Disease of the Lung or Pulmonary 
Echinococcus

Pulmonary hydatid cysts are watery, parasitic cysts, containing 
larvae of the dog tapeworm, Echinococcus granulosus [48].  
Echinococcosis is worldwide in distribution and is endemic 

Fig. 33.14. A bronchoatmospheric fistula. The surgeon’s view of the 
distal bronchial lumen of a left-sided DLT is seen through the open 
left upper lobe bronchus after evacuation of a lung abscess.

Fig. 33.15. The chest X-ray of a patient with pulmonary tuberculosis 
demonstrating fibrosis and cavitation of the right upper lobe with 
loss of lung parenchyma and distortion of the trachea.
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in Australia, New Zealand, South America, Arctic North 
America, Africa, and parts of Asia. Although primarily a 
problem in developing countries, patients may present for sur-
gery in developed regions and the management goals are the 
same. The fully matured cysts are composed of three layers.

The outer layer, or pericyst, composed of inflamed fibrous 
tissue from the host; the exocyst, an acellular laminated mem-
brane; and the innermost layer, or endocyst which is the ger-
minative layer of the parasite producing brood capsules or 
secondary cysts that bud internally. An intact cyst, if large, 
may be filled with liters of fluid which is antigenic and con-
tain debris consisting of hooklets and scolices referred to as 
“hydatid sand.” Daughter cysts may develop directly from 
the endocyst resulting in multicystic structures. The disease 
occurs more in young individuals and the liver and lungs are 
the most commonly affected organs. Pulmonary hydatids may 
be unilateral (right lung in ~ 60%), 30% exhibit multiple pul-
monary cysts, 20% are bilateral, and 60% are located in the 
lower lobes [49]. Pulmonary cysts increase in diameter at the 
rate of approximately 1–5 cm/year.

Clinical features depend on the site and size of the cysts. 
Small cysts remain asymptomatic for many years while large 
ones can become medically problematic in several ways. 
By mass effect, they may exert pressure on adjacent struc-
tures (bronchus, bone, great vessels, esophagus, etc.) causing 
bone pain, vascular and airflow obstruction, etc. Spontane-
ous or traumatic rupture may occur, sending fluid, parasites, 
or laminated debris into adjacent tissue, bronchus, pleura, or 
the circulation (systemic emboli). Hypersensitivity reactions 
can range from urticaria to life-threatening bronchospasm and 
anaphylaxis. Drainage into the bronchi may cause dramatic 
expulsion of fluid with respiratory distress or asphyxiation, 
depending on the amount of fluid involved. Rupture into the 
pleural space may result in a large hydro-pneumothorax, severe 
dyspnea, shock, suffocation, or anaphylaxis. Rupture becomes 
more dangerous and more likely as cysts become larger or 
the patient has been treated with helminthics (see below). 

It is recommended that any cyst larger than 7 cm should be 
removed [50]. Ruptured cysts may become infected with bac-
teria or saprophytic or invasive fungi [51]. Hydatid disease 
is a rare cause of recurrent pulmonary embolism. Nonviable 
cysts show total calcification of their cyst walls. Diagnosis is 
by chest X-ray or CT scan (see Fig. 33.16a, b).

Surgical goals are complete removal of the intact unrup-
tured cyst and maximal preservation of functional lung. 
Small, intact, peripheral cysts are often easily enucleated 
without loss of lung parenchyma. Enucleation involves blunt 
separation of the laminated layer from the surrounding peri-
cystic zone (fibrous reactive host layer), with care to prevent 
rupture. Lung isolation or reduced airway pressure during dis-
section may be helpful in preventing early herniation of the 
cyst. Increased airway pressure at the time of delivery may aid 
delivery of the cyst (gentle hand ventilation with a sustained 
inspiratory “hold” is very helpful at this time). An alternative 
surgical strategy is to inject a scolicidal agent such as hyper-
tonic saline, cetrimide, povidone iodine, formalin, ethanol, or 
hydrogen peroxide into the intact cyst to sterilize it, followed 
by aspiration of the contents and removal of the evacuated 
cyst. The operative field is protected with 1% formaldehyde 
or hypertonic saline.

Segmentectomy or lobectomy is indicated when single or 
multiple cysts occupy most of the segment or lobe. Patients 
with suppurative cysts should be prepared for surgery with 
postural drainage and antibiotics. The multiple bronchial 
openings in the residual cavity must be identified and closed. 
Multiple “leak tests” with saline in the residual opening may 
be required to locate all bronchial openings. Capitonage (i.e., 
quilting, or suturing of the anterior to posterior cyst walls) is 
recommended to close the cavity completely. A deliberately 
created bronchoatmospheric fistula (BAF) has been described 
in cases where there are large bronchial openings and there 
is fear of leaving a BPF or compromising air flow distally, if 
sutured. Ventilation is best managed spontaneously after cre-
ation of the BAF [52].

Fig. 33.16. Hydatid cyst mimicking a fungal ball in the left chest. (a) Supine and (b) prone CT images. Note that the contents of the cyst have 
moved with the position of the patient.
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Medical management associated with surgery: It has been 
suggested that anthelmintics weaken the cyst wall increasing 
the likelihood of cyst rupture [53]. However, if spillage of 
cyst contents occurs either spontaneously or after manipula-
tion either mebendazole or albendazole (better bioavailability) 
should be given to decrease the risk of secondary hydatido-
sis. If prophylactic medical therapy is chosen, it should start 
4 days prior to surgery and be continued for 1–3 months.

Postoperative Care and Analgesia  
for Thoracic Patients

Most postoperative wards are understaffed and the care of the 
patient is often left to the relatives, be it feeding, cleaning, or 
physiotherapy. They provide not only nursing care but also 
love and support around the clock contributing immeasurably 
to the patients’ recovery.

Postoperative pain relief is poorly addressed partly due to 
ignorance, the fear of respiratory depression, the nonavail-
ability of drugs or equipment such as infusion pumps and 
inadequate nursing care. There is often no designated post-
anesthetic care unit with trained personnel, monitoring, and 
equipment. The challenge lies in finding analgesic techniques 
that will provide pain relief without compromising respiration 
or require expensive equipment and trained personnel.

Ideally, postoperative pain relief must start preemptively. 
Acetaminophen or NSAIDS may be given with the premedi-
cation or suppositories placed after induction. An intercostal 
block or paravertebral block may be placed prior to incision 
and an interpleural catheter placed by the surgeon at the end of 
the procedure. Systemic narcotics may then be used sparingly 
intraoperatively and avoided postoperatively. This will ensure 
an awake, pain free patient who is breathing spontaneously at 
the end of surgery.

How does the interpleural block work? The local anesthetic, 
when placed in the paravertebral gutter, between the parietal 
and visceral pleura, diffuses through the parietal pleura and 
innermost intercostal muscles to block more than one inter-
costal nerve. It proceeds further medially to block the sym-
pathetics as is seen by Horner’s syndrome developing in high 
blocks especially if the patient is in a “head down” position. 
This block is unilateral and hypotension does not occur as it 
does in epidural blocks [54]. Interpleural blocks may be used 
in patients requiring analgesia for the T2 to T12 dermatomes. 
These blocks are especially useful in centers where there are 
no infusion pumps or close monitoring facilities. The inter-
pleural catheters we use are 5 F or 7 F infant feeding tubes 
(inexpensive), placed by the surgeon, through a site other than 
the drain site, so as to ensure an airtight fit and prevent air 
entrainment. A three-way stopcock is fixed to the outer end 
of the catheter making top-ups cleaner and safer, with no air 
entrainment during top-ups. The “top-ups” of 0.25% bupiva-
caine, 0.5–0.75 mL/kg, are given four hourly after clamping 
the chest drain, with the patient lying lateral with the operated 
side up. The clamp on the chest drain is removed after 20 min. 

This block is more effective in the child or adolescent than 
in the adult (perhaps the parietal pleura is thicker) or when 
an infusion is used (loss of drug through the chest drain). 
This regime is also not possible when there is a large air leak 
(clamping the tube could precipitate a pneumothorax) or if 
there is significant chest drainage (loss or dilution of drug). 
Complications, though rare, include pneumothorax, catheter 
displacement, and infection [55].

In centers where infusion pumps, monitors, and trained per-
sonnel are available, a thoracic epidural or patient-controlled 
analgesia (PCA) is used. Central neuraxial blocks require ste-
rility and close hemodynamic monitoring.

Clinical Case Discussion

Case: A 65-year-old female patient has a right pneumonec-
tomy for lung cancer. The patient is an ex-smoker with no 
significant comorbidities. After placement of a thoracic 
epidural catheter and induction of general anesthesia, the 
patient’s airway is managed with a 37 F left-sided DLT. After 
an uncomplicated 3-h operation, the patient is extubated in 
the operating room and transferred in stable condition to the 
recovery room. The right chest drain is removed on postopera-
tive day 1 on the surgical ward (see Fig. 33.17a). The patient’s 
postoperative course is uncomplicated for the first 6 days. On 
day 7 the patient suddenly develops a cough productive of 
large amounts of sero-sanguinous fluid and becomes acutely 
dyspneic, hypoxemic, tachycardic, and hypertensive.

What is the most likely diagnosis?
What is the differential diagnosis?
How do you confirm the diagnosis?
What is the correct treatment?

Diagnosis: In the clinical context of the sudden onset of dys-
pnea in the early postoperative period following a pneumo-
nectomy with the new onset of a productive cough, the most 
likely diagnosis is a BPF due to the dehiscence of the bron-
chial stump. The differential diagnosis would include a pul-
monary embolus, pneumonia, myocardial infarction, cardiac 
herniation, and postpneumonectomy pulmonary edema. The 
diagnosis is confirmed by the chest X-ray (see Fig. 33.17b) 
which shows the new appearance of multiple air-fluid levels 
in the right hemithorax, which is pathognomonic for a post-
operative BPF. When this occurs in the early postoperative 
period following a pneumonectomy associated with severe 
respiratory compromise it requires immediate surgical repair 
of the fistula.

Management: The patient is transferred to the operating room 
for an emergency right thoracotomy and repair of BPF.

What are the specific anesthetic considerations for repair 
of a BPF?
Prior to induction of anesthesia what procedure must be 
performed for this patient?
What are the options for induction of anesthesia with a BPF?
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What are the options for airway management for this 
patient?
Which of these options is the most appropriate manage-
ment for this patient?

Discussion: The specific anesthetic concerns in a patient with 
an early postoperative BPF are avoidance of soiling of the 
healthy lung by infected secretions from the operative hemith-
orax and avoidance of tension pneumothorax and ensuring 
adequate gas exchange by minimizing loss of expired tidal 
volume via the fistula (see Sect. “Bronchopleural Fistula”). 
This patient should have a chest drain placed in the right 
hemithorax prior to induction of anesthesia to avoid the possi-
bility of tension pneumothorax with positive pressure ventila-
tion and to drain as much of the infected fluid as possible from 
the right chest. Options for induction of general anesthesia in 
a patient with a BPF are awake fiberoptic intubation and lung 
isolation prior to induction of anesthesia, induction of anes-
thesia maintaining spontaneous ventilation until lung isolation 
is confirmed, or modified rapid sequence induction avoiding 
positive pressure ventilation until lung isolation is achieved. 
The options for airway management in this case are either a 
single- or double-lumen left-sided endobronchial tube, a bron-
chial blocker is not an option due to the short length of the 
postpneumonectomy bronchial stump. In this elderly patient 
with dyspnea and hypoxemia, the optimal management would 
be a modified rapid sequence induction with direct FOB guid-
ance of either a single- or DLT into the left mainstem bron-
chus. The patient should be in a slight head up and slight 
right-lateral tilt position during induction to decrease the risk 
of soiling of the left lung.
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34
Massive Hemoptysis
Jean S. Bussières 

Key Points

With massive hemoptysis, death is usually caused by 
asphyxiation rather than by exsanguination.
Urgent management focuses on the prevention of asphyxia 
while the source of bleeding is addressed.
Endobronchial and/or angiographic control is usually pos-
sible.
Bronchial artery embolization is now the treatment of 
choice.
There is now less indication for surgery and surgical results 
are better in stabilized, “elective,” nonbleeding patient.
Pulmonary artery injury is rare but has high mortality.

Introduction

Massive hemoptysis is a medical emergency that places the 
patient at risk of asphyxiation and death. Because of the explo-
sive clinical presentation of massive hemoptysis, it is essen-
tial to respond quickly and appropriately. This is a potential 
lethal condition that deserves to be investigated thoroughly 
and brought under control promptly [1].

The definition of massive hemoptysis may vary depend-
ing on the publication. It is usually based on the volume 

of blood expectorated. In the literature, we can find large 
variations between the definitions. They range from 100 to 
1,000 mL/24 h [2–4]. By consensus (see Table 34.1), mas-
sive hemoptysis is defined as a rate of bleeding exceeding 
600 mL/24 h, meaning 25 mL/h. Only 1.5–5% of hemoptysis 
are really massive [1]. Exsanguinating hemoptysis is defined 
as a bleeding rate exceeding 150 mL/h or blood loss over 
1,000 mL/24 h or over 300 mL during one expectoration [5]. 
Quantification of massive hemoptysis may be difficult and, 
from a clinical point of view, such criteria are not useful. Based 
on the fact that the anatomic dead space of the major tracheo-
bronchial tree is about 200 mL in most adults [6], other defini-
tions relying on the magnitude of the clinical effects have been 
proposed. Massive hemoptysis can be defined as the volume 
of expectorated blood that is life-threatening mainly by virtue 
of airway obstruction and rarely by blood loss.

Massive hemoptysis compared to moderate or minor 
hemoptysis represents a higher risk of mortality for the patient. 
Published series on patients presenting massive hemopty-
sis showed a mortality rate with medical management vary-
ing from 12 to 50%. Mortality rate was greater than 50% 
in patients not treated adequately [1]. Decision-making is a 
 multidisciplinary process involving a critical care physician, 
pulmonary medicine bronchoscopist, interventional radiolo-
gist, thoracic surgeon, and anesthesiologist.

Introduction .................................................................................................................. 485

Historical Considerations ............................................................................................. 486

Etiologies ..................................................................................................................... 486

Clinical Manifestation .................................................................................................. 486

Initial Management of Massive Hemotysis ................................................................. 487

Life-Threatening Intervention ...................................................................................... 487

Diagnostic Tools and Therapeutic Approaches ........................................................... 488

Iatrogenic Pulmonary Artery Rupture ......................................................................... 491

Pulmonary Artery False Aneurysm (PAFA) ................................................................ 493

Posthemoptysis Evolution ............................................................................................ 493

Conclusion ................................................................................................................... 494

Clinical Case Discussion .............................................................................................. 494



486 J.S. Bussières

Historical Considerations

Massive hemoptysis treatment was at first exclusively 
 surgical. From the 1940s to the 1960s, different surgi-
cal approaches have been used to control and treat massive 
hemoptysis. In 1973, Remy et al. [7] changed management 
forever with the first report of bronchial artery embolization 
(BAE). Hiebert in 1974 [8], described the first successful use 
of a Fogarty balloon catheter through a rigid bronchoscope 
to tamponade bleeding in a moribund patient with massive 
bronchial hemorrhage. Subsequently, the use of the broncho-
scope progressively changed from a rigid device to the flexi-
ble fiberoptic bronchoscopy (FOB). More recently, the role of 
early bronchoscopy, mainly with a FOB, is questioned since 
BAE is easy to perform and so effective.

Since the introduction of radiological embolization, there 
are less frequent interventions by anesthesiologists for  massive 
hemoptysis. With the rapid use of BAE, potentially massive 
hemoptysis are rapidly controlled and there is less and less 
need for surgical interventions (emergent, semi-emergent, or 
elective posttreatment), and therefore there is less anesthe-
sia. Consequently, an anesthesiologist is only occasionally 
required to help with airway management, for lung protection 
and for assistance during radiological intervention.

The literature usually refers to old publications and there 
are only retrospective series or anecdotal reports that support 
recommendations for investigation and a treatment plan for 
massive hemoptysis. It is easy to understand that it is very dif-
ficult to design a prospective, randomized, controlled trial in 
this type of population.

Etiologies

Hemoptysis is defined by coughing of blood that originates 
from the tracheo-bronchial tree or pulmonary parenchyma. 
There are many potential causes of massive hemoptysis. It is 
very important to rapidly rule out any nonpulmonary bleeding 
since it can be originating from the nasopharynx or from the 
upper gastrointestinal tract.

The lungs have a dual blood supply, the bronchial arter-
ies and branches from the aorta that brings nutrients to the 
lung parenchyma and major airways. The bronchial tree is 
implicated in massive hemoptysis in more than 90% of cases. 
Bronchial arteries typically arise from the thoracic aorta or its 
branches, although as many as 30% can arise from other loca-
tions [6]. The same vessels that supply the bronchial arteries 

may also supply the esophagus, the mediastinal nodes, and, 
more importantly, the spinal cord, through a complex anas-
tomotic network [9]. Bronchial arteries are a high-pressure 
system and bronchial arterial bleeding is distinctively brisk 
and bright red.

Pulmonary arterial circulation is responsible for gas 
exchange; it is involved in less than 5–10% of cases as 
 origin of massive hemoptysis. The pulmonary bed is a high-
compliance and usually a low-pressure system (15–20 mmHg 
systolic and 5–10 mmHg diastolic). If there is pulmonary artery 
hypertension, this low-pressure system may be modified to a 
high-pressure system, reaching sometimes the systemic level. 
Dark blood is more consistent with pulmonary artery bleeding 
since the blood is not sufficiently oxygenated.

Hemoptysis originates from systemic, namely bronchial, or 
from pulmonary vessels. The most frequent causes of bronchial 
tree hemoptysis are inflammatory lung disease (bronchiectasis 
and tuberculosis) and neoplasm (see Table 34.2). The most 
common causes of hemoptysis from the pulmonary circula-
tion are arterio-venous malformation (AVM) and Rasmussen’s 
aneurysms (due to tuberculosis). Pulmonary artery iatrogenic 
rupture from a pulmonary catheter (Swan-Ganz) happens 
rarely, but as anesthesiologists are frequently implicated in its 
origin, we will discuss it in depth later in this chapter.

Clinical Manifestation

In the acute phase of hemoptysis, there is an accumulation 
of blood in the dependant part of the lungs. Through the 
cough reflex, blood is expelled, producing the  hemoptysis. 

Table 34.2. Possible causes of massive hemoptysis.

Infectious
Bronchiectasis (including cystic fibrosis)
Chronic bronchitis
Tuberculosis
Nontuberculous mycobacteria
Lung abscess
Necrotizing pneumonia
Mycetoma

Cardiovascular
Arterio-venous malformation
Pulmonary embolism or infarct
Mitral stenosis
Aortic aneurysm or broncho-vascular fistula
Vasculitis, Wegener’s granulomatosis

Neoplastic
Lung cancer
Bronchial adenoma
Pulmonary metastases

Miscellaneous
Aspirated foreign body
Pulmonary contusion, trauma
Idiopathic pulmonary hemosiderosis
Iatrogenic: trans-thoracic or trans-bronchial biopsy, or pulmonary artery 

catheter

Table 34.1. Definition of hemoptysis.

Hemoptysis Massive Exsanguinating

One expectoration (mL) >300
mL by hour >25 >150
mL by 24 h >600 >1,000
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During that time, blood may disperse bilaterally in the 
 bronchial tree and the diagnosis of the side of bleeding may 
be confusing.

The degree of bleeding may be easily underrated because 
the volume of blood contained in the involved lobes or lungs 
is not evident and may be significant [1]. Many patients with 
hemoptysis have compromised lung function, and even small 
quantities of blood in the bronchial tree can lead to significant 
respiratory distress. Expectorated blood is often swallowed 
and cannot be measured. Asphyxia is the most life- threatening 
manifestation of massive hemoptysis, well before hemody-
namic instability appears. Asphyxia is the usual cause of death 
associated with massive hemoptysis.

Initial Management of Massive Hemotysis

There is little consensus regarding the optimal management of 
patients presenting with massive hemoptysis. Moreover, there 
are few recent, post2000, large series of patients studied. In this 
section, we will present conclusions of these studies, some con-
sensus from the literature and also various controversies.

Initial management of massive hemoptysis needs to achieve 
a number of objectives quickly and simultaneously. The initial 
step in management of hemoptysis is to differentiate between 
minor and massive hemoptysis. The approach to the patient 
presenting massive hemoptysis can be generally done in three 
steps: [10] airway protection, localization, and treatment. The 
initial approach to the patient should be dictated by the clini-
cal presentation. Patients with rapid bleeding or severe func-
tional decompensation need firstly protection of the airway, 
meaning that every effort should be made to protect the nonaf-
fected lung against blood spillage and to maintain adequate 
gas exchange to prevent asphyxia [11]. Hypoxia secondary 
to lung spillage or blood clots is the main cause leading to 
death. Secondly, it is essential to localize the source of bleed-
ing, meaning finding the site (and etiology…), or at least the 
side of the massive hemoptysis. Thirdly, the administration of 
the specific therapy is mandatory. Treatment options include 
conservative medical therapy, endobronchial therapy, arterial 
embolization, or surgery.

All patients presenting massive hemoptysis should be 
admitted to an intensive care unit for further investigation and 
treatment or transferred to the radiological suite for computed 
tomographic (CT) or angiogram, or less frequently, to the 
operating room. While undergoing diagnostic procedures, the 
patient should be kept as upright as possible and 100% oxygen 
should be administered. Appropriate venous access should be 
put in place and blood should be available from the blood bank. 
A coagulation profile should be prepared to demonstrate any 
coagulopathy, including platelet dysfunction from drugs such 
as acetylsalicylic acid (Aspirin®) or clopidogrel  (Plavix®). 
Every effort should be made to reverse  anticoagulation, if 
 possible. Invasive therapeutic measures are not indicated for 
the control of hemoptysis caused by  anticoagulant therapy, 

blood dyscrasia, or Goodpasture’s syndrome [1]. Blood loss 
from these causes is rarely massive enough to significantly 
affect hemodynamics, slight hypotension may be treated with 
volume replacement.

Light sedation with anxiolytic drugs or cough suppression 
drugs are rarely useful in the acute phase of massive hemop-
tysis [11]. Once the immediate danger has passed and bleeding 
is settling, these drugs may be used to depress the excessive or 
violent coughing that can aggravate or stimulate hemoptysis [6]. 
Do not administer bronchodilators because they can have vaso-
dilator results and may precipitate renewed bleeding [12].

Life-Threatening Intervention

Faced with massive hemoptysis, several strategies to prevent 
airway contamination should be available. If lung isolation 
is delayed or not used, the patient intubated or not, should be 
placed in the lateral decubitus position with the bleeding lung 
on the dependant (inferior) side to prevent spillage to the unaf-
fected lung (nondependant, superior side).

Lung isolation may be used to avoid spillage to the unaf-
fected lung by blood from the bleeding lung. Lung isolation 
can be performed with different techniques including a selec-
tive endobronchial intubation with a standard endotracheal 
tube, or the use of a bronchial blocker (BB) or insertion of a 
double-lumen tube (DLT). The two last lung isolation tech-
niques are not specific to hemoptysis as they are used regularly 
during anesthesia for thoracic surgery [13] (see Chap. 16).

Mainstem bronchial selective intubation with a large uncut 
endotracheal tube is facilitated by the use of a fiberoptic bron-
choscope (FOB), if the visualization is good enough to permit 
the guidance of the tube. Blood and clots may obstruct the 
view from FOB. Blood highly absorbs the light of the FOB, 
and consequently alters its capacity to identify the tracheal 
bifurcation and the guidance of the endobronchial tube. Blind 
endobronchial insertion may be attempted and verified by 
auscultation. The presence of large amount of blood in the 
main airway may hinder auscultation.

BBs may be used for lung isolation or act as a therapeutic 
avenue when facing massive hemoptysis. Bronchial block-
ing devices may be used for lung separation when a DLT is 
not immediately available or when there is some difficulty in 
inserting a DLT (e.g., percutaneous tracheotomy [14]). As for 
any other lung isolation devices, the use of FOB is manda-
tory, but the airway visualization may be difficult because of 
the presence blood and clots. A BB may be used in a non-
intubated (through nostrils) or intubated patient. It can be 
positioned and stabilized alongside or inside the lumen of the 
endotracheal tube or DLT. In some situations, the BB may be 
introduced through a DLT. At that time, the use of very small 
FOB (2.8 mm) may be necessary, mainly with a smaller size 
DLT (35–37 Fr).

Nevertheless, endobronchial blockers may be used 
when facing a catastrophic exsanguinating hemoptysis [15], 
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as a temporary measure in life-threatening situations until a 
more specific treatment is applied. It is an excellent method 
to achieve control of the bleeding and to protect the contra-
lateral lung and potentially the ipsi-lateral nonbleeding lobes 
or segments. The technique of endobronchial tamponade for 
bleeding control in massive hemoptysis was first introduced by 
Hiebert in 1974 [8]. The author occluded a bleeding bronchus 
with a balloon catheter inserted through a rigid bronchoscope. 
Different catheters have been used for this application: Foley 
catheter, Fogarty catheter [16], Swan-Ganz catheter, specific 
double balloon catheter, and more recently BBs. In addition to 
the tamponade effect, the administration of vasoactive drugs 
is possible through the inner channel [16]. This gives time to 
proceed with a therapeutic and more definitive intervention. 
The BB should be replaced by a DLT or a single-lumen tube 
to permit further evaluation and suctioning of the bleeding 
lung. The BB should always be deflated under FOB vision. 
In 2006, Giannoni et al. [17] described a bilateral concurrent 
massive hemoptysis successfully controlled with the place-
ment of more than one balloon catheter. Their patient was not 
intubated since a single-lumen tracheal tube could not allow 
the insertion of three devices (FOB and two blockers) inside 
the tube. They inserted each balloon through the nostrils.

A third alternative for the management of the airway during 
massive hemoptysis is the placement of a DLT, or endobron-
chial tube. These DLTs are specially designed for selective 
intubation of the right or left mainstem bronchi [18]. For mas-
sive hemoptysis, selective intubation of the left lung is prefera-
ble. The left-sided tube is easier to position than the right-sided 
tube which carries the risk of obstruction of the right upper 
lobe bronchus. DLTs have a bad reputation in the literature 
when used in the context of massive hemoptysis. Nevertheless, 
some of these publications are older [18] than the introduc-
tion of the “new” polyvinyl chloride DLTs whose positioning 
can be verified with the FOB. Other publications [1] refer to 
the use of DLTs for other conditions than massive hemoptysis 
and their conclusions cannot be used to determine the safety of 
DLTs during massive hemoptysis [19]. However, it has been 
demonstrated that anesthesiologists, with limited experience in 
thoracic anesthesia, frequently fail to successfully place lung 
isolation devices, DLTs or BBs [20].

When working in collaboration with thoracic anesthesiolo-
gists, it is our opinion that inserting a left-side DLT is a good 
strategy. The lumen to the nonbleeding lung is used to venti-
late the patient. The other lumen, to the bleeding lung, per-
mits passage of a pediatric FOB. These FOBs, with a diameter 
less than 4.2 mm, have a working channel allowing suction of 
blood and clots from the bleeding site. The lumen directed to 
the bleeding lung may be used to carry out a relatively “blind” 
and very careful catheter aspiration. With attentive care, the 
lumen may be cleared of blood or clots. The application of 
CPAP or mechanical ventilation with PEEP to the bleeding 
lung may help to decrease the bleeding and/or to improve the 
patient’s gas exchange.

Insertion of a DLT may be hazardous, even for an 
 experienced anesthesiologist facing a hemorrhagic airway. 
Copious amounts of blood can make the use of FOBs quite 
difficult. A well-positioned DLT may easily be displaced 
 during the frequent transfers of the patient from ICU to radio-
logic suites or frequent patient’s repositioning in bed. The 
author prefers to use left-side DLT with a carinal hook to sta-
bilize the DLT onto the carina and fix it to the maxillary bone 
to minimize its displacement. Sometime, in face of massive 
hemoptysis, the use of a carinal hook helps to “blindly” place 
a DLT. It is important to note that BBs are at higher risk of 
dislodgement with movement or transfer of the patient than 
DLTs. Consequently, patients with a DLT or a BB in place 
should not be moved unless absolutely necessary and some-
times these patients should receive muscle relaxants [21, 22].

Once adequate lung isolation is achieved, the patient can be 
placed in the lateral decubitus position with the bleeding lung 
superior. The inferior, (nonbleeding) lung, will thus receive 
most of the pulmonary blood flow and this will help to con-
trol the hemorrhage, as it decreases the perfusion in the upper 
lung. This position will also improve ventilation/perfusion 
matching. The patient should be ventilated with 100% oxygen 
and PEEP should be applied to the inferior lung (nonbleeding) 
in order to improve gas exchange. PEEP or CPAP may also 
be used on the upper (bleeding) lung acting for a hemostatic 
effect and to help gas exchange.

Diagnostic Tools and Therapeutic 
Approaches

There is a controversy concerning the sequence of radiologi-
cal interventions. Initial CT scan is thought to shorten exami-
nation time, but in a patient with massive hemoptysis etiologic 
diagnosis is less important than immediate interruption of the 
bleeding process by beginning with angiography [23].

Chest radiography is readily available and is an important 
diagnostic tool in finding the cause of bleeding, comparing it 
with prior films, if possible, and localizing pulmonary pathol-
ogy. High definition computed tomographic (HDCT) scan-
ning angiography is an excellent diagnostic tool. Except for 
life-threatening situations, CT should be performed before 
the bronchoscopic exploration. CT has superior diagnostic 
capacity over bronchoscopy and chest radiography for dem-
onstrating underlying pathology and the site of bleeding in 
hemoptysis, especially in bronchiectasis, bronchogenic car-
cinoma, and aspergilloma cases [8, 10]. Vascular pathologies 
such as arteriovenous malformation or aneurysm, which are 
rare causes of hemoptysis, are also depicted very clearly in 
contrast-enhanced CT examinations [11]. With recent devel-
opments in multidetector CT technique, it is now possible 
to scan the whole thorax into very thin slices (1.25 mm) in 
a very short time (12–15 s) [12, 13]. Both the lesion caus-
ing hemoptysis and bronchial and nonbronchial systemic 
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feeding  arteries are detected during the same study using 
80–100 mL of  contrast medium. In angiography-controlled 
studies, 86–87% of the pathologic vessels detected by inva-
sive angiography were also discovered with CT angiography 
(CTA) [12, 13].

Bronchoscopy

For a patient presenting with massive hemoptysis, the medical 
team may choose to proceed with early or late bronchoscopy. 
This bronchoscopy may be rigid or flexible and its primary 
goal is to localize the site or at least lateralize the side of the 
bleeding source. The secondary goal is to clear the airway of 
gross blood. Finally, the third goal may be to use a therapeutic 
agent to control the bleeding. If the situation is not critical, a 
quick trial of FOB can be performed to determine the origin 
or at least the side of the bleeding. If the patient’s oxygenation 
is significantly compromised or the bleeding continues at a 
brisk pace, elective oral intubation with an endotracheal tube 
(8.0 mm or larger) should be performed; this may be done 
simultaneously with the bronchoscopy.

Timing

Although most authorities advocate bronchoscopy to help 
localize bleeding during massive hemoptysis, the moment 
when to use the bronchoscopy is still controversial [10]. In the 
literature, it is frequently mentioned that patients with massive 
hemoptysis require urgent bronchoscopy. The argument for 
this assertion is that bleeding will increase with time, making 
visualization difficult. It is reported that bronchoscopy helps 
to detect the bleeding site in a lung or lobe in patients with 
diffuse pulmonary disease [9].

More recently a new option is emerging. Patients present-
ing with massive hemoptysis are immediately directed to 
the angiographic suite to get a diagnostic angiogram and 
BAE at the same time. Patients at risk of asphyxia prior to 
the BAE benefit from lung isolation techniques. The FOB is 
then carried out later. The main argument for this sequence 
is that during the acute phase of severe massive hemoptysis, 
the airways are filled with large volumes of blood restrict-
ing the use of bronchoscopy and consequently impeding 
endobronchial treatment [7, 26]. Sometimes, endoscopic 
examination may aggravate bleeding and delay more effec-
tive treatment. Hsiao et al. reported, in 2001 [26], that bron-
choscopy was not a prerequisite in the treatment process 
considering the risk of airway compromise from sedation, 
delay in definitive treatment, hypoxemia, and high cost. In 
this study, bronchoscopy findings were taken into consider-
ation whenever they were available. Not having to perform 
a bronchoscopy did not affect the progress of endovascu-
lar treatment. Bronchoscopy findings have not altered the 
course of angiography and endovascular treatment in any of 
their patients.

Flexible bronchoscopy successfully localized the site of 
bleeding in 26 patients. In comparison, chest radiographs 
localized the bleeding site in 23 patients. This suggests that 
flexible bronchoscopy is effective at identifying the site of 
bleeding in patients with massive hemoptysis, but localizing 
a radiographic abnormality is sufficiently accurate to warrant 
proceeding to BAE without bronchoscopy [24].

Despite the “lack of proof” that early bronchoscopy is ben-
eficial, the general expert consensus favors an early bronchos-
copy, especially for patients with massive hemoptysis [3]. The 
early procedure provides clinicians with the maximal amount 
of information upon which to base future decisions, particu-
larly in patients who develop sudden recurrence or accelera-
tion of their bleeding. Nevertheless, early bronchoscopy has 
not been strictly proven to improve outcome.

Practically speaking, early bronchoscopy should be done 
within the first 12–18 h for the patient who is clinically stable 
or for whom bleeding has become quiescent. Alternatively, 
bronchoscopy is performed as early as it is safely feasible on 
the unstable, decompensating patient [24]. In some institu-
tions, in patients with massive hemoptysis who are unstable, 
diagnostic angiography is the preferred imaging method to 
localize the bleeding site because it allows for immediate 
treatment [27].

Type of Bronchoscopy

Depending on each institution’s preference, rigid and/or flex-
ible bronchoscopes are used to evaluate and to stabilize any 
patient presenting massive hemoptysis. The selection is likely 
to reflect the institution’s or the user’s experience [10]. No 
study addresses this issue.

Rigid

Rigid bronchoscopy has been, until recently, the procedure of 
choice after initial chest radiography. Many surgeons and much 
of the older literature strongly advocate the use of the rigid 
bronchoscope. Rigid bronchoscopy is preferred because of its 
ability to suction large quantities of liquid and clotted blood, 
to use a great variety of therapies during bronchoscopy, such 
as direct cauterization or packing of bronchial lesions, and to 
continuously provide ventilation. Obviously, operating room 
setting and general anesthesia are required. The distal range of 
inspection in the bronchial tree is significantly reduced com-
pared to the FOB.

Over time, the technique of rigid bronchoscopy is being 
less and less used and, as a result, is not available in many 
institutions [11]. Consequently, a rigid bronchoscope is 
usually used for patients with ongoing massive hemopty-
sis after an inadequate bedside FOB. The flexible bron-
choscope can also be used in conjunction with the rigid 
bronchoscope by passing it through its lumen. This allows 
a better examination of the more distal and the upper lobe 
airways [24].
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A survey in 1998 noted that 79% of physicians treating 
massive hemoptysis favored the flexible optic bronchoscope 
(FOB) as the initial technique compared to 48% in a similar 
survey performed in 1988 [28, 29].

Flexible

FOB has become more acceptable as an initial procedure for 
intubated or nonintubated patients. The main limitation of 
FOB compared to the rigid bronchoscope is its limited ability 
to produce adequate suction through its smaller port. Also, 
with massive hemoptysis, the presence of blood in the inferior 
airway may absorb the light transmitted by the FOB and con-
sequently decrease visualization [11].

For maximal safety, most patients should be intubated when 
bronchoscopy is indicated in presence of massive hemopty-
sis. If bleeding accelerates or recurs during the procedure, the 
bronchoscope can be removed, and suction can be applied 
while controlling the airway. The view obtained through the 
bronchoscope is commonly obscured by clots on the tip of 
the scope; thus, it is important to be able to safely remove the 
scope, clean the tip and suction the channel to continue the 
examination [24].

Endobronchial Therapy

Laser photocoagulation or resection, electrocauterization, and 
cryotherapy are useful tools for minor or moderate hemopty-
sis. Unfortunately, these techniques are rarely efficient against 
massive hemoptysis [11]. If bronchoscopy allows visualiza-
tion of a localized bleeding mucosal lesion, laser therapy or 
electrocauterization may be considered, if available. Both 
techniques can be used through a flexible or rigid broncho-
scope. Since excellent visualization of the bleeding site is 
required, the rigid bronchoscope may be preferred because of 
its better suction capability.

Pharmacologic Adjuncts

Some pharmacologic adjuncts may be used through the FOB. 
Topical agents such as warm saline may initially help to break 
down gross clots and identify the bleeding site [11]. Having iso-
lated the bleeding site, initial control may be obtained by using 
50 mL sequential aliquots of ice-saline lavage, up to 500 mL 
[10]. Topical epinephrine (1:20,000) is used to locally vaso-
constrict bleeding vessels. Thrombin, fibrinogen- thrombin, or 
fibrin-precursor solutions can be injected as hemostatic agents 
via intrabronchial infusion through a catheter inserted into a 
FOB wedged against the bleeding bronchus [30, 31].

As described earlier, BBs may be inserted into a bleeding 
bronchus under the control of a FOB to obtain an endobronchial 
tamponade. When a lesion is not amenable to embolization, 
as there are no feeding vessels, and if surgical resection is not 
thought to be a viable option, the best way to protect the con-
tra-lateral lung may be the insertion of a lung isolation device. 

But this measure may offer only a temporary relief. At that time, 
the use of self-expanding airway stent to cover over a bleeding 
segmental bronchial orifice may act as both tamponade and iso-
lation of the bleeding source [32].

Systemic Therapy

Intravenous vasopressin has been used to treat massive 
 hemoptysis, in a fashion similar to its use in gastrointestinal hem-
orrhage [33]. It should be discontinued before BAE, if possible 
[34–36]. Other therapies that may promote coagulation and that 
have been used successfully for massive hemoptysis include, 
intravenous estrogens (Premarin®), desmopressin (DDAVP), 
ADH (vasopressin), tranexamic acid (Cyclokapron®) [37–40], 
and recombinant activated coagulation Factor VII [41].

Bronchial Artery Embolization (BAE)

First reported by Remy et al. in 1973 [7], the use of BAE for 
management of massive hemoptysis has become widespread. 
It has become the main option for the treatment of massive 
hemoptysis, either at first presentation or in case of recurrence. 
Development of BAE has been a huge advance in treatment of 
patients with massive hemoptysis, both as a temporizing mea-
sure and as a definitive treatment for some patients [42]. After 
a number of improvements, it is now the procedure of choice 
in all patients except those immediately exsanguinating [6]. It 
is now considered the most effective nonsurgical treatment in 
massive hemoptysis [1]. In the hands of experienced angiog-
raphers, embolization successfully stops bleeding more than 
85% of the time, especially if the bronchial circulation and the 
systemic arterial supply are carefully defined [20, 21].

Multiple imaging modalities are used to confirm the diag-
nosis and to locate the bleeding site in stable patients. These 
include plain chest radiography, chest computed tomography 
and bronchoscopy. But in patients with massive hemoptysis 
who are unstable, diagnostic angiography is the preferred 
imaging method for localizing the bleeding site because it 
allows for immediate treatment [27].

The initial step for transcatheter embolization is perform-
ing a thoracic angiogram to visualize and localize all the main 
systemic arteries to the lung(s). Once the feeding arteries 
are localized, selective bronchial arteriography is performed 
to characterize the bleeding vessel. Once the bleeding ves-
sel is identified, an embolic agent is used. Postembolization 
bronchial arteriogram and thoracic aortogram are performed 
to ensure the complete blockage of all the feeding arteries 
with no further bleeding from vessels. Immediate recurrent 
hemoptysis often occurs due to missed feeding arteries that 
went untreated, whereas later recurrence may take place as a 
result of collateralization or recanalization of either the feed-
ing artery or new bleeding vessels [27].

Multiple publications (10 series including 609 patients, 
from 1983 to 2007) have demonstrated an immediate suc-
cess rate of controlled bleeding between 70 and 95% with a 
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 recurrence rate between 13 and 43%. These studies also report 
a  minimal immediate complication rate of less than 1% [27]. 
The most serious complication of BAE is the accidental embo-
lization of the anterior spinal artery (Adamkiewitz) either by 
contrast material or the embolizing particles causing ischemic 
injuries [1]. The anterior spinal artery originates from a bron-
chial artery in about 5% of patients. The reported incidence 
of this complication has been described as 1% [43]. This risk 
has been decreased by superselective embolization techniques 
using smaller catheters that can be placed distally [44]. Renal 
dysfunction resulting from the contrast load is a concern, espe-
cially in patients who are hemodynamically unstable due to 
blood loss [6].

Correct clinical evaluation and ventilation stabilization of 
the patient are mandatory before BAE in massive hemopty-
sis [23]. Intubating a patient with a single- or double-lumen 
tube helps to monitor, with the aid of FOB, the interruption 
of bleeding through a radiologic intervention and to clean the 
inferior airways from any residual blood and clots.

Surgery

Historically, pulmonary resection has been the most effective 
method to control and prevent recurrent bleeding [6]. Com-
paring the results with those of medical or surgical manage-
ment is difficult for several reasons. The criteria of eligibility 
for surgery differ among institutions and seem to be subject 
to surgical or institutional bias [1]. The primary problem is 
selection bias – that is, patients who are more likely to die are 
less likely to be operated on [6].

Patients with lateralized, ideally well-localized, uncontrol-
lable bleeding should be assessed early for possible surgery in 
case bleeding remains brisk and unresponsive to other mea-
sures. Surgery is reserved as an absolute last resort for opera-
tive candidates not salvageable by embolotherapy [6].

Patients presenting massive hemoptysis are too ill for phys-
iologic testing, historical data are therefore used to estimate 
the patient’s ability to undergo lung resection. Relative con-
traindications to surgery include severe underlying pulmonary 
disease, active TB, diffuse underlying lung disease (cystic 
fibrosis, multiple AVMs, multifocal bronchiectasis), and dif-
fuse alveolar hemorrhage.

Morbidity and mortality are significantly greater with 
emergent surgery for persistent massive bleeding compared 
to elective surgery in nonbleeding patients. In most series of 
emergent therapy, surgical mortality for treatment of massive 
hemoptysis is approximately 20%, ranging from 10 to 38% 
for series published between 2000 and 2003 [45–47], with 
morbidity occurring in an additional 25–50% of patients; 
however, most of these series are more than 20 years old.

The reasons for such high mortality and morbidity may be 
related to ongoing bleeding in unstable hemodynamic condi-
tions, together with soiling of other healthy bronchopulmo-
nary segments before and during the operation. Contamination 
of the contra-lateral lung before, during, and after surgery is 

a main cause of postoperative respiratory failure leading to 
prolonged ventilation, nosocomial pneumonia, and death [6]. 
Solutions are to delay the surgery with BAE, to obtain hemo-
dynamic stability preoperatively and to perform bronchial 
toilet pre and postoperatively. Before the critical decision to 
perform surgery, the surgeons should make sure that available 
interventional modalities such as balloon BBs, rigid bronchos-
copy, or BAE could be used in an optimal manner to buy time 
so as to delay surgery for a better surgical outcome.

Iatrogenic Pulmonary Artery Rupture

The use of a pulmonary artery catheter (PAC) is becoming 
less frequent in the operating room since the general use of 
trans-esophageal echocardiography. Nevertheless, the PAC 
remains a useful tool for diagnosis and management of many 
patients with cardiac or lung diseases. Sicker patients may need 
the insertion of a PAC and these sicker patients are usually the 
patients most at risk for catheter-induced pulmonary artery 
rupture (PAR). Prevention is the first approach to develop 
when confronted with an iatrogenic complication. The first 
step of prevention is judicious selection of the patient. The 
second is the appropriate use and management of the PAC. 
But when a catheter-induced PAR occurs, the physician needs 
to have a clear scheme of intervention to deal with this severe 
complication [48].

In fact, the incidence of rupture is not very high, with an 
average of 0.01–0.47%. In a large retrospective study of 
patients with a Swan-Ganz catheter, Kearney and Shabot [49] 
found an incidence of PAR of 0.031% and a mortality of 70%. 
The mortality rate of PAR averages 50%, but can be as high 
as 75% in anticoagulated patients. Death occurs most often 
secondary to asphyxia. If there is a delay before appropriate 
management is instituted, it will contribute to a higher mortal-
ity rate. Risk factors for catheter-induced PAR include female 
gender, age over 60 years, improper catheter placement, and 
preexisting pulmonary hypertension.

The initial presentation may be as obvious as massive pul-
monary hemorrhage or as subtle as a minor hemoptysis asso-
ciated with cough, or it may be totally asymptomatic [50]. 
Moreover, any hemoptysis in the presence of a PAC should 
be investigated because of the high suspicion of PAR or false 
aneurysm formation.

The proposed mechanisms for catheter-induced PAR 
include catheter tip lodged in the vessel wall when a PAC is 
advanced while the balloon is not inflated or when eccentric 
balloon inflation exposes the catheter tip and guides it into the 
arterial wall or migration of catheter into a smaller arteriole 
with subsequent rupture caused by balloon inflation. Primary 
management of catheter-induced PAR focuses on the preven-
tion of asphyxia secondary to lung spillage. Prevention of 
contamination of the unaffected lung is essential.

Management will differ depending of the clinical presenta-
tion, mainly in which setting it is presenting: (1) in the ICU, 
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(2) in the operating room, or (3) in the radiological suite. 
Management of the airway for lung isolation follows the same 
rules as for any massive hemoptysis, as described before.

Intensive Care Unit Setting

When a PAC is inserted and there is hemoptysis, whether it is 
massive or negligible, a chest radiograph is usually obtained 
and will show infiltration around the catheter tip or pleural 
effusion. The side of a PAC may serve as a guide to determine 
which side the hemorrhage may come from. Since most PACs 
are located in the right lung (90%), mainly the right lower 
lobe, it can be assumed that hemorrhage comes from the right 
side if the situation is critical [51].

It has been suggested that a PAC could be deflated, with-
drawn a few centimeters and left in the pulmonary artery. The 
balloon may be inflated in order to compress the bleeding 
vessel or to temporarily obstruct the feeding artery [52]. We 
recommend that this technique should be used only with the 
aid of fluoroscopy to finely adjust the position of the balloon 
in order to avoid malposition of the balloon. Improper posi-
tioning may augment the bleeding by increasing the vascular 
laceration or by diverting the pulmonary blood flow to the 
injured vessel.

With a stable patient or when the diagnosis remains unclear, 
a contrast-enhanced HDCT-scan be performed since it is a 
valuable diagnostic tool. It can confirm the possibility of a 
pulmonary artery false aneurysm (PAFA) but also exclude any 
other causes of hemoptysis. CT-scan is usually followed by an 
angiography with embolization if indicated and feasible (see 
Table 34.3).

Operating Room Setting

If a hemorrhage happens during surgery, lung isolation can 
be rapidly achieved and the diagnostic and therapeutic pro-
cedures started while the patient is under anesthesia. If the 

hemoptysis happens before the principal period of the surgery, 
elective surgery has to be postponed until the PAR is inves-
tigated and stabilized. During cardiac surgery, when a hem-
orrhage happens after cardio-pulmonary bypass (CPB), but 
before heparin reversal, CPB should be reinstituted to bypass 
the lung circulation and stop the bleeding (see Fig. 34.1). An 
alternative have been recently published by Bianchini et al. in 
2007 [53]. They suggest prompt institution of ECMO circula-
tory support by a simple shunting from the CPB circuit. Either 
alternative gives the anesthesiologist time to isolate the lungs 
and maximize oxygenation. If the hemoptysis begins after 
protamine administration, the best conduct is to finish the sur-
gery as quickly as possible, isolate the lung, and proceed to a 
definite investigation and treatment of the PAR.

Radiological Setting

During cardiac catheterization, the PAC can be used to evalu-
ate pulmonary vascular resistance and the wedge pressure. 
When catheter-induced PAR happens in this setting, it is rel-
atively easy to pull back the PAC a few centimeters and to 
reinflate the balloon under direct observation. Thus, it may 
be possible to stop the bleeding pending further radiological 

Table 34.3. Management of a pulmonary artery catheter.

Induced pulmonary hemorrhage
1. Initially place the patient with the nonisolated, bleeding lung in the 

inferior position
2. Endotracheal intubation, oxygenation, airway toilet
3. Lung isolation: endobronchial double- or single-lumen tube  

or bronchial blocker
4. Withdraw the pulmonary artery catheter several centimeters, leaving it 

in the main pulmonary artery. Do not inflate the balloon (except with 
fluoroscopic guidance)

5. Position the patient with the isolated bleeding lung nondependant. 
PEEP to the bleeding lung if possible

6. Transport to medical imaging for diagnosis and embolization if feasible

Fig. 34.1. Flow diagram of management of 
 massive hemoptysis during weaning from car-
diopulmonary bypass. CPB cardio- pulmonary 
bypass; ETT endotracheal tube; PA pulmonary 
artery; FOB fiberoptic bronchoscopy; Parenc. 
lung parenchyma.
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intervention. However, this measure does not always enable 
us to contain the hemorrhage [54]. This is the reason why we 
recommend using fluoroscopy and contrast injection to con-
firm that the PAC is still proximal to the injured vessel and 
that balloon inflation impedes flow through the lacerated ves-
sel. Diagnostic angiography and embolization can be easily 
performed at that point. This may permit avoiding, in certain 
circumstances, intubation, lung isolation, and postprocedure 
ventilation [55].

Pulmonary Artery False Aneurysm (PAFA)

PAFA formation is secondary to the accumulation of blood 
in an aneurismal sac compressed by the lung parenchyma. 
While there is no intact vessel wall lining containing the 
bleeding, the lung parenchyma may prevent further extrava-
sation. The presence of a PAFA requires intervention, because 
one can never be certain that spontaneous healing will occur. 
Delayed pulmonary hemorrhage occurs in 30–40% of cases 
of a PAFA caused by a previous catheter-induced PAR. 
Rebleeding can occur as late as 2 weeks to 7 months after the 
initial event [56].

If there is suspicion of a PAFA on the CT-scan, an angio-
gram should be done. When the clinical suspicion of PAR is 
high or when the patient is unstable, angiography remains the 
procedure of choice because it allows both diagnostic and 
therapeutic intervention [57]. If diagnosis of a PAFA is con-
firmed, selective embolization helps to reduce morbidity and 
mortality. Embolization is successful in 75% of cases, with a 
rebleeding rate of about 20%. Sometimes, it can be deleteri-
ous to embolize the PAFA in regard to global lung function. In 

these cases conservative treatment can be tried. Follow up of 
this type of patients with repeat contrast  CT-scan is required.

With radiological intervention, there is less and less place for 
surgery in the context of catheter-induced PAR (see Fig. 34.2). 
Surgery, including pulmonary artery ligature, segmentectomy, 
lobectomy or pneumonectomy, is reserved for extreme cases 
since it is technically challenging with a high morbidity [56]. 
Since the morbidity and mortality of radiological intervention 
are less than traditional surgery, it should be tried first [58]. 
However, a proximal vascular injury may be an indication for 
performing lung surgery primarily [59].

Posthemoptysis Evolution

Following massive hemoptysis, treated either by endoscopy, 
radiological intervention or surgery, it is important to perform 
a bronchoscopy to clean the tracheo-bronchial tree to remove 
any blood and clots in the distal airway. This action will help 
promote better and faster patient recuperation.

Posttracheostomy Hemorrhage

Another clinically challenging scenario involving massive air-
way bleeding is posttracheostomy hemorrhage. Hemorrhage 
in the immediate postoperative period following a tracheos-
tomy is usually from local vessels in the incision such as the 
anterior jugular or inferior thyroid veins. Massive hemorrhage 
1–6 weeks postoperatively is most commonly due to tracheo-
innominate artery fistula [60]. A small sentinel bleed occurs in 
most patients before a massive bleed. The management protocol 
for tracheo-innominate artery fistula is outlined in Table 34.4.

Fig. 34.2. (a) Radiographic contrast dye injection showing a false aneurysm of the pulmonary artery of the right lower lobe following massive 
hemoptysis induced by pulmonary artery catheter rupture. (b) A coil has been placed by interventional radiology in the false aneurysm of the 
right lower pulmonary artery in the same patient. Dye injection shows that the aneurysm has embolized with no further leakage.
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Conclusion

Endobronchial control measures and artery embolization have 
radically changed the management of massive hemoptysis. 
With control of hemorrhage, nonsurgical patients can be iden-
tified and surgical candidates accurately assessed to allow an 
elective operation, with lower morbidity and mortality, if con-
servative measures are unsuccessful [6].

Based on the above data, the following is a reasonable 
approach to the patient with massive hemoptysis. First, stabi-
lize the patient’s oxygenation, ventilation, and hemodynamic 
status. Early correction of coagulopathy and consultation with 
critical care physician, pulmonary medicine (bronchoscopist), 
interventional radiologist, thoracic surgery, and anesthesi-
ologist are essential. Perform early bronchoscopy along with 
other appropriate diagnostic studies. If the patient continues to 
bleed aggressively, arteriography is most reasonable for local-
ization and therapy. If bleeding persists despite embolization 
or if the patient is too ill to go to angiography, then blockade 
therapy or insertion of a double-lumen tube should be consid-
ered in preparation for rigid bronchoscopy in the operating 
room with possible lung resection if warranted. While surgery 
remains the only truly definitive therapy, it should not be used 
in the acute emergent setting unless it cannot be avoided.

In conclusion, in experienced hands, BAE is an effective 
therapeutic tool and plays a pivotal role in the management of 
life-threatening massive hemoptysis. Surgery is the only cura-
tive treatment and is especially effective for localized lesions, 
and should be considered when BAE is unavailable or bleed-
ing is unlikely to be controlled by that approach.

Clinical Case Discussion

A young woman, 26 years old, is well known in our institution 
for Eisenmenger’s syndrome secondary to complex heart dis-
ease. She had a patent ductus arteriosus for which no surgical 
option was available when diagnosed at 4 years old. She was 
referred to our center 4 years ago for pulmonary hypertension. 
At that time, it was observed that the right pulmonary artery orig-
inates directly from the aorta. She has been treated with  Flolan 
 (epoprostenol) continuous intravenous infusion for 3 years.

A few months ago, she presented some episodes of moderate 
hemoptysis treated with the aid of BAE. Six days before, she 
presented a new moderate hemoptysis necessitating BAE. She 
was observed in an intensive care unit and after 5 days with-
out bleeding, she was transferred to the bronchoscopy suite to 
look for a clot occluding the right lower lobe bronchus. With 
the aid of sedation and local anesthesia, the area was easily 
approached. The clot was dislodged partially without any prob-
lem. Trying to dislodge the rest of the clot provoked coughing 
and induced massive bleeding from the inferior lobe.

Questions

Which immediate procedure should be undertaken?

1. Nasal oxygen was already in place for the FOB exam.
2. Right lateral decubitus position to protect the left lung from 

blood spillage.
3. Irrigation to the origin of bleeding with cold saline.

Bleeding continues and become massive hemoptysis. What is 
the next step?

4. Left side endobronchial intubation with single-lumen tube 
with the assistance of the FOB.

5. Left lateral decubitus position to improve left lung gas 
exchange and minimize bleeding from right side lung.

The patient was directed, with anesthesia assistance, to the 
radiological suite for angiography and BAE as needed. Fol-
lowing diagnostic angiography and therapeutic embolization, 
the radiologist would like to know if the bleeding continues 
from the right lung. What we can do to help her?

6. Replace the endobronchial single-lumen tube with a DLT 
and perform FOB with a pediatric FOB via the DLT.

Following this procedure, we aspirated the right lung 
 bronchial tree. At that time, we identified active bleeding 
originating from right lower lobe superior segmental bron-
chus. Following a repeat BAE, the bleeding ceased and we 
terminated the cleaning of the bilateral bronchial tree without 
finding any other bleeding site.

The patient was transferred to the ICU with her DLT in 
place. She was sedated and ventilated until the next morning 
when she was extubated. She did not present any recurrence 
and she was transferred to another center for evaluation for 
lung transplantation.

References

 1. Jean-Baptiste E. Clinical assessment and management of  massive 
hemoptysis. Crit Care Med. 2000;28(5):1642–7.

 2. Amirana M et al. An aggressive surgical approach to significant 
hemoptysis in patients with pulmonary tuberculosis. Am Rev 
Respir Dis. 1968;97(2):187–92.

 3. Bobrowitz ID, Ramakrishna S, Shim YS. Comparison of medi-
cal v surgical treatment of major hemoptysis. Arch Intern Med. 
1983;143(7):1343–6.

Table 34.4. Management of tracheo-innominate artery fistula 
hemorrhage.

1. Over-inflate the tracheostomy cuff to tamponade the hemorrhage

If this fails
2. Replace the tracheostomy tube with an oral endotracheal tube. Position 

the cuff with FOB guidance just above the carina
3. Digital compression of the innominate artery against the posterior 

sternum using a finger passed through the tracheostomy stoma

If this fails
4. Slow withdrawal of the ETT and over-inflation of the cuff to tamponade
5. Then proceed with definitive therapy: sternotomy and ligation of the 

innominate artery



49534. Massive Hemoptysis

 4. Corey R, Hla KM. Major and massive hemoptysis:  reassessment 
of conservative management. Am J Med Sci. 1987;294(5): 
301–9.

 5. Garzon AA, Cerruti MM, Golding ME. Exsanguinating 
 hemoptysis. J Thorac Cardiovasc Surg. 1982;84(6):829–33.

 6. Wigle DA, Waddell TK. Investigation and management of mas-
sive hemoptysis. In: Pearson’s thoracic and esophageal surgery. 
Elsevier: Toronto; 2008. Chapter 38.

 7. Remy J et al. Treatment, by embolization, of severe or repeated 
hemoptysis associated with systemic hypervascularization. Nouv 
Presse Med. 1973;2(31):2060.

 8. Hiebert CA. Balloon catheter control of life-threatening hemop-
tysis. Chest. 1974;66(3):308–9.

 9. Fraser KL et al. Transverse myelitis: a reversible complica-
tion of bronchial artery embolisation in cystic fibrosis. Thorax. 
1997;52(1):99–101.

 10. Dweik RA, Stoller JK. Role of bronchoscopy in massive hemop-
tysis. Clin Chest Med. 1999;20(1):89–105.

 11. Karmy-Jones R, Cuschieri J, Vallieres E. Role of bronchoscopy 
in massive hemoptysis. Chest Surg Clin N Am. 2001;11(4): 
873–906.

 12. Wedzicha JA, Pearson MC. Management of massive haemopty-
sis. Respir Med. 1990;84(1):9–12.

 13. Campos JH. Progress in lung separation. Thorac Surg Clin. 
2005;15(1):71–83.

 14. Spicek-Macan J et al. Exsanguinating tuberculosis-related 
hemoptysis: bronchial blocker introduced through percutaneous 
tracheostomy. Minerva Anestesiol. 2009;75(6):405–8.

 15. Maguire MF et al. Catastrophic haemoptysis during rigid bron-
choscopy: a discussion of treatment options to salvage patients 
during catastrophic haemoptysis at rigid bronchoscopy. Interact 
Cardiovasc Thorac Surg. 2004;3(2):222–5.

 16. Freitag L et al. Three years experience with a new balloon 
catheter for the management of haemoptysis. Eur Respir J. 
1994;7(11):2033–7.

 17. Giannoni S et al. Bilateral concurrent massive hemoptysis 
 successfully controlled with double endobronchial tamponade. 
A case report. Minerva Anestesiol. 2006;72(7–8):665–74.

 18. Gourin A, Garzon AA. Operative treatment of massive hemopty-
sis. Ann Thorac Surg. 1974;18(1):52–60.

 19. Klein U et al. Role of fiberoptic bronchoscopy in conjunction 
with the use of double-lumen tubes for thoracic anesthesia: a pro-
spective study. Anesthesiology. 1998;88(2):346–50.

 20. Campos JH, et al. Devices for lung isolation used by anesthe-
siologists with limited thoracic experience: comparison of dou-
ble-lumen endotracheal tube, Univent torque control blocker, 
and Arndt wire-guided endobronchial blocker. Anesthesiology. 
2006;104(2):261–6; discussion 5A.

 21. Campos JH. Which device should be considered the best for 
lung isolation: double-lumen endotracheal tube versus bronchial 
blockers. Curr Opin Anaesthesiol. 2007;20(1):27–31.

 22. Narayanaswamy M et al. Choosing a lung isolation device 
for thoracic surgery: a randomized trial of three bronchial 
 blockers versus double-lumen tubes. Anesth Analg. 2009;108(4): 
1097–101.

 23. de Gregorio MA et al. Hemoptysis workup before embolization: 
single-center experience with a 15-year period follow-up. Tech 
Vasc Interv Radiol. 2007;10(4):270–3.

 24. Ingbar DH. Overview of massive hemoptysis. UpToDate, 2010, 
December 1st.

 25. Poyanli A et al. Endovascular therapy in the management of 
 moderate and massive haemoptysis. Br J Radiol. 2007;80(953): 
331–6.

 26. Hsiao EI et al. Utility of fiberoptic bronchoscopy before bron-
chial artery embolization for massive hemoptysis. AJR Am J 
Roentgenol. 2001;177(4):861–7.

 27. Lee EW et al. Bronchial and pulmonary arterial and venous inter-
ventions. Semin Respir Crit Care Med. 2008;29(4):395–404.

 28. Haponik EF, Chin R. Hemoptysis: clinicians’ perspectives. Chest. 
1990;97(2):469–75.

 29. Lippmann ML, Walkenstein MD, Goldberg SK. Bronchoscopy 
in hemoptysis. Chest. 1990;98(6):1538.

 30. Tsukamoto T, Sasaki H, Nakamura H. Treatment of hemoptysis 
patients by thrombin and fibrinogen-thrombin infusion therapy 
using a fiberoptic bronchoscope. Chest. 1989;96(3):473–6.

 31. Bense L. Intrabronchial selective coagulative treatment of 
hemoptysis. Report of three cases. Chest. 1990;97(4):990–6.

 32. Brandes JC, Schmidt E, Yung R. Occlusive endobronchial stent 
placement as a novel management approach to massive hemop-
tysis from lung cancer. J Thorac Oncol. 2008;3(9):1071–2.

 33. Magee G, Williams Jr MH. Treatment of massive hemoptysis 
with intravenous pitressin. Lung. 1982;160(3):165–9.

 34. Mal H et al. Immediate and long-term results of bronchial 
artery embolization for life-threatening hemoptysis. Chest. 
1999;115(4):996–1001.

 35. Remy J et al. Treatment of hemoptysis by embolization of bron-
chial arteries. Radiology. 1977;122(1):33–7.

 36. Stoller J. Diagnosis and management of massive hemoptysis: a 
review. Respir Care. 1992;37:564–81.

 37. Bilton D et al. Life threatening haemoptysis in cystic fibrosis: an 
alternative therapeutic approach. Thorax. 1990;45(12):975–6.

 38. Chang AB et al. Major hemoptysis in a child with cystic fibrosis 
from multiple aberrant bronchial arteries treated with tranexamic 
acid. Pediatr Pulmonol. 1996;22(6):416–20.

 39. Graff GR. Treatment of recurrent severe hemoptysis in cystic 
fibrosis with tranexamic acid. Respiration. 2001;68(1):91–4.

 40. Popper J. The use of premarin IV in hemoptysis. Dis Chest. 
1960;37:659–60.

 41. Tien HC et al. Successful use of recombinant activated coagula-
tion factor VII in a patient with massive hemoptysis from a pen-
etrating thoracic injury. Ann Thorac Surg. 2007;84(4):1373–4.

 42. Johnson JL. Manifestations of hemoptysis. How to man-
age minor, moderate, and massive bleeding. Postgrad Med. 
2002;112(4):101–6; 108–9; 113.

 43. Zhang JS et al. Bronchial arteriography and transcatheter embo-
lization in the management of hemoptysis. Cardiovasc Intervent 
Radiol. 1994;17(5):276–9.

 44. Tanaka N et al. Superselective bronchial artery embolization for 
hemoptysis with a coaxial microcatheter system. J Vasc Interv 
Radiol. 1997;8(1 Pt 1):65–70.

 45. Lee TW et al. Management of massive hemoptysis: a single 
institution experience. Ann Thorac Cardiovasc Surg. 2000;6(4): 
232–5.

 46. Knott-Craig CJ et al. Management and prognosis of massive 
hemoptysis. Recent experience with 120 patients. J Thorac Car-
diovasc Surg. 1993;105(3):394–7.

 47. Endo S et al. Management of massive hemoptysis in a thoracic 
surgical unit. Eur J Cardiothorac Surg. 2003;23(4):467–72.

 48. Bussieres JS. Iatrogenic pulmonary artery rupture. Curr Opin 
Anaesthesiol. 2007;20(1):48–52.



496 J.S. Bussières

 49. Kearney TJ, Shabot MM. Pulmonary artery rupture associated 
with the Swan-Ganz catheter. Chest. 1995;108(5):1349–52.

 50. Poplausky MR et al. Swan-Ganz catheter-induced pulmonary 
artery pseudoaneurysm formation: three case reports and a 
review of the literature. Chest. 2001;120(6):2105–11.

 51. Stratmann G, Benumof JL. Endobronchial hemorrhage due to 
pulmonary circulation tear: separating the lungs and the air from 
the blood. Anesth Analg. 2004;99(5):1276–9.

 52. Dopfmer UR, et al. Treatment of severe pulmonary hemorrhage  
after cardiopulmonary bypass by selective, temporary balloon  
occlusion. Anesth Analg. 2004;99(5):1280–2; table of contents.

 53. Bianchini R et al. Extracorporeal membrane oxygenation for 
Swan-Ganz induced intraoperative hemorrhage. Ann Thorac 
Surg. 2007;83(6):2213–4.

 54. Gottwalles Y, Wunschel-Joseph ME, Hanssen M. Coil embo-
lization treatment in pulmonary artery branch rupture dur-
ing Swan-Ganz catheterization. Cardiovasc Intervent Radiol. 
2000;23(6):477–9.

 55. Fortin M et al. Catheter-induced pulmonary artery rupture: using 
occlusion balloon to avoid lung isolation. J Cardiothorac Vasc 
Anesth. 2006;20(3):376–8.

 56. Mullerworth MH et al. Recognition and management of 
 catheter-induced pulmonary artery rupture. Ann Thorac Surg. 
1998;66(4):1242–5.

 57. Utsumi T et al. Swan-Ganz catheter-induced pseudoaneu-
rysm of the pulmonary artery. Jpn J Thorac Cardiovasc Surg. 
2002;50(8):347–9.

 58. Ingbar D. Life threatening hemoptysis. In: Shoemaker W, edi-
tor. Textbook of critical care. 4th ed. Philadelphia: WB Saunders; 
1515.

 59. Chauhan S et al. Case 6 – 2001: exsanguinating endotracheal 
hemorrhage during cardiopulmonary bypass. J Cardiothorac 
Vasc Anesth. 2001;15(3):377–80.

 60. Grant CA, Dempsey G, Harrison J, Jones T. Tracheo-innominate 
artery fistula after percutaneous tracheostomy: three case reports 
and a clinical review. Br J Anaesth. 2006;96:127–30.



497P. Slinger (ed.), Principles and Practice of Anesthesia for Thoracic Surgery,
DOI 10.1007/978-1-4419-0184-2_35, © Springer Science+Business Media, LLC 2011

35
Whole Lung Lavage
Jean S. Bussières 

Key Points

Patients with pulmonary alveolar proteinosis have a restric-
tive disease and are hypoxic.
Lavage of one lung with large quantities of saline requires 
careful lung isolation.
For more than 10 years, bilateral lung lavage has been per-
formed during the same anesthetic period.
GM-CSF associated therapy is now a complementary treat-
ment to WLL for pulmonary alveolar proteinosis, when 
needed.

Introduction

This chapter reviews the historical considerations of whole 
lung lavage (WLL), when its performance is appropriate, 
details of the technique, complications, and finally benefits of 
this unusual treatment modality. It is important to differentiate 
WLL from bronchoalveolar lavage (BAL). BAL is a diagnos-
tic tool performed with the aid of a fiberoptic bronchoscope 
(FOB) under local anesthesia, which uses only 300 cc of 
 liquid in one segment of the lung. WLL is a treatment modal-
ity that requires over 10 L of normal saline instilled through 
a double-lumen tube in one whole lung while the patient is 
under general anesthesia.

Historical Considerations

WLL was first described in 1928 [1]. In the early 1960s, the 
first application of this technique was used to treat pulmonary 
alveolar proteinosis (PAP) [2–5]. At that time, the procedure 
consisted in repeated segmental flooding through a percutane-
ous transtracheal catheter positioned blindly in the bronchial 
tree. This technique was performed in an awake patient and 
was repeated four times a day for 2–3 weeks, using physical 
positioning to direct the saline sequentially into different lung 
segments. The 1980–2000 period lead to the development of 
a modern technique of unilateral WLL, which is carried out 
under general anesthesia and lung separation [6–8]. Since the 
beginning of the century, performing bilateral WLL during the 
same anesthesia period is the procedure of choice. Parallel with 
this evolution, the pathogenesis of WLL has been better defined 
since the discovery of the role of granulocyte macrophage- 
colony stimulating factor (GM-CSF) in surfactant catabolism.

Indications

Until recently, WLL was the most effective proven treatment 
modality for symptomatic PAP. This rare and enigmatic lung 
disease is caused by an alveolar accumulation of a lipoprotein-
aceous material. The alveolar material is composed principally 
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of surfactant phospholipids and apoproteins. The presence of 
this material creates a real alveolocapillary blockade. This 
pathology produces little or no lung inflammation [9].

PAP was first reported by Rosen et al. in 1958 [10], and for 
many years, the nature of this disorder was unknown and pre-
sented a variable natural history [11]. Major insights into PAP 
have been made in the past decade, and they have led to the 
notion that PAP is an autoimmune disorder. This has spurred 
new therapeutic approaches to this disorder. Until recently, 
there was no specific therapy for PAP and sequential WLL 
was the standard treatment.

Different pathologic conditions were also treated by 
WLL, but with variable success: cystic fibrosis [12–16], asthma, 
chronic obstructive lung disease, radioactive dust inhalation, 
alveolar microlithiasis, lipoïd pneumonitis [17] or exogenous 
lipoïd pneumonia [18–20], and silicosis [21–23].

Pulmonary Alveolar Proteinosis

Pathogenesis and Classification

Until recently, the pathogenesis of PAP was unknown. Most 
investigators have postulated a decreased clearance of sur-
factant from the alveolar space. Over the last decade, rapid 
progress was made towards the elucidation of the molecu-
lar mechanisms of PAP. Recent data suggest that GM-CSF 
has a pivotal role in PAP pathogenesis. GM-CSF is required 
for normal surfactant homeostasis. The disease is associated 
with neutralizing autoantibodies against GM-CSF. This new 
information allows the development of a new classification 
for this orphan lung disease and the use of new therapies. 
Some studies have been conducted with GM-CSF subcuta-
neous administration, and have obtained an overall response 
rate of 43%. The main conclusion is that GM-CSF appears to 
benefit a subset of patients with adult PAP, and may represent 
a novel alternative to the repeated WLLs in treatment of the 
disease [24].

Three forms of PAP are now recognized: primary, second-
ary, and congenital [9, 25, 26]. The primary (idiopathic) form 
of PAP is the most common disease presentation (more than 
90% of all cases), its onset occurs in adulthood, and it has 
an autoimmune origin. It is associated with a high prevalence 
of circulating antiGM-CSF antibodies. Reduction of localized 
GM-CSF activity in the lung, secondary to the presence of 
neutralizing antiGM-CSF antibodies, decreases alveolar mac-
rophage degradation, resulting in surfactant excess and accu-
mulation [26]. There is no other associated underlying illness 
or exposure.

The secondary form also develops in adulthood, occurs 
with other conditions, and can be separated into two broad 
subgroups. These are systemic inflammatory disease or malig-
nancy and specific exogenous exposure. Exposure to a high 
volume level of inorganic dusts (e.g., silica, aluminum, tita-
nium, cement, wood), or fumes (chlorine, gas, gasoline, plas-
tics) has been incriminated. Secondary PAP is likely related 

to a relative deficiency of GM-CSF and related macrophage 
dysfunction [2–4, 6, 10, 27, 28].

The congenital form is often present in the neonatal period 
and results from a very rare gene mutation. This mutation is 
related to the surfactant receptor gene or to the GM-CSF gene. 
This form is rare, but is usually very severe. Neonatal respira-
tory distress syndrome is a presentation form of congenital 
PAP.

Clinical Manifestations

The patient presents dyspnea and hypoxemia, aggravated by 
exercise. Spontaneous remission can occur, but the therapeutic 
decision in PAP depends on the progression of the illness and 
the extent of the physiological impairment. The usual objec-
tive of WLL is the improvement in the clinical, physiologi-
cal, and radiological aspects of the patient. The prognosis of 
PAP has greatly improved since the introduction of WLL by 
Ramirez-Riviera et al. in 1965.

Among adults, the typical age of presentation of the illness 
is 30–50 years. There is a male to female ratio of 2:1. The 
major symptom of PAP is a progressive dyspnea on exertion, 
spread over months and sometimes years. Dyspnea, the most 
common presenting symptom, is reported by approximately 
55–80% of patients; however, approximately one-third of 
affected patients are asymptomatic, despite the infiltration in 
the alveolar air space. Nonproductive cough, fatigue, weight 
loss, and low-grade fever have also been described [11].

Radiographic Findings

Chest radiography is the most useful screening test, although 
very nonspecific [29, 30]. On chest radiography, bilateral 
symmetric alveolar opacities located centrally in mid and 
lower or upper lung zones are typical, yielding a “butterfly” 
distribution. High-resolution CT (HRCT) scanning reveals 
ground-glass opacification, predominantly in a homogeneous 
distribution. Thickened intralobular structures and interlobu-
lar septa in typical polygonal shapes may also be observed, 
referred to as “crazy-paving.” Crazy-paving is characteristic 
but not specific to PAP and can also be observed in patients 
with an acute respiratory distress syndrome, lipoïd pneumo-
nia, acute interstitial pneumonia, drug-related hypersensitiv-
ity reactions, and diffuse alveolar damage superimposed on 
usual interstitial pneumonitis [18].

Physiological Testing

Pulmonary function tests show a restrictive ventilatory defect 
with reduction in the total lung capacity and vital capacity. When 
present, the decrement in diffusing capacity for carbon dioxide 
(DLCO) is often out of proportion to the degree of the restric-
tive defect. Arterial blood gas analysis shows mild to moder-
ate hypoxemia, with an elevated alveolar-arterial gradient and 
elevation in shunt fraction while breathing 100% O

2
 [31].
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Laboratory Investigation

BAL may help in establishing the diagnosis in clinically sus-
pected cases. BAL fluid is opaque and presents a “milky” 
appearance, with large amounts of granular, acellular eosino-
philic lipoproteinaceous material which is periodic acid Schiff 
(PAS) positive. Electron microscopic exam of BAL fluid can 
confirm the diagnosis [32, 33]. When allowed to stand, the 
fluid spontaneously separates into pale yellow, almost trans-
lucent supernatant and thick sediment.

Obtaining tissue for histopathology by open lung biopsy 
has been the “gold standard” for a long time. This biopsy per-
formed by VATS is now unnecessary in the majority of cases 
of PAP. The combination of the clinical presentation, imaging 
findings, and BAL results are generally sufficient to make the 
diagnosis. Transbronchial biopsies may be occasionally used 
when needed. Surgical lung biopsy is sometimes necessary to 
make the diagnosis [9, 11, 34].

Furthermore, antiGM-CSF antibodies are increasingly used 
as a diagnostic tool in PAP. The quantitative assessment of 
antiGM-CSF antibodies in reference laboratories constitutes an 
important diagnostic and therapy-guiding measurement [35]. 
GM-CSF antibodies are present in all serum and BAL fluid 
samples from primary, idiopathic, PAP patients. BAL fluid lev-
els of antiGM-CSF antibodies correlate better with the severity 
of PAP compared to serum titers [36]. Serial measurements of 
BAL or serum antiGM-CSF antibodies may be useful in moni-
toring disease activity and response to treatment [35, 37].

Therapy

The treatment depends on the form of PAP. In face of an idio-
pathic PAP, the use of WLL, GM-CSF, rituximab (Rituxan®) or 
plasmapheresis can be considered. For secondary PAP, treat-
ment of the underlying condition or removal of the offending 
agent should be the first step to consider. When confronted 
with congenital PAP, WLL, supportive therapy or lung trans-
plantation is the ultimate treatment.

Whole Lung Lavage

Treatment of idiopathic PAP has evolved from the use of a 
variety of nonspecific and largely ineffective agents, to the 
physical removal of the lipoproteinaceous material from the 
lungs (WLL), to the development of specific therapy target-
ing the underlying pathogenesis of the disorder. WLL has, for 
a long time, been considered the definitive therapy for PAP. 
The idea that the accumulated material could be physically 
removed from the lungs of PAP patients was first advanced in 
the early 1960s.

Specific indications for lung lavage include a definitive 
histological diagnosis and one of the following: resting PaO

2
 

<65 mmHg, alveolar-arterial O
2
 gradient 40 mmHg, mea-

sured shunt fraction >10–12%, severe dyspnea and hypox-
emia at rest or on exercise. It is critical not to perform WLL 

when a patient has active bacterial pneumonia, since this can 
result in generalized sepsis and shock [26].

Although fairly well tolerated, WLL usually provides tem-
porary symptomatic benefit, has to be repeated several times, 
requires prolonged general anesthesia, is complex to perform, 
is associated with potential morbidity, and fails to correct the 
primary defect in PAP. All these considerations make WLL a 
less-than-desirable treatment. Hence, the search for alterna-
tive modalities of therapy is still crucial [38].

Physical removal of the lipoproteinaceous material through 
repeated dilutions with saline solution is believed to be the 
mechanism from which WLL shows benefit, additional mech-
anisms including the bulk removal of antiGM-CSF antibody, 
as well as other possible immunologic effects on the effector 
cells, such as the alveolar macrophage or the type II epithelial 
cell, are possible [39].

Granulocyte Macrophage-Colony Stimulating Factor

Discovery of the alveolar macrophage involvement and 
antiGM-CSF neutralizing antibodies led to multiple trials 
examining the usefulness of GM-CSF therapy. Preliminary 
data suggest that about 50% of patients treated with GM-CSF 
experience improvement in pulmonary symptoms and func-
tion; however, the number of respondents appears to be less 
than with WLL. Given the experimental nature of GM-CSF 
therapy, the use of lung lavage is still the primary therapy in 
PAP [40].

Inhalation of nebulized GM-CSF has also been reported 
to improve lung function and facilitate clearance of the GM-
CSF-antibody complexes from the lung. Additionally, a recent 
study utilizing a two-pronged approach showed a decrease 
in GM-CSF requirements by performing WLL followed by 
nebulization of GM-CSF. It also appears that high amounts of 
exogenous GM-CSF can overcome the endogenous neutraliz-
ing antibodies; especially if GM-CSF is directly administered 
to the lung. This result would seem to be explained by the 
lipoproteinaceous material cleared by WLL, and consequently 
inhaled GM-CSF could more readily reach the alveoli [26].

Although the positive effect of GM-CSF has been shown in 
idiopathic PAP, many important questions remain, including 
the optimal dose of GM-CSF, the optimal duration of treat-
ment, the relation to the antiGM-CSF titers, and the optimal 
route of GM-CSF administration.

Other Therapies

Rituximab (Rituxan®) is a monoclonal antibody directed 
against B lymphocytes. Since 1997, rituximab has been dem-
onstrated to be effective in various diseases mediated by 
autoantibodies, like in PAP [41]. Treatment with plasmaphere-
sis, to decrease the level of Gm-CSF antibodies, has yielded 
mixed results [37]. Lung transplantation has been performed 
in patients whose health deteriorates despite WLL, but recur-
rence in the allograft has been reported [42].
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Whole Lung Lavage Technique

In the author’s institute [8], the team is composed of trained 
and experienced staff consisting of two anesthesia technicians 
(respiratory therapist), one nurse, two physiotherapists, and 
one anesthesiologist in charge of the anesthesia and the lung 
lavage.

Monitoring

WLL is performed under general anesthesia with basic moni-
toring, supplement respiratory monitoring, and sometimes 
invasive monitoring. In addition to the standard monitoring 
tools, an arterial canulation is used for beat-to-beat measure-
ment of blood pressure and for blood gases analysis. Some 
authors also suggest the use of continuous intra-arterial blood 
gases monitoring [43], pulmonary artery catheter, continuous 
monitoring of mixed venous oxygen saturation [44, 45], and 
transoesophageal echocardiography (TEE) [46, 47]. The pul-
monary artery catheter may be used more as a therapeutic aid 
than a monitoring device by diverging blood flow away from 
the lavaged lung. TEE is sometimes useful to evaluate the car-
diac function, mainly the right ventricule, in the presence of 
pulmonary hypertension.

The ventilator monitor found on most new anesthesia 
machines produces essential information during the WLL. The 
observation of the airway, pressure/volume loop (spirometry) 
on a breath-to-breath basis, is useful to detect any loss of lung 
isolation and to prevent flooding of the ventilated lung [8, 48].

General Anesthesia

Only light premedication with anxiolytic drugs is used. Pre-
oxygenation is mandatory. General anesthesia is induced and 
maintained with intravenous agents, such as narcotics, ben-
zodiazepine, intravenous anesthetic, and muscle relaxants. 
Inhaled anesthetic is very rarely used. After an initial 500 mL 
of crystalloid fluids, we rapidly switch to colloid fluid for an 
additional liter. The objective of this practice is to help recov-
ery following accumulation of lavage liquid into the inter-
stitial lung. Usually, the procedure for unilateral lavage lasts 
between 3–4 h and 5–6 h for a bilateral lavage. The use of a 
warming blanket over the legs helps to minimize heat loss as 
the thorax is completely denuded for the procedure.

Lung Separation

Lung separation is obtained by the use of a disposable left 
double-lumen tube. A left double-lumen tube with a carinal 
hook is used in our institution. The carinal hook offers a bet-
ter stability of the tube given the numerous manipulations 
that occur during lung lavage. Adequate placement of the 
tube is visualized by fiberoptic bronchoscopy and air tight-
ness is confirmed by a well-closed pressure–volume loop 
[7, 48]. Arterial blood gases are obtained during ventilation of  
both lungs simultaneously and then ventilating each lung  

separately before and after the procedure to measure the effects 
of the WLL objectively. Prelavage evaluation determines 
which lung is the most impaired, mainly through imaging 
evaluations. Arterial blood gas analyses performed during an 
initial one-lung ventilation (OLV) trials on each side confirm 
the worst lung, which will be the first lung to have WLL.

Lung Lavage

The patient is kept in the supine position. To improve the 
effectiveness of the lavage, ventilation with FiO

2
 1.0 is initi-

ated for few minutes to denitrogenate both lungs [7]. OLV 
is instituted in the nonlavaged lung, which is the lung which 
provided the best oxygenation during the initial OLV trial. 
Confirmation of perfect lung isolation is obtained from the 
spirometry loop. A homemade disposable irrigation and drain-
age system (Fig. 35.1) is used to instill approximately 1 L of 

Fig. 35.1. Irrigation and drainage system. (1) Normal saline bag. 
(2) Large bore tubular set for bladder irrigation. (3) Y-adaptor. (4) Three-
way stop-cock for enteral feeding. (5a) Clamp on the drainage side tub-
ing during instillation phase. (5b) Clamp on the instillation side tubing 
during drainage phase. (6) Vacuum bottle. (7) Suction unit. (8) 5 mm ID 
endotracheal tube, swivel adaptor, and double-lumen tube. (Reprinted 
from Bussières [8]. © 2001 with permission from Elsevier.).
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warm normal saline (37°C). The irrigating liquid is suspended 
30 cm above the patient’s midchest level and the instillation 
takes approximately 5 min.

Mechanical maneuvers are used to increase the efficacy of 
the WLL. These techniques consist of manual chest physio-
therapy, mainly percussions, vibrations, and pressure applied 
during the filling and the drainage phase [49, 50]. A flannel 
cloth is used to protect the patient’s skin from irritation pro-
voked by repetitive manipulations. Positional modifications 
are very useful to irrigate and to drain all the different seg-
ments of the lung. The full lateral position is used at least 
once during the procedure, usually at the fifth cycle. When 
the lavaged lung is up, extreme care must be taken to avoid the 
risk of leakage from this nondependant lavaged lung into the 
dependant and ventilated one.

A few minutes after the lung is completely filled with 
saline, it is rapidly drained into a container positioned 60 cm 
below the patient’s midchest level, with the assistance of a 
small level of suction (<20 cm H

2
O). This process is repeated 

ten times or more, as necessary, to obtain clear effluent lavage 
fluid. After six or seven cycles of lavage and drainage, manual 
ventilation of the lavaged lung is frequently used, half way 
during the drainage phase to help the evacuation of the alveo-
lar material [51].

Over the past few years, the author has evaluated the 
amount of sediment recuperated following WLL for each lung 
separately. The sediment amount is determined after fluid 
lavages are allowed to stand for at least 2–3 h. At that time, the 
fluid spontaneously separates into a translucent supernatant 
and a thick sediment. The volume of sedimentation obtained 
allows quantifying the effect of WLL in each individual lung 
and patient. Strict in and out balance of lavage liquid must be 
recorded.

Bilateral Whole Lung Lavage

For more than 10 years, bilateral WLL during the same anes-
thetic period is now regularly performed with good results. 
When the effluent lavage fluid is clear on the first side WLL, 
the first stage of the procedure is over. Careful aspiration of 
the lavaged lung should be done, blindly with a suction cath-
eter and also under direct vision with the use of a FOB.

In order to safely proceed with WLL of the contralateral 
lung, we proceed with a recuperation period for the recently 
lavaged lung. We ventilate both lungs with normal tidal vol-
ume (8–10 mL/kg) with addition of PEEP at a level varying 
from 7 to 12 cm H

2
O for a period of 30–45 min. We adminis-

ter furosemide (Lasix®) 10 mg to induce diuresis during this 
period and we entirely cover the patient’s body to keep his/her 
temperature close to normal.

Following determination of the ability of the recently 
lavaged lung to support the OLV necessary for the lavage of 
the contralateral lung by serial blood gas sampling, we proceed 
with WLL of the second lung. Our goal is to obtain a OLV 
PaO

2
 greater than 70 mmHg with a FiO

2
 1.0, with or without 

PEEP prior to beginning the second WLL. When we cannot 

get satisfactory oxygenation, we use inhaled nitric oxide at 
20 ppm or/and we insert a Swan-Ganz catheter under fluoros-
copy in order to divert blood flow from the lavaged lung to 
the ventilated lung [23]. When the adequacy of oxygenation is 
demonstrated, the WLL on the second lung is performed simi-
larly to the first one. If the blood gases are not adequate during 
OLV of the first lavaged lung prior to beginning the second 
stage, the procedure is aborted and a WLL of the remaining 
lung performed after a recovery period of 1–2 weeks.

Associated Broncho-Alveolar Lavage

In some specific cases, when the distribution of the alveolar 
infiltration is nonhomogeneous and is more localized in some 
specific lobes, the author adds to the standard WLL a series of 
BALs, directed to the main involved lobes. BAL is performed 
after the WLL, following the exchange from DLT to a large 
(>8 mm ID), single-lumen tube. A regular FOB is used to 
obtain a bigger suctioning channel. A BAL is performed at the 
segmental level. The injection of a maximum of 150 mL ali-
quots of normal saline, followed by a drainage period assisted 
by the same system as the one used during regular WLL. BAL 
are repeated as needed, that is, until the return of clear liq-
uid from the treated lobe. Every involved lobe is done with 
the same technique. It seems to the author that this technique 
helps to perform a better WLL in certain cases.

Complications

The main complication is a decrease in arterial oxygen satura-
tion [4], mainly during the drainage phase. Some liquid spill-
age from the lavaged lung to the nonlavaged lung may occur. 
Other complications such as pneumothorax and hydrothorax 
are rare, but may need to be drained, resulting in a postponed 
procedure. Postprocedure complications are pneumonia, 
 sepsis, and rarely, respiratory distress syndrome [40].

Desaturation

Increase in the blood flow in the nonventilated lung occurs 
during the drainage phase (Fig. 35.2). This causes a decrease 
in arterial oxygen saturation [7]. The use of PEEP on the ven-
tilated lung helps to improve oxygenation during the filling 
phase, but may worsen the PaO

2
 during the drainage phase 

[52]. At that time, if needed (low SatO
2
, i.e., <80% and/or 

for a prolonged period), a temporary partial unilateral pulmo-
nary artery balloon occlusion with a pulmonary artery cath-
eter, positioned under fluoroscopy in the artery of the lavaged 
lung, may be used. The occlusion diverts blood flow from 
the lavaged lung to the ventilated lung to improve oxygen-
ation [53]. The use of nitric oxide with or without almitrine 
(Duxil®) infusion has been described [54]. Others have per-
formed the WLL under hyperbaric conditions [55]. The use of 
an extracorporeal membrane oxygenator has been described 
to perform bilateral simultaneous WLL [56]. Recently, the use 
of a hyperoxygenated solution has been investigated. Its use 
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improved oxygen supply in comparison to normal saline, as 
lavage solution, without obvious side effects [57].

Leakage

Spirometry must be used continuously to monitor and diag-
nose any air or liquid spillage from the lavaged lung. The 
mechanisms of liquid spillage differ depending on which side 
the lavaged lung is lying (Fig. 35.3). When the WLL is per-
formed in the right lung with a left-sided DLT in place, over-
pressure comes from the trachea over the bronchial balloon. 
When leaking occurs, there is flooding of the left-ventilated 
lung. When it originates during a WLL performed on the left 
lung, leaking is caused by an overpressure in the left lung over 
the bronchial balloon or from a proximal displacement of the 
double-lumen tube (i.e., during lavage of the left lung the fluid 
tends to displace the DLT proximally).

If there is a modification of the spirometry loop, it is impor-
tant to suspect flooding of the ventilated lung. At that time, it 
is essential to stop the irrigation, and to increase the drainage. 
Confirmation by fiberoptic bronchoscopy and treatment by 
vigorous suctioning and inflation of the involved lung should 
be performed. It is essential to assess the nonlavaged lung func-
tion before continuing the lavage to ensure that the flooded 
lung can provide adequate oxygenation during subsequent 
one lung ventilation. In the context of unilateral WLL, when 
flooding of the nonlavaged lung occurs, it frequently requires 
prolongation of ventilation during the postprocedure period to 
allow recovery [23]. Currently, with bilateral WLL, there is 
much less anxiety when this technique is performed during the 
same anesthesia period. The best treatment for this complica-
tion is prevention, which can be done with a secure fixation of 

the double-lumen tube, the use of a double-lumen tube with a 
carinal hook, and by being careful not to dislodge the double-
lumen tube during patient and head manipulations.

Termination of the Procedure

The end point that is clinically used to end a lung lavage is when 
the effluent lavage fluid is clear. Usually, between 10 and 15 L 
of saline are instilled into each lung (up to 50 L), and more than 
90% of this volume is recovered, leaving a recuperation deficit 
of less than 10%. At the end of the procedure, the lavaged lung 
is thoroughly suctioned and the volume of the residual liquid 
aspirated is calculated in the “in and out” balance.

The effluent liquid of the WLL looks different depending 
on the pathology being treated. The sediment may seem milky 
following WLL for PAP (Fig. 35.4), while it may appear sandy 
if lung lavage is performed for silicosis. After reintubation 
with a single-lumen tracheal tube, a fiberoptic bronchoscopy 
control inspection is performed to look for the occurrence 
of undetected leakage throughout the procedure. During the 
fiberoptic bronchoscopy inspection, the author regularly 
observes local irritation of the distal tracheal mucosa, second-
ary to the movement of the double-lumen tube during WLL. 
The use of a double-lumen tube with a carinal hook has notice-
ably decreased the incidence of this irritation.

Conventional ventilation with PEEP is continued, usually 
for less than 2–4 h, to restore lung function in the recovery 
room. The patient is maintained sedated with propofol until 
gas exchange is adequate for weaning. Alveolar infiltrates 
seen on the chest X-ray immediately after WLL normally 
clear within 24–36 h (Fig. 35.5a–c). Observation in the ICU 
for 24 h is part of routine procedure.

Fig. 35.2. Desaturation. (a) During the filling phase (circle), there is reduction of blood flow to the nonventilated lung, by compression of 
the pulmonary blood vessels (arrow). (b) During the drainage phase (circle), there is reperfusion of the nonventilated lung (arrow), creating 
a shunt, and leading to desaturation. (Reprinted from Bussières [8]. © 2001 with permission from Elsevier.).
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Fig. 35.3. Leakage from lavage lung to the nonlavage lung. (a) During right lung lavage, over pressure in the trachea provokes flooding in 
the left-ventilated lung. (b) During left lung lavage, over pressure in the left lung or displacement of the DLT provokes flooding of the right 
ventilated lung. (Reprinted from Bussières [8]. © 2001 with permission from Elsevier.).

Fig. 35.4. Effluent from WLL. Effluent from 
WLL in pulmonary alveolar proteinosis initially 
seems milky. When fluid lavages are allowed to 
stand for at few hours, thick sediment appears 
in the bottom of the collecting bottle. It is more 
abundant in the first bottles going to near zero 
in the last ones. (Reprinted from Bussières [8]. 
© 2001 with permission from Elsevier.).

Fig. 35.5. Radiological imaging. (a) Before WLL alveolar infiltrates are more marked on the left side. (b) Immediately after left WLL, note 
the important alveolar edema resulting from the procedure. (c) Three days after the right side WLL, note the important amelioration of the two 
lungs. (Reprinted from Bussières [8]. Anesthesiology Clinics of North America. © 2001 with permission from Elsevier.).
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Postwhole Lung Lavage Evolution

Before bilateral WLL performed in the same anesthetic epi-
sode, WLL was usually performed on the sickest lung; then 
at least a week later, WLL of the contra-lateral lung was com-
pleted. At that time, oxygenation was usually not a problem 
because the treated and now near-normal lung was used to 
support gas exchange during the second procedure. We real-
ized, with the experience of bilateral WLL, that the lung recu-
perated rapidly enough to allow the contralateral WLL in less 
than an hour after the initial one.

The impact of WLL on the natural history of idiopathic 
PAP is difficult to ascertain, given the absence of random-
ized prospective trials or large, long-standing registries. 
Since its introduction into practice, therapeutic WLL has 
largely remained anecdotal as an art rather than a science. 
However, practitioners of this procedure widely believe that 
patients with PAP improve symptomatically as well as by gas 
exchange criteria with a WLL. It should be noted that con-
genital PAP appears to be particularly unlikely to respond to 
WLL [9]. After WLL, patients usually have marked subjective 
improvement that correlates with increases in PaO

2
 (at rest 

and exercise), vital capacity, diffusing capacity, and clearing 
of the chest roentgenogram (Fig. 35.5) or CT scan (Fig. 35.6). 
Some patients require lavage every few months, whereas oth-
ers remain in remission for several years. The disease may 
eventually show late recurrence. In PAP, WLL is proven to be 
successful because the lavage removes enormous accumula-
tions of alveolar lipoproteinaceous material, but also probably 
because it interrupts the pathogenic loop, decreasing the level 
of antiGM-GSF at the alveolar site, and temporarily restores 
the activity and function of the macrophages.

An excellent retrospective review of all published articles, 
describing over 400 separate individual cases of PAP, was pub-
lished in 2002 by Seymour and Presneill [9]. They reported 41 
patients with prelavage and postlavage paired gas exchange 
results, the PaO

2
 improved by 20 mmHg, breathing room air, 

within 3 months following WLL. The improvement in other 
pulmonary function parameters or diffusing capacity was 
less impressive. Their results also indicate that the median 

total number of lavages performed was two and that the 
median symptom-free period after one session of WLL was 
15 months.

With regard to survival, in their analysis of the literature, 
Seymour and Presneill indicate that the overall survival at 5 
years from the time of diagnosis is higher for patients who 
underwent therapeutic lung lavage during the course of their 
disease (94 vs. 85%, for those not lavaged). This was based 
on a series of 146 patients who were lavaged and 85 patients 
who were not [9].

Pediatric Whole Lung Lavage

WLL has been used in the pediatric and neonatal population 
with some success. WLL is technically difficult in infants and 
small children because of the incapacity to ventilate part of 
the lung or one lung safely and adequately during lavage of 
other areas or other lung.

Small double-lumen tubes (Bronchopart®, size 26, 28 and 
32, Willy Rusch AG, 71394 Kernen, Germany or Broncho-
Cath® size 28 and 32, Mallinckrodt Medical, Athlone, Ireland) 
are now available for use in children over 8–10 years old or 
weighing over 30 kg. Small FOBs are also available to verify 
and adjust the final position of this double-lumen tube. When 
the airway of a child accepts a double-lumen tube, the WLL 
technique is similar to of the one performed in adults.

If the airway is too small to insert a double-lumen tube, 
WLL is technically more challenging. Different methods to 
isolate both lungs have been described [19, 58, 59]. Recently, 
a publication described the use of two side-by-side cuffed 
tubes (one tracheal 3.0 mm and one bronchial 3.5 mm) in a 
11 kg child for unilateral WLL [60]. Airway isolation has been 
obtained for an infant as small as 2 kg [59]. When the perfect 
isolation of both lungs is obtained, WLL is performed, as with 
a double-lumen tube in place, but with much more attention to 
the stability of the airway devices.

When techniques described above cannot be applied, 
mainly in patients weighing less than 10 kg, ECMO can be 
used to oxygenate the patient while bilateral simultaneous 

Fig. 35.6. Radiological imaging. (a) Chest CT scan before WLL, note the important amount of alveolar material looking like “crazy-paving.” 
(b) CT scan 3 days after WLL, the alveolar material has been cleared out. (Reprinted from Bussières [8]. © 2001 with permission from 
Elsevier.).
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WLL is performed. Different approaches for the vascular  
canulation have been described [61, 62]. Finally, one case 
report describes the use of partial liquid ventilation with per-
flubron (LiquidVent®; Alliance Pharmaceuticals Corp. and 
Hoechst Marion Roussel) for 4 days following WLL done 
under ECMO in a 3.4 kg infant aged 6 weeks [63].

Conclusion

After more than 40 years of evolution, WLL is an efficient and 
safe technique. This technique is now frequently performed as 
a bilateral procedure during the same anesthetic. This proce-
dure can be adapted to a large variety of patients and diseases. 
When WLL does not lead to any beneficial effect to the patient, 
there are now new modalities that can be combined to WLL.

Clinical Case Discussion

A 47-year-old woman was referred to our team for WLL 4 
years ago. At that time, she had presented symptoms, mainly 
increasing dyspnea, for 6 months. An open lung biopsy had 

been performed at her hospital to establish the diagnosis of PAP. 
Pulmonary function tests performed in our institute showed a 
mild restrictive syndrome, a DLCO 58% predicted and a PaO

2
 

of 68 mmHg. Radiological investigation revealed a homoge-
neous distribution with the involvement of bilateral superior 
lobes, middle lobe and bilateral supero-dorsal segment of the 
inferior lobe. A BAL confirmed the diagnosis of PAP.

A first bilateral WLL was performed and moderately effec-
tive results were obtained. During the next two and a half years 
period, the patient underwent six bilateral WLL, at intervals 
varying between 4 and 12 months, without improvement in 
the clinical status, laboratory results or radiological imaging.

During the last WLL, BAL was also performed as the radio-
logical infiltrations were localized mainly in the left superior 
lobe, and the supero-dorsal segment of the bilateral inferior 
lobes (Fig. 35.7a–c).

Nine months later, the patient complained about the same 
symptoms without marked improvement following any of the  
performed WLL. The serum level of antiGM-CSF antibodies  
was measured, and the result, 203 g/mL (normal <3 g/mL),  
confirmed the diagnosis of primary PAP. In the following 
months, the patient received GM-CSF, but this treatment was 
discontinued because of lack of improvement and side effects.  

Fig. 35.7. Radiological imaging of pulmonary alveolar proteinosis. (a) Antero-posterior view demonstrating the heterogenous radiologi-
cal infiltrations. They are mainly localized in the left superior lobe, and the supero-dorsal segment of the bilateral inferior lobes. (b) High 
definition computed tomography scan, coronal plane, showing the same involvement. (c) High definition computed tomography scan, axial 
plane, showing crazy paving imaging in the left upper lobe. (d) Antero-posterior view demonstrating the disappearance of the radiological 
infiltrations. (e) High definition computed tomography scan, coronal plane, showing the same improvement. (f ) High definition computed 
tomography scan, axial plane, showing that the alveolar material has cleared out.
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A few months later, the patient was placed on rituximab 
(Rituxan®), but this was also discontinued after a few cycles 
since there was clinical and radiological deterioration.

How Would You Manage This Patient?

Given this situation, we performed a new WLL, associated 
with specific BAL. The sediment recuperation was increased 
following the BAL. In the following days after the recovery 
from the WLL, we began GM-CSF by inhalation, once daily.

At 1 and 3 months follow-up, the patient presented a sig-
nificant improvement of her clinical status, for the first time 
since the first WLL. The radiologic image completely cleared 
(Fig. 35.7d–f) with this associated therapy, but the laboratory 
investigations remained unchanged.

We decreased GM-CSF inhalations and ceased it com-
pletely after three months. Four months later her pulmonary 
function testing were better and more than a year later she is 
always completely asymptomatic. This case report promotes 
the usefulness of multiple therapies that should be carried out 
to efficiently treat patients suffering from PAP.
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Lung Volume Reduction
Erin A. Sullivan

Key Points

Lung volume reduction surgery (LVRS) is a viable option 
for a select group of emphysema patients.
Effective preoperative pulmonary rehabilitation and care-
ful patient selection criteria promote favorable outcomes.
Effective perioperative pain management and early extu-
bation are significant factors that minimize postoperative 
complications and lead to better outcome.
LVRS improves dyspnea, exercise tolerance, and increases 
potential for patient survival in appropriately selected 
patients.

Introduction

Approximately 13.5 million persons in the United States are 
afflicted with COPD, and 3.1 million of these patients have 
emphysema [1]. Airflow obstruction associated with chronic 
bronchitis or emphysema occurs due to a loss of the elastic 
recoil properties of the lung and chest wall and the collapse 
of small airways, creating a permanent state of hyperinflation. 
The anterior–posterior diameter of the chest wall is markedly 
expanded and the diaphragm is flattened leading to progres-
sive dyspnea and a gradual increase in the work of breathing. 
As the disease progresses, patients become increasingly debil-
itated, require supplemental oxygen, and display poor exer-
cise tolerance. Lung volume reduction surgery (LVRS) offers 
a select group of patients the possibility of improved exercise 

tolerance, reduction in dyspnea, improved quality of life, and 
an extended life span. It has been suggested that LVRS may 
provide these patients with a benefit that otherwise cannot be 
achieved by any means other than lung transplantation.

More recently, less invasive bronchoscopic procedures 
have been used to achieve the same goals as LVRS. Bronchial 
blockers, bronchial valves, and biologic glue have been used 
in an attempt to provide lung reduction with an acceptable risk 
profile in patients with advanced heterogenous emphysema. 
This technique could provide palliation to patients who are 
currently not considered for LVRS.

History of Lung Volume Reduction  
Surgery (LVRS)

In 1957, Otto Brantigan, M.D., described a surgical technique 
for patients with end-stage emphysema that was designed 
to alleviate symptoms of severe dyspnea and exercise intol-
erance [2]. It was Brantigan’s intent to remove functionally 
useless areas of the lung in order to restore pulmonary elastic 
recoil, thus increasing the outward traction on small airways 
and subsequently improve airflow. Brantigan believed that 
this technique could restore diaphragmatic and thoracic con-
tours that would improve respiratory excursion. Additionally, 
he reasoned that by excising the nonfunctional lung tissue, 
the compressive effects exerted on normal lung tissue could 
be relieved and result in improved V/Q matching. Unfortu-
nately, the operative mortality was significant and no objective 
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measures of benefit could be documented. Thus, early LVRS 
was abandoned as a viable therapy for patients with end-stage 
emphysema until 1993.

In 1996, Joel Cooper, M.D., authored an editorial advo-
cating the technique of LVRS as a “logical, physiologically 
sound procedure of demonstrable benefit for a selected group 
of patients with no alternative therapy” [3]. He further stated 
that the successful application of LVRS was “made possible 
through an improved understanding of pulmonary physiol-
ogy, improved anesthetic and surgical techniques, and lessons 
learned from experience with lung transplantation.” Although 
Dr. Cooper touted the benefits of LVRS for certain patients, 
he did not minimize the surgical risk and suggested that this 
was not a procedure to be performed in all health care centers 
across the country. He made the following proposal: (1) health 
care providers should restrict the application of this (LVRS) 
procedure to a limited number of centers of excellence; (2) 
such centers should be required to document and report speci-
fied information regarding morbidity, mortality, and objective 
measures of outcome; and (3) these data should be periodically 
reviewed and evaluated by a scientific panel before approval to 
continue performing the procedure is approved. Additionally, 
he advocated that the patients who would otherwise qualify 
for lung transplantation should be simultaneously evaluated 
for LVRS so that they would receive the procedure proving 
to be most appropriate. LVRS was considered to be a pallia-
tive procedure to reduce dyspnea, improve exercise tolerance 
and the quality of daily life. Most of Dr. Cooper’s patients 
achieved these goals as well as an improvement in airflow, a 
reduction of lung hyperinflation and improved alveolar gas 
exchange.

Shortly after Dr. Cooper’s report regarding the success of 
LVRS was published, there was a widespread application of 
the technique. Analysis of the outcome data for Medicare 
patients revealed a 23% mortality rate at 12 months following 
LVRS prompting the discontinuation of funding for this pro-
cedure in 1996 due to the associated high risks and costs [4]. 
Subsequently, the National Heart, Blood and Lung Institutes 
designed a prospective, randomized clinical trial, the National 
Emphysema Treatment Trial (NETT), that evaluated the effi-
cacy and safety of LVRS plus medical therapy vs. medical 
therapy alone [5].

Clinical Features of Emphysema

Emphysema is usually the end result of cigarette smoking, but 
can also be caused by alpha-1-antitrypsin deficiency [6, 7].  
It is a chronic progressive disorder that ultimately leads to 
disability and early death. The cardinal physiologic defect in 
emphysema is a decrease in elastic recoil of the lung tissue that 
results in the principal physiologic abnormalities of decreased 
maximum expiratory airflow, leading to air trapping and hyper-
inflation and severely limited exercise capacity [7, 8].

Areas of severely emphysematous lung constitute dead 
space and result in compression of the adjacent lung tissue 
rendering it less capable of exerting the better-preserved elas-
tic recoil on its adjoining airways. This leads to an increase in 
airway resistance and a reduction of expiratory airflow due to 
decreases in the driving and transmural pressures that main-
tain the patency of intra-parenchymal airways.

The distribution of emphysema in the lung parenchyma 
adversely affects alveolar gas exchange compounded by an 
increase in ventilatory drive, premature initiation of inspi-
ration, hyperinflation and positive alveolar pressure at end 
expiration (auto-PEEP). As the disease progresses, inspiration 
becomes more difficult as a more negative inspiratory pres-
sure is required to counteract auto-PEEP. Hyperinflation of 
the lungs leads to remodeling of the chest wall via progressive 
flattening of the diaphragm and alterations in the anterior–
posterior diameter of the rib cage. These changes contribute 
directly to the increased work of breathing associated with 
emphysema [9].

Preoperative Medical Management  
of Emphysema Patients

The American Thoracic Society established guidelines for the 
diagnosis and management of emphysema [10]. Patients who 
are evaluated and considered for LVRS may remain symptom-
atic despite optimal medical management. Prior to LVRS, a 
structured pulmonary rehabilitation program is instituted with 
the goals of halting the progressive decline in lung function, 
preventing exacerbations of the disease, improving exercise 
capacity and quality of life, and prolonging survival. This is 
achieved through exercise training, optimization of medical 
therapy, patient education, psychosocial evaluation, and nutri-
tional counseling and management.

The only treatment that has been shown to alter the rate 
of progression of COPD is cessation of smoking [11]. The 
majority of programs will require cessation of smoking for 
at least 6 months prior to considering the patient as a surgical 
candidate for LVRS.

Patients with severe emphysema are usually severely dys-
pneic even during minimal physical activity and as a result, 
they become sedentary leading to progressive exercise decon-
ditioning. For this reason, exercise training is an essential 
component for the preoperative preparation of the patient 
undergoing LVRS. The optimal training program is super-
vised by a specialized nurse and physician and lasts for at 
least 6 weeks prior surgery. Training consists of walking for 
a distance on a flat surface, bicycle ergometer training, and 
weight lifting. These exercises are combined with a special 
diet. There are several advantages of an exercise program 
prior to surgery: (a) the patient’s willingness to cooperate can 
be assessed, (b) endurance and exercise tolerance is increased, 
which will be helpful for early mobilization after surgery [12], 
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and (c) maximal oxygen consumption can be increased in 
many subjects [13].

Influenza immunization and pneumococcal vaccination 
are recommended for the prevention of life-threatening infec-
tion [10]. Exacerbations of bronchospasm and infection are 
treated with steroids and antibiotics, respectively [14, 15]. 
Furthermore, beta-adrenergic agonists such as theophylline 
and anticholinergics are recommended for treatment of COPD 
and asthma [10]. Although these interventions are believed to 
shorten the duration of individual episodes and to minimize 
symptoms, there is little evidence that they either alter the 
natural history of the disease or reduce mortality. Broncho-
dilators improve lung function, exercise capacity, and quality 
of life in patients with COPD but are of limited benefit to 
patients without reversible airway disease [10].

Long-term home oxygen therapy in chronically hypoxemic 
patients is the only treatment for COPD that has been docu-
mented to decrease mortality rates [16, 17]. Adjunctive forms 
of therapy, such as the use of mucolytics to control respira-
tory secretions or narcotics to reduce the sensation of dyspnea, 
have been used in selected COPD patients [10]. In end-stage 
COPD patients, single or double lung transplantation has been 
used as a last resort, but this option is limited by financial 
resources and the number of donor organs.

Patients presenting for LVRS are frequently very anxious 
secondary to the dyspnea and asthmatic crises they experi-
enced in the past. Psychological factors can induce an asthma 
attack that is a dangerous complication during the periopera-
tive period. Anxiety is associated with an increase in respira-
tory frequency leading to an increase in dynamic pulmonary 
hyperinflation and dyspnea [18]. Therefore, it is important that 
the anesthesiologist is able to establish a good relationship 
with the patient before surgery. The optimal psychological 
preconditions are likely to be achieved when the preoperative 
preparation, preoperative visit, insertion of a thoracic epidural 
catheter, administration of general anesthesia, and early post-
operative therapy are conducted by the same physician or a 
team well known to the patient. Anxiolytic therapy may be 
necessary during the preoperative and perioperative period.

Evaluation of Patients for LVRS  
and Selection Criteria

General Evaluation

General criteria for patient selection and recommendations for 
screening procedures are described by Weinmann and Hyatt 
[19]. These selection criteria may vary between institutions. 
Distinct selection criteria for LVRS candidates were published 
by Daniel et al. [20] and are shown in Table 36.1.

Whether patients with significant hypercapnia should 
undergo LVRS is controversial [19, 21]. Furthermore, some 
institutions report significant coronary artery disease (coronary 

artery stenosis >70%) diagnosed in 15% of their asymptom-
atic LVRS candidates and thus, they recommend left and right 
heart cardiac catheterization preoperatively [22]. This invasive 
cardiac screening seems justified by several case reports of 
myocardial infarction during and after LVRS. Other institu-
tions recommend limiting cardiac screening to transthoracic 
echocardiography [19]. In general, it is reasonable for centers 
with less experience to employ strict criteria for patient selec-
tion to minimize patient morbidity and mortality.

Anatomic/Radiologic Evaluation

The chest X-ray should provide evidence of hyperinflated 
lungs, large intercostal spaces, retrosternal airspace, flat-
tened diaphragm, and high transparency of the lungs (see 
Fig. 36.1a). For a precise morphologic evaluation, a high-res-
olution computer tomography (HR-CT) of the chest is essen-
tial for identification of nonhomogeneous areas within the 
lungs. HR-CT locates the target areas for resection. An ideal 
anatomical precondition for LVRS is marked inhomogeneity 
of the lung structure, where normal lung tissue and severely 
destroyed, over-distended tissue are present in the same lung 
(see Fig. 36.2a). Homogeneous distribution of the disease 
proved to be an unfavorable precondition (see Fig. 36.2b).

Several authors have demonstrated that patients present-
ing with severe inhomogeneity are very likely to benefit 
from LVRS [23–25]. Two reasons might account for this: 
(1) compressed, normal lung tissue is released after remov-
ing adjoining hyperinflated, nonfunctional, destroyed tissue, 
and thus, the pulmonary mechanics of the remaining tissue 
are improved; and (2) surgery is easier to perform if the target 
areas are clearly visible. In many centers, lung perfusion scin-
tography is still routinely performed for screening LVRS can-
didates primarily to rule out ventilation–perfusion mismatch. 
However, chest computed tomography has been shown to 

Table 36.1. General inclusion criteria for LVRS.

– Diagnosis of COPD
– Patient history, physical examination, lung function test, chest X-ray, etc.
– Smoking cessation for greater than 1 month
– Age <75 years
– FEV

1
 between 15 and 35% of predicted

– P
a
CO

2
 < 55 mmHg

– Prednisone requirement <20 mg/day
– PAP

sys
 < 50 mmHg

– No previous thoracotomy or pleurodesis
– Absence of symptomatic coronary artery disease
– Absence of chronic asthma or bronchitis
– Commitment to preop and postop supervised pulmonary rehabilitation  

for 6 weeks

COPD chronic obstructive pulmonary disease; FEV
1
 forced expiratory 

 volume in one second; P
a
CO

2
 arterial carbon dioxide pressure in mmHg; 

PAP
sys

 systolic pulmonary arterial pressure in mmHg
Reprinted from Daniel et al. [20] with permission from Wolters Kluwer 
Health
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be superior compared to lung perfusion scintography for the 
evaluation of patients [26].

The evaluation of lung morphology is semi-quantitative and 
difficult to standardize. Only about 25% of patients present 
with inhomogeneous distribution of the disease. Therefore, 
the evaluation of preoperative functional criteria as predictors 
seems important.

Physiologic Evaluation

Currently, a preoperative FEV
1
 < 20% of the predicted value 

in combination with homogenous morphology or a carbon 

monoxide diffusion capacity <20% of the predicted value is 
regarded as contraindication for surgery. These patients were 
found to have significantly increased mortality after LVRS 
compared with conventional medical treatment alone [27].

Pulmonary mechanics are severely impaired in patients 
suffering from emphysema, and LVRS leads to a significant 
improvement [28–33]. Several parameters characterizing pul-
monary mechanics show specific changes after LVRS. Inves-
tigators tested these parameters as preoperative predictors for 
outcome after LVRS. FEV

1
 is frequently chosen to represent 

outcome since it correlates well with mortality in emphysema 
patients. Furthermore, outcome is frequently characterized by 

Fig. 36.1. A lateral chest X-ray is shown. (a) 
Depicts the patient before lung volume reduc-
tion surgery (LVRS): the thorax is barrel-
shaped with high transparency of the lungs, 
a large retrosternal air-filled space, and a flat-
tened to concave diaphragm. The chest X-ray 
of the same subject (b) is shown 3 months after 
LVRS: the lung fields are less transparent, the 
air-filled retrosternal space decreased signifi-
cantly, and the diaphragm exhibits an almost 
normal, convex shape.

Fig. 36.2. (a) Depicts a high-resolution computed tomography (HR-CT) scan of a patient presenting with inhomogeneous distribution of 
emphysema. Parenchymal destruction is greater in the ventral portions of the lung; thus, the functional portions are easily distinguished from 
 nonfunctional segments. (b) Depicts a HR-CT of a patient with homogeneous distribution of emphysema. It is much more difficult to deter-
mine which segments need to be resected.
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changes seen in pressure volume loops and by changes in dys-
pnea score since severe dyspnea leads to an impaired quality 
of life.

Ingenito et al. hypothesized that patients with markedly 
elevated inspiratory resistance are likely to have predomi-
nantly airway disease and are unlikely to show improvement 
of expiratory flow after LVRS thus, limiting the benefit of the 
procedure [34]. The investigators proved their hypothesis by 
demonstrating that preoperative inspiratory lung resistance 
negatively correlated with changes in FEV

1
 (L) (r = −0.63; 

p < 0.001). In contrast, patients with elevated expiratory lung 
resistance showed good improvement.

Preoperative PEEP
i
, a correlate of dynamic pulmonary 

hyperinflation, and postoperative gain in normalized FEV
1
 % 

predicted was found to be well correlated (r = 0.69, p < 0.0002) 
[35]. A cutoff point of preoperative PEEP

i
 of 5 cmH

2
O had 

a positive predictive value of 86% and a negative predictive 
value of 92% in predicting a change in FEV

1
 % of greater than 

40% after LVRS [35]. Similar results were found for changes 
in dyspnea score.

Despite these and other promising methods to predict out-
come following LVRS, most require time-consuming and 
sophisticated measuring techniques and are difficult to incor-
porate into standard clinical practice. As a result, none of the 
evaluated parameters has gained widespread acceptance to 
date.

Approach: Surgical vs. Bronchoscopic

Video-Assisted Thoracoscopic Surgery (VATS)

Surgery has been proven to be of benefit for selected patients 
with severe forms of emphysema in comparison to medical 
therapy alone and it has also been used as a bridging technique 
to lung transplantation [36]. LVRS has been reported to be 
cost-effective [4] and significantly improve pulmonary func-
tion, exercise tolerance, quality of life and even survival for 
a select patient population [37]. Patients with upper-lobe pre-
dominant emphysema and low exercise capacity demonstrated 
improved survival at 5 years, an increased exercise capacity 
throughout 3 years, and an improvement in overall symptoms 
through 5 years [38]. The results of the procedure are compa-
rable whether performed through a median sternotomy or by 
video-assisted thoracoscopic surgery (VATS) [37]; however, 
the NETT indicated that the VATS approach provided earlier 
patient recovery compared with median sternotomy and it was 
more cost-effective [37]. LVRS has also been used in lung 
transplant recipients when the donor lungs have been deemed 
too large for the recipient’s thoracic cavity.

The selection criteria for LVRS have been described in the 
previous section. Perhaps the most important selection factor 
for LVRS is the presence of a heterogenous pattern of emphy-
sema and only about 20% of patients with severe emphysema 
satisfy this prerequisite. The goal for LVRS is to resect the 

nonfunctional areas of the lung that constitute dead space and 
compress more functional lung segments, thus allowing the 
functional lung segments to expand and improve gas exchange. 
A bilateral staple procedure performed under general anesthe-
sia and sequential single-lung ventilation is required.

Bronchoscopic Placement of Endobronchial 
Valves and Blockers

Although LVRS has been shown to be beneficial for patients 
with a heterogenous pattern of emphysema, this constitutes 
only about 20% of patients who are eligible candidates for this 
treatment. Procedures for bronchoscopic LVRS have thus been 
developed to treat patients with heterogenous and homoge-
nous patterns of emphysema. The rationale for this minimally 
invasive approach is that by endobronchially obstructing the 
emphysematous areas of the lung, collapse of these selected 
segments should occur, thereby reducing hyperinflation and 
alleviating symptoms without the need for surgery. Currently 
available bronchoscopic techniques include endobronchial 
blockers/valves, biologic glues, and airway bypass.

Figure 36.3 depicts blocker and valve devices currently for 
investigational use in the United States for LVRS in patients 
with heterogenous emphysema. These devices are placed in 
the patient’s segmental bronchi to obstruct the flow of air into 
the selected segment while allowing air and mucus to escape 
via a one-way valve (Zephyr®EBV, PulmonX and IBV valves, 
Spiration, Inc.) or around the device (IBV valve, Spiration, 
Inc.). Both devices are compressed and are placed under direct 
vision using a fiberoptic bronchoscope and general anesthe-
sia. An advantage of this technique, besides avoiding the risks 
of surgical LVRS, is that the devices may be repositioned or 
removed if necessary.

Preliminary outcome studies for these devices show prom-
ise and pivotal randomized trials are underway. Improvements 
in FEV

1
, residual volume, 6-min walk test, St. George Respi-

ratory Questionnaire and Medical Research Council median 
dyspnea score have been demonstrated after insertion of the 
EBV valve and 43% of the patients were able to discontinue 
use of supplemental oxygen [39, 40]. Results for the IBV 
device are still pending.

Although there are significant improvements achieved with 
endobronchial blockers/valves, the results have not been as 
substantial as those obtained with surgical LVRS. Evaluation 
with ventilation/perfusion scans demonstrates that in some 
cases, the desired atelectasis to emulate surgical LVRS has 
occurred in a nonsustained manner. It is thought that collateral 
ventilation due to the presence of incomplete fissures might be 
implicated [41]. PulmonX has developed an adjunct detection 
device, the Chartis System (see Fig. 36.3c) that can directly 
assess collateral ventilation in the target lobe, a key criteria for 
identifying patients who will respond well to Zephyr® valve 
therapy. Chartis collateral flow screening must be performed 
under moderate sedation with the patient breathing normally 
in order to obtain an accurate assessment.
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Another alternative to combat less optimal results in bron-
choscopic lung volume reduction for heterogenous emphy-
sema was developed by Ingenito et al. He and his colleagues 
developed a transbronchoscopic technique to create and main-
tain volume loss using a washout solution and fibrin-based 
glue to collapse, seal and scar target regions of abnormal lung 
[42]. Initial results show that in short-term follow up there 

was improved mean vital capacity, reduced mean residual vol-
ume, reduced mean residual volume/total lung capacity ratio, 
longer mean 6-min walk distance, and improved mean dysp-
nea score [43].

There is a device designed to reduce lung volume for 
patients with heterogenous or homologous emphysema and it 
is effective even when there are compromises in the fissures 

Fig. 36.3. (a) Depicts the Zephyr®EBV (regis-
tered trademark of PulmonX, Inc.). (b) Depicts 
the IBV (Spiration, Inc.). Both devices have 
been used to provide bronchoscopic LVRS for 
patients with heterogenous forms of emphy-
sema. (c) Depicts the Chartis system (Pul-
monX) that is used to detect collateral flow 
and determine the suitability of patients for 
the Zephyr® EBV. A hollow balloon-tipped 
catheter is used to obstruct a lobar or segmen-
tal bronchus.  Collateral flow to the obstructed 
region can be detected by measuring continued 
expired gas flow distal to the balloon (reprinted 
with permission from © 2010 PulmonX, Inc. 
All Rights Reserved).
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between lung lobes. The RePneu™ LVRC (see Fig. 36.4) is 
constructed of Nitinol, that is preformed in a coil shape and 
that can be deployed into a target lobe via a bronchoscope and 
using either moderate sedation or general anesthesia. Multiple 
implants are used to obtain optimal results. This device is 
completely removable and preclinical studies have indicated 
that lung volume reduction of up to 50% has been achieved 
in human lungs.

Anesthetic Management

Preoperative Assessment

Pharmacologic Preparation

Most of the patients presenting for LVRS require long-term 
bronchodilator therapy (beta adrenergic agonists), steroid 
therapy (inhalation or systemic), and mucolytic therapy. Addi-
tionally, these patients frequently require antibiotics. Most 
centers recommend continuation of bronchodilator and muco-
lytic therapy before LVRS, including the day of surgery. The 
patient must be free from respiratory infections for at least 
3 weeks prior to LVRS and require no antibiotic therapy pre-
operatively. In terms of steroid therapy, the goal is to gradu-
ally reduce the dose of systemic steroids prior to LVRS.

Many patients have received chronic theophylline therapy 
before LVRS and some patients experience toxic symptoms 
while theophylline blood levels are in the therapeutic range 
[44]. The main side-effects are nervousness, tremor, and 
tachycardia. Theophylline therapy should be discontinued 
before LVRS if the patient shows significant side-effects or if 
the serum levels are >20 ng/mL.

Pain Management

Thoracic Epidural Analgesia

By now it is a generally accepted concept that thoracic epidural 
analgesia (TEA) is mandatory for optimal postoperative pain 
management following LVRS. A thoracic epidural catheter is 
inserted at the T3-4 or T4-5 vertebral level in the awake patient 
immediately prior to surgery. The spread of anesthesia and 
analgesia should be assessed carefully before induction of gen-
eral anesthesia in order to avoid inadequate pain management 
that may cause ventilatory depression during the immediate 
postoperative period. A local anesthetic such as bupivacaine 
or ropivacaine can be used for TEA preferably in combination 
with an opioid. Since emphysema patients tend to be volume 
depleted, it is important that they are adequately volume loaded 
(1–2 mL/kg) before fully activating the TEA so as to avoid 
severe hypotension. A potent vasopressor such as norepineph-
rine or phenylephrine should be available before activating the 
TEA. Ropivacaine is frequently preferred over bupivacaine as 
the local anesthetic since it causes less circulatory depression 
and helps to reduce the incidence of hypotension.

Most anesthesiologists providing care to patients for 
LVRS are convinced that TEA is crucial to reduce periop-
erative patient morbidity and mortality. Unfortunately, there 
are no controlled studies available to validate this theory. 
Some anesthesiologists might consider such a study unethi-
cal since patients would potentially be denied optimal pain  
management. In patients with normal lung function under-
going lung resection there is evidence that sufficient postoper-
ative analgesia with TEA can reduce morbidity and mortality 
[45]; however, other authors emphasize that the influence of 
TEA on outcome after lung resection has not been proven 
[46]. Nevertheless, the use of TEA is the worldwide estab-
lished means for intraoperative and postoperative analgesia 
for patients undergoing LVRS. In order to guarantee optimal 
analgesia, TEA should be maintained until all chest drains are 
removed.

Paravertebral Nerve Block

Paravertebral nerve blocks are multiple-level intercos-
tal nerve blocks that have replaced the direct and multiple 
applications of local anesthetics to intercostal nerves, cryo-
therapy, and interpleural local anesthetics [47]. Paravertebral 
nerve blocks may be performed either by multiple injections 
or by inserting a catheter into the paravertebral space for 
use with a continuous infusion of local anesthetic [48, 49]. 
The levels of analgesia and restoration of pulmonary func-
tion seen with TEA can also be achieved with paravertebral 
nerve block when a multimodal analgesic regimen including 
the use of intravenous opioids and nonsteroidal anti-inflam-
matory agents (NSAIDS) are added. Outcome studies of the 
effect of paravertebral nerve blocks on morbidity and mor-
tality rates following thoracic surgery, in particular LVRS, 

Fig. 36.4. TheRePneu™ lung volume reduction device (PneumRx, 
Mountain View, CA) is designed to reduce lung volume for both 
heterogenous and homologous forms of emphysema. It is effective 
even when collateral ventilation due to compromises in the fissures 
between lung lobes exists. The preformed coil is delivered into a seg-
mental or subsegmental bronchus in a straight configuration via a 
fiberoptic bronchoscope. After deployment, the device resumes its 
coil shape gathering and compressing emphysematous lung tissue.
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have yet to be determined. It is widely accepted that the use 
of multimodal analgesia in conjunction with paravertebral 
nerve block is an excellent alternative to TEA. Paraverte-
bral catheters may be inserted either percutaneously or under 
direct vision during thoracotomy. This technique is particu-
larly useful for patients in whom placement of TEA is dif-
ficult or contraindicated.

Intraoperative Management

Monitors

Monitors for LVRS should include a six-lead ECG, pulse 
oximetry, invasive blood pressure monitoring, a temperature 
probe for continuous core temperature measurement, and a 
central venous catheter to assess central venous pressure. The 
routine use of a pulmonary artery catheter is controversial, 
however, continuous monitoring of pulmonary artery pressure 
(PAP) may be helpful since PAP can increase substantially 
during single lung ventilation thus, causing acute right ven-
tricular failure. Transesophageal echocardiography may also 
be useful for intraoperative cardiac monitoring.

General Anesthesia

During endotracheal intubation with a double lumen tube, 
the intravenous analgesic requirement can be substantially 
reduced if the pharynx and larynx are carefully anesthetized 
with a topical anesthetic spray (e.g., 2% lidocaine) [50].  
Following intubation, analgesia should be maintained with 
TEA. It is important to mention that intubation of a poorly anes-
thetized emphysema patient can precipitate life-threatening  
bronchospasm [51].

Only short-acting drugs should be used for sedation and 
neuromuscular blockade during general anesthesia for LVRS 
in order to facilitate tracheal extubation as early as possible 
after the procedure in order to avoid prolonged air leak-
age associated with prolonged positive pressure ventilation. 
Propofol is therefore a suitable choice for sedation. If the 
patient is susceptible to bronchospasm, a volatile inhalation 
anesthetic such as sevoflurane or isoflurane may be preferred 
over an intravenous agent. Neuromuscular blocking agents 
with short duration and absence of histamine liberation (e.g., 
vecuronium or cisatracurium) are frequently chosen.

Sufficient patient warming can be achieved using warm-
ing blankets, heating mats, and warm intravenous fluid infu-
sions. Core body temperature and the peripheral temperature 
of the patient should be maintained within the normal range. 
A decrease in the body heat content of the patient will ulti-
mately lead to shivering after extubation along with increased 
carbon dioxide production and oxygen consumption. It is fre-
quently impossible for the end-stage emphysema patient to 
meet the increased ventilatory demands caused by shivering. 
Shivering is an undesirable complication that may lead to 
reintubation in the postoperative period.

Mechanical Ventilation

Optimal mechanical ventilation for LVRS must provide suffi-
cient arterial oxygenation while strictly avoiding air trapping 
[18], which can potentiate the threat of pneumothorax. Air-
trapping can be minimized by using moderate tidal volumes 
( 9 mL/kg during ventilation of both lungs and 5 mL/kg dur-
ing single lung ventilation), low respiratory frequencies ( 12 
breaths/min during ventilation of both lungs and 16 breaths/
min during single lung ventilation), and a prolonged expira-
tory time (I:E = 1:3 during double and single lung ventilation). 
If the preoperative HR-CT exhibits a substantial difference in 
the quality of lung tissue between the right and left lung, it 
may be more desirable to resect the less functional lung first.

It is important to limit airway pressure generated 
( 35 cmH

2
O) by the ventilator in order to avoid barotraumas 

resulting in a pneumothorax or tension pneumothorax. The 
anesthesiologist should pay constant attention to the inspired 
and expired volumes during mechanical ventilation. For this 
purpose it is necessary to monitor the configuration of the 
end-tidal CO

2
 waves closely. In most patients undergoing 

LVRS, the anesthesiologist will have to accept elevated val-
ues of end-tidal and P

a
CO

2
 (arterial carbon dioxide tension) 

during single lung ventilation. This permissive hypercapnia is 
the price for the prevention of barotrauma during mechanical 
ventilation for LVRS. P

a
CO

2
 values will return to the normal 

range soon after the procedure when both lungs can be venti-
lated again.

Early Extubation

It is difficult to avoid air leakage entirely despite the use of 
new surgical techniques that use staplers buttressed with 
bovine pericardium. Air leakage can be exacerbated by posi-
tive pressure ventilation, whereas the negative intrapleural 
pressure generated during spontaneous breathing minimizes 
air leakage. Therefore, early extubation after LVRS is of 
prime importance. Several criteria must be satisfied before 
the patient can be extubated (Table 36.2). Should the patient 
fail to meet all of these criteria, it is reasonable to stabilize 
the patient in a quiet environment such as an intensive care 
unit or the post anesthesia care unit before extubation. Suc-
cessful extubation will usually be possible within 1–2 h and 
is not harmful to the patient. This is preferable to premature  

Table 36.2. Extubation criteria after LVRS.

1. Patient awake and cooperative
2. Patient breathing sufficiently, i.e., rapid shallow breathing index (respi-

ratory frequency per min/tidal volume in L) is below 70
3. Sufficient arterial oxygenation: S

a
O

2
  92 while patient is breathing 

spontaneously (F
i
O

2
  0.35)

4. Adequate pain management achieved
5. Patient core temperature >35.5°C
6. No shivering
7. Stable hemodynamic conditions
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extubation in the operating room followed by prolonged  
episodes of arterial hypoxemia.

Postoperative Management

More than 50% of patients who undergo LVRS experience a 
complication during the postoperative period. They include: 
(1) oversedation; (2) accumulation of airway secretions; (3) 
pneumothorax; (4) bronchospasm; (5) pulmonary embolism; 
(6) pneumonia; (7) persistent air leaks; (8) arrhythmias; (9) 
myocardial infarction, and (10) pulmonary embolism. Reintu-
bation and mechanical ventilation are associated with a high 
morbidity and mortality.

The majority of patients are extubated in the operating 
room and rarely require reintubation during the initial 48 h. 
However, significant hypercarbia and acidosis may be present 
for several hours owing to the residual effects of the anesthe-
sia or incomplete analgesia. Unlike other patients undergo-
ing pulmonary resection, the chest tubes in these patients are 
attached to water-seal drainage without suction. The loss of 
elastic recoil and the obstructive physiology of the remaining 
lung make it resistant to the usual loss of volume associated 
with a postoperative pneumothorax. The fragile nature of the 
lungs renders them more susceptible to the adverse effects of 
increased transpulmonary pressure and overdistention that 
would be caused by chest tube suction. This has a tendency to 
increase the magnitude and prolong the duration of air leaks 
in these patients. Postoperative management is directed to 
minimize these adverse side-effects: (1) judicious pulmonary 
toilet; (2) bronchodilator therapy; (3) effective perioperative 
analgesia with TEA or paravertebral/multimodal analgesia, 
and (4) avoidance of systemic corticosteroids.

Summary

LVRS is a viable option for a select group of emphysema 
patients and endobronchial valves and blockers that are under-
going clinical trials in the United States hold much promise as 
a treatment alternative for all emphysema patients. Regardless 
of the selection of treatment modality, the goals are the same: 
improvements in dyspnea, exercise tolerance, quality of life, 
and prolonged patient survival.

Patient selection is of crucial importance for a successful 
outcome after LVRS. The anesthesiologist must be actively 
involved in patient selection since he or she will be responsible 
for the patient’s immediate perioperative management. Patient 
history and preoperative status as well as the results obtained 
from the evaluation of chest X-rays, HR-CT scans, and catheter-
ization of the right heart should be carefully weighed during the 
patient selection process. The careful selection and preoperative 
preparation of patients is essential to minimize perioperative 
complications and obtain a successful outcome. Furthermore, 
it has to be emphasized that the role of the anesthesiologist is of 
crucial importance for the successful conduct of LVRS.

Clinical Case Discussion

Case: A 58-year-old female patient with end-stage emphy-
sema is scheduled for bilateral LVRS using a video-assisted 
thoracoscopic approach (VATS). She has a past medical his-
tory that is significant for smoking (60 pack years; quit for 
the past 2 years), hypertension, and atrial fibrillation that is 
controlled with metoprolol. Her other medication includes an 
81-mg aspirin that she takes once per day. She successfully 
completed a preoperative exercise program 8 weeks ago. The 
patient is very anxious and wishes to speak with the anesthesi-
ologist who will provide her care prior to the date of surgery.

Questions

What additional preoperative preparation is necessary from 
a pulmonary standpoint?
How will you treat the patient’s anxiety?
What will you recommend for perioperative pain man-
agement?
What are your specific concerns regarding postoperative 
management?

Preoperative Pulmonary Preparation:

Successful completion of a preoperative exercise program 
including a 6-min walk on a flat surface, bicycle ergom-
eter, and weight lifting (see Sections “Preoperative Medical 
Management of Emphysema Patients”)
Continue supplemental oxygen use, bronchodilators, muc-
olytics up to and including the day of surgery (see Section 
“Pharmacologic Preparation”)
Gradually reduce the dose of steroids prior to surgery if 
they are being administered
If the patient is receiving theophylline therapy and exhibit-
ing symptoms of toxicity (nervousness, tremor, tachycardia) 
or if serum levels exceed 20 ng/mL, discontinue the drug
Ensure that the patient is free from infection and does 
not require antibiotics for at least a 3-week period prior to 
surgery

Treatment of Anxiety:

Untreated anxiety may precipitate an episode of acute bron-
chospasm, an increase in dynamic pulmonary hyperinflation, 
and dyspnea (see Section “Psychological Preparation”)
An effective way to allay a patient’s anxiety is for the anes-
thesiologist to establish a good relationship with the patient 
prior to the date of surgery by scheduling a meeting in the 
anesthesia preoperative evaluation clinic
Anxiolytic therapy may be necessary during the preopera-
tive and perioperative period

Perioperative Analgesia:

The patient is at high risk for perioperative pulmonary 
complications if analgesia is insufficient or ineffective
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The risk of pulmonary complications may be improved 
with the use of thoracic epidural or paravertebral analgesia 
(see Sections “Thoracic Epidural Analgesia” and “Paraver-
tebral Nerve Block”)
TEA or paravertebral nerve block catheters should be main-
tained until the chest drains are removed and the patient is 
tolerating oral pain medications

Postoperative Management: (see Sections “Early Extubation” 
and “Postoperative Management”)

Air leakage can be exacerbated by positive pressure venti-
lation. Therefore, the patient should be extubated as soon 
as it is safe to do so, preferably in the operating room. It 
is safe, however, to maintain mechanical ventilation for 
1–2 h following surgery and this is preferable to prema-
ture extubation and the subsequent development of arterial 
hypoxemia
Fifty percent of LVRS patients develop a postoperative 
complication
Reintubation and mechanical ventilation in the postop-
erative period are associated with a high morbidity and 
 mortality
Postoperative complications can be minimized by imple-
menting judicious pulmonary toilet, bronchodilator ther-
apy, effective pain management with thoracic epidural 
or paravertebral analgesia, and avoidance of systemic 
corticosteroids
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37
Lung Transplantation
Andrew Roscoe 

Key Points

Preoperative assessment of the underlying diagnosis allows 
for optimal intraoperative ventilation settings.
Preoxygenation and a smooth induction are essential to 
avoid pulmonary hypertensive crises and acute right ven-
tricular failure.
Transesophageal echocardiography is an invaluable tool in 
the diagnosis and management of intraoperative hemody-
namic instability.
A fluid restriction strategy is adopted to reduce the risk of 
low pressure pulmonary edema.
Adequate postoperative analgesia is imperative to facilitate 
extubation, satisfactory sputum clearance, and early mobi-
lization.

Introduction

Lung transplantation (LT) is the treatment of choice for certain 
patients with end-stage lung disease or pulmonary vascular 
disease [1]. The term “lung transplantation” encompasses a 
group of operations, comprised of lobar transplant, single-lung 
transplant (SLT), double-lung transplant, bilateral sequential 
lung transplant (BSLT), and heart–lung transplant (HLT). The 
first reported human LT was performed in 1963 at the Univer-
sity of Mississippi [2]. Over the following 20 years outcomes 
were poor, with few recipients surviving beyond the first post-
operative month. With the introduction of cyclosporin and the 
development of surgical techniques in the 1980s, long-term 
survival became possible [3]. Over the next decade there 
was a sharp increase in the number of transplants performed 
worldwide, which plateaued in the late 1990s, before steadily 

increasing again in more recent years (Fig. 37.1) [1]. Median 
survival for adult LT is approximately 5 years (Fig. 37.2). Ini-
tial postoperative mortality is similar between SLT and BSLT. 
After 1 year, recipients of SLT have lower survival rates [1, 
4–6], which may reflect a difference in the underlying disease 
process and age of the recipients.

Donor Organ Management

The potential donor patient is often cared for in a nontrans-
plant critical care unit [7]. After the diagnosis of brain stem 
death (BSD) [8–13], the pathophysiological sequelae [14–17] 
must be appropriately managed to effectuate organ preser-
vation. This includes intravenous fluid administration and 
vasoactive therapy to achieve a mean arterial pressure (MAP) 
above 70 mmHg; heart rate 60–120 beats per minute; and a 
central venous pressure (CVP) or pulmonary capillary wedge 
pressure (PCWP) between 6 and 10 mmHg [18, 19]. Intra-
venous fluid restriction and judicious use of diuretics help 
to reduce fluid accumulation in the lungs [20]. The use of 
“hormonal” therapy, comprised of thyroxine, methylpredni-
solone and vasopressin, has been shown to increase the num-
ber of transplantable organs [21–24]. Ventilatory settings are 
altered to protect the potential donor lungs. This includes the 
use of small tidal volumes (6–8 mL/kg), in conjunction with 
pressure-controlled ventilation, with appropriate positive 
end-expiratory pressure (PEEP) and recruitment maneuvers 
[20, 24]. Bronchoscopic pulmonary toilet is used to clear 
retained secretions. Basic critical care therapies, such as 
normothermia, appropriate antimicrobial use, nutrition, cor-
rection of electrolyte disturbances, and treatment of diabetes 
insipidus are essential [16, 18].
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Less than 20% of donors of other solid organs have lungs 
that are suitable for transplantation [20, 25]. This may be 
related to the etiology of BSD or secondary to the brain injury 
with the occurrence of pulmonary aspiration of gastric con-
tents [26–28]. Due to the imbalance between the number of 
recipients awaiting transplantation and the availability of suit-
able donors, the “ideal” criteria [29] for donor lung acceptance 
(Table 37.1) have been extended by many centers. The survival 
of recipients from “marginal” donor organs appears to be simi-
lar to those from ideal donors [30–33], although there may be a 
higher incidence of primary graft dysfunction (PGD) [34, 35]. 
An alternative for extending the donor organ pool from BSD 
donors has been the development of ex-vivo lung recondition-
ing [36–38]. This method involves harvesting unacceptable 

lungs, placing them on an ex-vivo circuit (Fig. 37.3) and opti-
mizing their function prior to reassessment for transplantation. 
Early results from this technique are promising [39].

A shortage of organs from BSD donors has led to the use of 
patients in Maastricht category III [18] – the nonheart-beating 
donor (NHBD). Potential donors include patients in a criti-
cal care environment who are expected to die within 90 min 
of withdrawal of active treatment. Ethical considerations [40] 
mandate the use of two separate teams to be involved with 
the care of such a patient: one to decide to withdraw therapy 
and the second to perform organ procurement. Lung preserva-
tion interventions are withheld until cardiac death has been 
certified [41]. The lungs are unique in their ability to toler-
ate a warm ischemia time of at least 1 h [42, 43]. Outcomes 
of recipients from NHBD are comparable to those from BSD 
donors [44, 45].

Fig. 37.1. Number of lung transplants reported 
by year. (Adapted from Christie et al. [1]).

Fig. 37.2. Survival for adult lung transplantation 1996–2006. BSLT 
bilateral sequential lung transplant; SLT single lung transplant. 
(Adapted from Christie et al. [1]).

Table 37.1. Ideal donor lung criteria [29].
Age <55 years
Smoking history <20-pack years
ABO compatibility
Clear chest X-ray
Absence of chest trauma
Absence of pulmonary aspiration or purulent secretions on bronchoscopy
Absence of Gram stain negative bacteria and fungi
Arterial pO

2
 >300 mmHg on FiO

2
 1.0, PEEP 5 cmH

2
O

FiO
2
 fraction of inspired oxygen; PEEP positive end-expiratory pressure

Fig. 37.3. Nonacceptable donor lungs undergoing ex-vivo recondi-
tioning.
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During procurement, the donor receives systemic heparini-
zation and the pulmonary artery is flushed with a cold pres-
ervation solution. The optimal pneumoplegia solution is still 
under debate [46–48]. Prior to preservation, a prostaglandin 
(typically PGE

1
) is infused into the donor pulmonary circu-

lation. This helps to inhibit the vasoconstrictive response to 
the cold pneumoplegia as well as being a potent inhibitor of 
platelet aggregation [49]. The bronchoscopic instillation of 
exogenous surfactant prior to procurement may improve post-
operative graft function [50]. The donor lungs are ventilated 
with PEEP throughout the flush and are inflated to a pres-
sure of 5–15 cmH

2
O prior to dividing the airways [51, 52]. 

The harvested allograft is then stored at 4°C for transfer to the 
recipient centre.

Recipient Candidates

The international guidelines for the selection of lung trans-
plant candidates were published in 1998 [53] and updated in 
2006 [54]. Listing for transplantation should occur when life 
expectancy after transplantation exceeds life expectancy with-
out the procedure. Donors and recipients are matched accord-
ing to blood group and size. Due to the relative shortage of 
donor organs, it is essential to list only patients with realistic 
beneficial outcomes. Transplantation is indicated for patients 
with end-stage lung disease who are failing medical therapy, 
with the goal to provide a survival benefit [54]. The under-
lying disease processes responsible for LT referral include 
chronic obstructive pulmonary disease (COPD), cystic fibrosis 
(CF), idiopathic pulmonary fibrosis (IPF), pulmonary arterial 
hypertension (PAH), alpha-1 antitrypsin deficiency (AAT), 
and sarcoidosis (Fig. 37.4). The absolute contraindications 
are listed in Table 37.2. Relative contraindications include age 
over 65 years; severe obesity (body mass index greater than  

30 kg/m2) [55]; severe osteoporosis; critical clinical condition, 
such as dependence upon mechanical ventilation or extracor-
poreal membrane oxygenation (ECMO); and colonization 
with resistant organisms [54].

Disease-specific indications for referral and listing for trans-
plantation are summarized in Table 37.3. Patients suffering 
from emphysema can be assessed using the BODE index [56]. 
This includes scoring body mass index, airflow obstruction, 
degree of dyspnea, and exercise capacity on a scale from 0 
to 10. A BODE index of 7–10 is associated with a lower sur-
vival than would be expected after transplantation. Lung vol-
ume reduction surgery may provide an alternative or a bridge 
to lung transplantation in such patients [57]. Cystic fibrosis 
patients may be colonized with resistant pathogens. Some 
studies suggest a higher mortality in CF patients infected with 
Burkholderia cepacia complex [58] and some centers refuse 
transplantation to this subpopulation [59]. Patients with IPF, 
also termed usual interstitial pneumonia (UIP), have the high-
est mortality on the transplant waiting list. For this reason,  

Fig. 37.4. Indications for lung transplantation. AAT alpha-1 antit-
rypsin deficiency; CF cystic fibrosis; COPD chronic obstructive pul-
monary disease; IPF idiopathic pulmonary fibrosis; PAH pulmonary 
arterial hypertension. (Adapted from Christie et al. [1]).

Table 37.2. Absolute contraindications to lung transplantation [54].
Malignancy within previous 2 years (except cutaneous BCC and SCC)a

Advanced second major organ dysfunction (heart, liver or kidney)b

Chronic nonpulmonary infection (active hepatitis B and C; HIV)
Severe chest wall or spinal deformity
Untreatable psychiatric conditions
Substance addiction within previous 6 months
Noncompliance with medical therapy
Absence of reliable social support system

BCC basal cell carcinoma; HIV human immunodeficiency virus; SCC 
squamous cell carcinoma
aFive-year disease-free survival is recommended
bCoronary artery disease may be amenable to percutaneous or surgical 
intervention

Table 37.3. Disease-specific criteria for lung transplantation  
listing [54].
COPD/emphysema FEV

1
 <20% predicted

BODE index [56] of 7–10
Hospitalization with hypercapnia (pCO

2
 >50 mmHg)

Pulmonary hypertension despite oxygen therapy
CF/bronchiectasis Oxygen-dependent respiratory failure

Hypercapnia
Pulmonary hypertension

Pulmonary fibrosis DLCO <39% predicted
Decrease in SpO

2
 below 88% during 6-MWT

Decrement >10% in FVC over 6 months
Fibrosis score >2 on HRCT scan

Pulmonary  
hypertension

6-MWT <350 m
Cardiac index <2 L/min/m2

Right atrial pressure >15 mmHg
Sarcoidosis Hypoxemia at rest

Pulmonary hypertension
Right atrial pressure >15 mmHg

CF cystic fibrosis; COPD chronic obstructive pulmonary disease; DLCO 
diffusing capacity for carbon monoxide; FEV

1
 forced expiratory volume in 

1 s; FVC forced vital capacity; HRCT high-resolution computed tomogra-
phy; SpO

2
 pulse oximetry saturation; 6-MWT 6-min walk test
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the lung allocation score (LAS) system [60] was developed to 
prioritize patients with the highest mortality risk before trans-
plantation. The LAS system has been shown to decrease the  
wait-list time for patients with IPF [61]. Although most cen-
ters consider dependence on ECMO as a contraindication to 
LT, several reported case series have shown its use as a bridge 
to successful transplantation [62–64].

Anesthesia for Lung Transplantation

Preoperative Assessment

Due to the nature of lung transplantation, the anesthesiologist 
usually has limited time for preoperative assessment [65]. In 
some centers, the listed recipients are seen in an assessment 
clinic by an anesthesiologist to highlight important anesthetic 
considerations, such as potentially difficult intubations or 
chronic pain issues. Patients are generally debilitated, with 
poor cardiorespiratory reserve. Latent ischemic heart disease 
and right ventricular dysfunction are not uncommon, especially 
in the more elderly recipients [66–68], although the presence 
of noncritical coronary artery disease does not appear to influ-
ence postoperative outcomes [69]. Realistically, there is only 
time to employ a limited number of measures to optimize the 
recipient. These include chest physiotherapy to clear secre-
tions, bronchodilator therapy, and drainage of pneumothora-
ces or large pleural effusions.

In addition to a routine thoracic patient assessment, preop-
erative evaluation should be focused on:

1. Underlying diagnosis: obstructive, suppurative or restric-
tive pulmonary defect. This will allow the anesthesiologist 
to select the most appropriate ventilatory settings for each 
patient [70].

2. Pulmonary artery pressure: this will dictate whether it will be 
possible to perform the procedure without the use of cardio-
pulmonary bypass (CPB). Patients with severe pulmonary 
artery hypertension may benefit from preoperative or early 
intraoperative selective pulmonary vasodilator therapy [70].

3. Ventilation/perfusion (V/Q) scan: knowledge of the dif-
ferential perfusion to each lung (in BSLT) will assist in 
deciding which lung will better tolerate pulmonary artery 
clamping and pneumonectomy.

4. Echocardiogram: in addition to providing an estimation of 
pulmonary artery systolic pressure [71], knowledge of right 
and left ventricular systolic function will influence the use 
of CPB.

5. Arterial blood gases (ABGs): preoperative measurement 
of ABGs provides a baseline pO

2
/pCO

2
 on which to base 

acceptable intraoperative limits.

Standard premedication usually involves immunosuppres-
sant drugs, bronchodilator therapy, and supplemental oxygen. 
The routine use of anxiolysis is not advised and any sedative 
agents must be administered with great caution, as they may 

exacerbate hypoxemia and hypercapnia, resulting in acute 
pulmonary hypertension and right ventricular failure.

Monitoring

Routine monitoring includes electrocardiography (ECG), 
pulse oximetry, invasive arterial and central venous pressure 
measurements, pulmonary artery catheterization (PAC), uri-
nary catheter, temperature measurement, capnography and 
inhalational agent monitoring [72]. Minimally invasive car-
diac output measurements, such as the esophageal Doppler 
monitor or pulse contour analysis devices, have been used in 
the nontransplant perioperative setting [73–76] and in nonpul-
monary transplantation [77] with some degree of correlation 
to pulmonary artery thermodilution cardiac output measure-
ments. Mixed venous oximetry has been used successfully in 
thoracic surgery, major cardiac surgery, and in nonpulmonary 
transplantation [78–80]. The use of continuous ABG [81, 82] 
monitoring would appear to provide an attractive monitor 
of rapid intraoperative alterations in pO

2
, pCO

2
 and pH, but 

high costs have limited their widespread use [83]. Cerebral 
oximetry monitoring has been shown to improve outcomes 
in major cardiac surgery [84], but has not yet been proven in 
pulmonary transplantation. The use of bispectral index (BIS) 
to guide depth of anesthesia may reduce the incidence of 
awareness [85] and allow for more rapid recovery of patients 
[86]. The introduction of a closed-loop anesthesia delivery 
system using BIS [87, 88] provides better titration of drugs 
and accords the anesthesiologist more time to concentrate on 
managing intraoperative events.

Intraoperative hypothermia is known to provoke cardiac 
arrhythmias, coagulopathy [89] and result in increased post-
operative infections [90]. Measurement of core body tem-
perature is important in the early detection and prevention of 
inadvertent hypothermia [89].

Transesophageal Echocardiography

The use of transesophageal echocardiography (TEE) in pul-
monary transplantation is a class IIb indication [91], sug-
gesting it may be beneficial to patient outcome. TEE is more 
accurate in determining preload and filling status compared to 
the PAC [92]. It is invaluable in diagnosing the cause of any 
hemodynamic instability, including assessment of right ven-
tricular (RV) function after clamping of the pulmonary artery 
[93–95], detection of gaseous emboli, and assessment of sur-
gical anastomotic sites [96, 97]. Significant stenosis of pul-
monary vein anastomoses, more commonly seen on the left 
(Fig. 37.5), leads to pulmonary venous congestion and may 
result in graft failure [98]. The presence of an atrial septal 
defect (ASD) or patent foramen ovale (PFO) can lead to a 
significant right to left shunt during periods of increased pul-
monary vascular resistance (PVR), or when increased PEEP is 
employed [99]. Early detection by TEE can aid in diagnosing 
this cause of worsening arterial hypoxemia.
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Induction of Anesthesia

Preoxygenation of the patient prior to induction is recom-
mended. The anesthesiologist must be aware that induction of 
anesthesia may precipitate cardiopulmonary collapse [100–102]. 
This is due to a combination of factors: systemic vasodilatation 
and negative inotropic effects of anesthetic drugs; an increase 
in intrathoracic pressure secondary to positive pressure ventila-
tion, with a resultant reduced venous return [103]; hypercapnia 
due to hypoventilation, causing a rise in PVR and subsequent 
right ventricular failure [68].

In patients with obstructive lung pathologies it is impor-
tant to allow sufficient time for the expiratory phase to occur 
and to avoid PEEP, in order to reduce the risk of hyperinfla-
tion [104]. Overenthusiastic manual ventilation immediately 
after induction of anesthesia can lead to severe gas-trapping 
in emphysematous lungs, resulting in reduced venous return 
and direct cardiac compression. Profound hypotension ensues 
and correct management is to disconnect the patient form the 
breathing circuit to allow sufficient time for expiration of 
trapped gases [105].

Patients with restrictive lung disease often require higher 
ventilatory pressures to deliver an adequate tidal volume and 
benefit from the application of increased levels of PEEP. 
Adoption of a ventilation strategy similar to that used in acute 
respiratory distress syndrome (reduced tidal volume, increased 
PEEP, and high respiratory rate) would seem more appropri-
ate for this group of patients [106].

Recipients with suppurative pathologies may have mixed 
obstructive/restrictive pulmonary defects, so appropriate ven-
tilation must be set according to each individual patient. Thor-
ough bronchial lavage after intubation of the patient may reduce 

intraoperative sputum plugging and assist in maintaining  
adequate ventilation throughout the procedure.

In patients with pulmonary vascular disease, smooth induc-
tion of anesthesia is critical to prevent hypertensive crises, 
myocardial depression, hypoxemia, and hypercapnia. Inva-
sive central venous monitoring and PA catheters are gener-
ally inserted prior to induction. Acute management is directed 
at maintaining positive chronotropy and inotropy, optimiza-
tion of preload and afterload, and reduction of intrathoracic 
pressures [70, 107]. Ketamine may be a more appropriate 
induction agent in severe cases, with vasoactive infusions 
commenced prior to induction. The use of inhaled pulmonary 
vasodilators [108] and preinduction ECMO [109] have been 
described. Emergency institution of CPB after induction may 
be required. The various disease-specific intraoperative com-
plications are summarized in Table 37.4.

Following induction, intubation of the airway may be 
achieved with either a single-lumen or double-lumen tube 
(DLT). A single-lumen tube in combination with an endo-
bronchial blocker [110] is an alternative to the use of a DLT. 
In BSLT, the blocker will need repositioning under bron-
choscopic guidance to allow surgery on the opposite side. 
A left-sided DLT is preferred to a right-sided DLT, which may 
interfere with the right-sided bronchial anastomosis [70]. In 
patients with cystic fibrosis it is common to insert a single-
lumen tube initially to facilitate bronchoscopic suctioning of 
thick secretions, prior to placing a DLT. Bronchoscopic wash-
ings are obtained from all patients after induction and sent for 
microbiological analysis, to assist in determining postopera-
tive antimicrobial regimens.

Prophylactic antibiotic regimens are variable, but must 
provide adequate gram-positive and -negative cover. Patients 
with CF often require alternative antimicrobials, depending 
on their colonization and history of allergies.

Fig. 37.5. Transesophageal echocardiography image of a stenotic left 
pulmonary vein anastomosis, highlighted by the turbulent color flow 
Doppler signal (arrow). LA left atrium.

Table 37.4. Disease-specific intraoperative anesthetic considerations.
Recipient pathology Intraoperative complications

Emphysema (COPD, AAT) Gas-trapping and auto-PEEP with positive 
pressure ventilation, leading to profound 
hypotension

Older patients with concomitant coronary 
artery disease

Idiopathic pulmonary 
fibrosis

Higher ventilatory pressures required, 
causing reduced venous return

Associated pathologies (e.g., scleroderma)
Secondary pulmonary hypertension

Cystic fibrosis Thick, tenacious secretions
Small stature and multiple lung adhesions 

leading to difficult surgery and increased 
bleeding

Difficult to maintain normocapnia
Pulmonary hypertension Cardiovascular collapse at induction of 

anesthesia: CPB required
Bronchoalveolar carcinoma Profuse watery secretions

AAT alpha-1 antitrypsin deficiency; COPD chronic obstructive pulmonary dis-
ease; CPB cardiopulmonary bypass; PEEP positive end-expiratory pressure
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Maintenance of Anesthesia

Anesthesia may be maintained with either inhalational or 
intravenous agents [111–113]. Nitrous oxide may increase 
PVR [114] and should be avoided. SLT is usually performed 
through a standard thoracotomy, with the patient in the lateral 
position. BSLT may be performed either via a midline ster-
notomy, bilateral thoracotomies, or bilateral thoracotomy plus 
transverse sternotomy “Clamshell” incision (see Chap. 46, 
Fig. 46.4) [115, 116].

Initiation of one-lung ventilation (OLV) will initially pre-
cipitate an increased shunt and worsening hypoxemia, until 
surgical ligation of the pulmonary artery. During OLV, pressure- 
controlled ventilation may be preferable to volume-controlled 
ventilation, by reducing peak airway pressures [117, 118].  
Patients unable to tolerate OLV will require the support of 
CPB [119] or ECMO [120].

Management of RV Dysfunction

Surgical clamping of the pulmonary artery (PA) during OLV 
will reduce shunt and improve oxygenation, but will lead to 
an acute increase in PA pressures. Right ventricular failure can 
occur and in high-risk patients it is prudent for the surgeon 
to apply temporary PA clamping for several minutes prior to 
definitive ligation [107]. Recipients with preexisting severe 
pulmonary hypertension rarely tolerate clamping of the PA and 
the elective use of CPB is employed [119, 121]. Prompt diag-
nosis of RV dysfunction by TEE [94] allows for suitable man-
agement and the possible avoidance of CPB. Acute elevation 
of PVR causes an increase in RV end-diastolic volume, lead-
ing to leftward shift of the interventricular septum (Fig. 37.6). 
Compliance of the LV is reduced, resulting in underfilling of 
the LV. Cardiac output falls and RV ischemia follows, with 
exacerbation of RV decompensation [107]. The use of inhaled 
nitric oxide (iNO) therapy reduces PVR, improves oxygen-
ation, and can reverse RV failure [122–124]. Inhaled iloprost 
therapy is an alternative [125]. Positive inotropic agents, such 

as epinephrine, will improve RV function. Phosphodiesterase 
inhibitors will provide inotropy and a reduction in PVR, but 
result in systemic vasodilatation, necessitating the addition of 
a vasoconstrictor, such as norepinephrine, to maintain coro-
nary perfusion [126, 127]. The newer inotrope Levosimendan 
restores RV–PA coupling by decreasing PVR and increas-
ing RV contractility [128] and may be beneficial in these 
patients.

Cardiopulmonary Bypass

There is institutional variation in preference for utilization 
of CPB. Elective use of CPB is indicated in recipients with 
severe pulmonary hypertension and in HLT. For BSLT with 
CPB, the heart remains warm and beating. After implantation 
of the first allograft, the heart is allowed to eject a little and 
the lung is gently ventilated. If performed without CPB, the 
lung receiving less perfusion (from the preoperative V/Q scan) 
should be replaced first. Unplanned use of CPB is reserved 
for patients with unmanageable hemodynamic instability, or 
those unable to tolerate OLV. Advantages of elective CPB 
are the avoidance of OLV and subsequent hypoxemia, hyper-
capnia and acidosis; improved surgical access; and limited 
duration of hemodynamic instability [129]. Disadvantages of 
CPB include increased crystalloid fluid loading resulting in 
pulmonary edema, heparinization with potential hemorrhage, 
systemic inflammatory response to CPB, coagulopathy, and 
reduced allograft function [130, 131]. Overall outcomes may 
be worse with the elective use of CPB [132–134]. Initiation of 
ECMO can provide an alternative to CPB if hypoxemia is the 
major problem [120, 135].

Fluid Management

Preload optimization is essential in managing intraoperative 
hemodynamics. However, the lung allograft is prone to low 
pressure pulmonary edema secondary to re-expansion injury, 

Fig. 37.6. Transesophageal echocardiography of right ventricular dilatation with classical flattening of the interventricular septum and shift 
toward the left ventricle, seen in the (a) mid-esophageal four-chamber and (b) transgastric short-axis views.
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ischemia–reperfusion microvascular leak, and absence of lym-
phatic drainage [70, 106]. A restrictive fluid administration 
regimen, similar to that for pneumonectomy [136], is prudent, 
particularly when CPB is utilized. The use of the colloid Gelo-
fusine (succinylated gelatin) has been linked to poorer postop-
erative allograft function and delayed extubation [137]. Red 
blood cells and blood products are transfused as appropriate. 
Although the liberal use of blood has been shown to be det-
rimental in the critically ill [138, 139], the associated immu-
nomodulation may be beneficial to transplant recipients [140] 
and moderate exposure to allogeneic blood has been shown to 
be not detrimental in cardiac surgery with CPB [141].

The use of antifibrinolytics remains controversial. Recent 
evidence suggesting increased mortality with the use of 
aprotinin [142] excluded transplant operations, and patients 
undergoing LT, with or without CPB, appear to benefit from 
aprotinin administration [143, 144]. Tranexamic acid is an 
alternative antifibrinolytic agent.

Organ Reperfusion

Reperfusion of the allograft may result in hypotension, due to 
release of stored pneumoplegia and inflammatory mediators 
into the systemic circulation [65], and should occur gradually, 
over a period of approximately 10 min. Simultaneously, gen-
tle ventilation is commenced with limited peak airway pres-
sures, moderate PEEP (5–10 cm H

2
O) and initially with a low 

fraction of inspired oxygen (FiO
2
) [106, 145, 146]. In BSLT 

the residual native lung can be hand-ventilated with a high 
FiO

2
 to maintain arterial oxygenation, whilst the new allograft 

is reperfusing with protective ventilation. After this initial 
period of reperfusion, the FiO

2
 to the allograft is increased as 

necessary whilst ventilation to the native lung is stopped to 
enable surgical dissection. Ischemia–reperfusion (I-R) injury 
presents as hypoxemia despite increasing FiO

2
, reduced lung 

compliance, pulmonary hypertension, and in severe cases with 
frank pulmonary edema. PGD [147] due to I-R is associated 
with an increased mortality [148]. The administration of iNO 
is effective in improving oxygenation in cases of I-R injury 
[149–151], but its routine use to prevent I-R injury is of less 
benefit [152, 153]. The perioperative use of aprotinin has been 
shown to have beneficial effects in terms of I-R injury and 
patient outcomes [154]. Severe hypoxemia due to reperfusion 
has been successfully treated with ECMO [155, 156].

Analgesia

In the postoperative period, insufficient pain control hinders 
spontaneous deep breathing, adequate coughing, and sputum 
clearance. Analgesic options comprise paracetamol; intra-
venous opiates, including patient-controlled analgesia; and 
regional techniques, including epidural and paravertebral anal-
gesia. Opioid-sparing regimes are encouraged to reduce respi-
ratory depression [106]. In some centers, the epidural is sited 
prior to surgery to facilitate earlier postoperative  extubation. 

Others prefer to insert the epidural at the end of the procedure 
or in the ICU immediately prior to extubation, after coagul-
opathy has been excluded. Paravertebral (epipleural) catheters 
can be placed by the surgeon at the end of an SLT as an alter-
native to epidural analgesia. There may be a role for low-dose 
intravenous ketamine to reduce postoperative opiate require-
ments [157]. Nonsteroidal anti-inflammatory agents are gen-
erally avoided due to the increased risk of renal dysfunction in 
patients receiving cyclosporin [158].

Postoperative Care

Early extubation in the operating room is feasible, particularly 
after SLT [159]. The advantages are avoidance of positive 
pressure ventilation, with associated barotrauma; improved 
oxygenation; reduced extravascular lung water; decreased 
PA pressures; lower requirement for vasoactive drug support; 
early mobilization and physiotherapy [160]. This is facilitated 
by short-acting anesthetic agents and epidural analgesia [159, 
160]. For patients returning to the intensive care unit for post-
operative ventilation, the DLT is changed for a single-lumen 
tube and a nasogastric tube is passed to facilitate early admin-
istration of enteral immunosuppression.

Ventilatory support involves a lung protective strategy [161] 
and potential differential lung ventilation in patients with SLT 
for emphysema [162]. Early tracheostomy is performed if 
prolonged ventilation is anticipated [163].

Early complications include PGD, which can be treated 
with iNO [149–151], ECMO [155, 156] and endobronchial 
instillation of surfactant [164]; hemorrhage (more commonly 
with CPB use), iatrogenic surgical anastomotic anomalies 
[165, 166]; infection [167–169]; cardiac arrhythmias [170]; 
renal failure [171]; venous thromboembolism [172]; and gas-
trointestinal pathologies [173]. Prevention of acute rejection 
is managed with a combination of steroids, calcineurin inhibi-
tors, antiproliferatives, and mammalian target of rapamycin 
(mTOR) inhibitors. The routine use of induction therapy with 
monoclonal (Basiliximab) or polyclonal (antithymocyte glob-
ulin) antibodies is controversial, but may confer some survival 
benefit in BSLT [174].

Chronic allograft rejection is the major cause of late mortal-
ity [1] and typically presents as bronchiolitis obliterans. Infec-
tion and the development of malignancy are other causes of 
late mortality [175].

Clinical Case Discussion

Case: A 54-year-old male presents for elective laparoscopic 
cholecystectomy. He underwent right single-lung transplanta-
tion for emphysema (Fig. 37.7) 3 years previously. He has no 
other major co-morbidities. His preoperative pulmonary func-
tion tests show an FEV

1
 of 1.6 L (69% predicted), FVC 2.5 L 

(78% predicted) and DLCO (84% predicted).
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Questions:

What other transplant-related history is important?
How would you ventilate the patient for this surgical  
procedure?
What are the postoperative analgesic options?

Transplant-Related History

It is important to ascertain if the patient has had any recent 
episodes of allograft rejection, requiring pulsed high-dose 
steroid therapy and changes to his immunosuppression medi-
cation, or infective episodes, necessitating alterations to his 
antimicrobial regimen. Recent drug dose manipulations or 
drug alterations may have important interactions and effects 
on renal function.

Ventilation Strategy

As the patient’s native lung is highly compliant and prone to 
gas-trapping, differential lung ventilation should be employed 
for this procedure. Positive pressure ventilation through a 
single-lumen endotracheal tube would preferentially force 
the anesthetic gas mixture into the native lung. Due to gas-
trapping, hyperinflation would result, leading to direct cardiac 
compression, profound hypotension, and eventually cardiac 
arrest. A DLT should be positioned and normal ventilatory 
settings applied to the allograft lung. The native lung should 
receive only oxygen insufflation or low pressure ventilation 
with a prolonged expiratory phase.

Postoperative Analgesia

Multimodal analgesia should be employed, including par-
acetamol, opiates, and local anesthetic infiltration. If the 
laparoscopic surgery is converted to an open procedure, an 
epidural should be considered to avoid large doses of opiate. 
Nonsteroidal anti-inflammatory agents must be avoided due 
to their nephrotoxicity when used in combination with cal-
cineurin inhibitors.
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Anesthesia for Pulmonary Thromboendarterectomy
Gerard Manecke, Dalia Banks, Michael Madani, and Stuart Jamieson 

Key Points

Chronic thromboembolic pulmonary hypertension results 
from repeated or unresolved emboli in the pulmonary cir-
culation, and occurs in 3–4% of patients suffering acute 
pulmonary embolism.
Pulmonary thromboendarterectomy is an endarterectomy 
of the entire pulmonary vascular tree, and is the pre-
ferred treatment for chronic thromboembolic pulmonary 
 hypertension.
The most common presenting symptom of chronic throm-
boembolic pulmonary hypertension is exertional dyspnea. 
The diagnosis is confirmed with echocardiography, right-
sided cardiac catheterization, and pulmonary angiogram.
Patients with chronic thromboembolic pulmonary hyper-
tension, when left untreated, develop a small-vessel vascul-
opathy that mimics idiopathic pulmonary hypertension.
Monitoring includes femoral and radial arterial  pressures, 
processed EEG, pulmonary artery pressures, and transesoph-
ageal echocardiography.
Anesthetic induction and maintenance are tailored to 
hemodynamic stability, right ventricular coronary perfu-
sion pressure, and right ventricular support.
Factors that lead to increased pulmonary vascular resis-
tance, such as light anesthesia, acidosis, and hypoxemia, 
should be avoided.
Pulmonary vasodilators such as nitric oxide and milrinone 
are generally ineffective in chronic thromboembolic pul-
monary hypertension, but should be available for manage-
ment of patients with small-vessel vasculopathy.

Introduction

Pulmonary thromboendarterectomy (PTE), a complete endar-
terectomy of the pulmonary vascular tree, is the definitive 
treatment for chronic thromboembolic pulmonary hyperten-
sion (CTEPH). Pulmonary embolism (PE) is a relatively com-
mon cardiovascular event, and in a small percentage of cases 
it leads to a chronic condition in which repeated microemboli 
as well as ongoing inflammatory response lead to accumu-
lation of connective and elastic tissue on the surface of the 
pulmonary vessels.

Pulmonary thromboembolism is a significant cause of mor-
bidity and mortality worldwide. Acute PE has been estimated 
to occur in approximately 63 per 100,000 patients per year in 
the United States with in-hospital mortality occurring in 11.1% 
[1]. These statistics probably represent underestimates, how-
ever, since in 70–80% of patients in whom the primary cause 
of death was PE, the diagnosis was unsuspected premortem 
[2]. If left untreated, the prognosis for patients with CTEPH 
is poor. In fact, once the mean pulmonary pressure in patients 
with CTEPH reaches 50 mmHg or more, the 3-year mortal-
ity approaches 90% [3]. Although medical management can 
provide temporary symptomatic relief, it is noncurative and 
generally ineffective. The only potentially curative options are 
lung transplantation and PTE, with PTE preferred because of 
its favorable long-term morbidity and mortality profile.

Although PTE is still uncommonly performed, increasing 
appreciation of CTEPH and recognition that PTE is the pre-
ferred treatment are resulting in an increase in interest in this 
operation. At this writing there have been over 2,000 PTEs 
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performed at UCSD. This chapter, based in large part on the 
experience at UCSD, provides a review of the natural history 
of CTEPH, a description of PTE, a discussion of anesthetic 
factors unique to PTE and CTEPH, and a case discussion on 
managing massive pulmonary hemorrhage, one of the feared 
complications of the operation.

Chronic Thromboembolic Pulmonary 
Hypertension (CTEPH)

Most cases of acute PE resolve within weeks and the patient 
recovers to their previous level of function. However, for 
unknown reasons, embolic resolution is sometimes incom-
plete. If the acute emboli are not lysed in 1–2 weeks, the 
embolic material becomes attached to the pulmonary arterial 
and arteriolar walls [4]. With time, the embolic material pro-
gressively becomes converted to connective and elastic tissue 
[5]. This chronic obstructive disease may lead to a small-ves-
sel arteriolar vasculopathy characterized by excessive smooth 
muscle cell proliferation in pulmonary arterioles. This vascu-
lopathy is seen in the remaining open vessels, which are sub-
jected to long exposure to high flow and pressure. Pulmonary 
hypertension results from mechanical obstruction, as well as 
from this small-vessel vasculopathy. Once pulmonary hyper-
tension has developed, patients require expeditious treatment. 
CTEPH patients generally do not respond well to medical 
management, which is reserved for patients who are not surgi-
cal candidates [6–8]. The only curative option is to proceed 
with surgical removal of the thromboembolic material by 
means of endarterectomy.

Incidence

The incidence of pulmonary hypertension caused by PE 
remains unknown. It has been estimated that there are more 
than 500,000 survivors of symptomatic episodes of acute 
PE per year [9]. One recent prospective study indicates that 
thromboembolic disease develops in as many as 3.8% of 
patients with acute PE [10]. Thus, a conservative estimate 
is that 19,000 individuals progress to CTEPH in the United 
States each year. Considering that only 200–300 PTEs are 
performed annually worldwide, it is clear that acute PE and 
CTEPH are under-diagnosed, and PTE is underutilized.

Etiologic Factors

No clear etiology has been defined for the development of 
CTEPH, although hypercoagulability is certainly a risk. 
Lupus anticoagulant may be detected in approximately 10% 
of chronic thromboembolic patients and 20% carry anticar-
diolipin antibodies, lupus anticoagulant, or both [11]. A recent 
study has demonstrated that the plasma level of factor VIII, 
a protein that is associated with both primary and recurrent 
venous thromboembolism, is elevated in 39% of patients with 
CTEPH. Analyses of plasma proteins in patients with chronic 

thromboembolic disease have shown that fibrin from these 
patients is resistant to thrombolysis in vitro. In this study, the 
fibrin  chain N-terminus was particularly resistant to throm-
bolysis, suggesting that it could be responsible for thrombus 
nonresolution [12].

Case reports and anecdotal experience have suggested links 
between chronic thromboembolism and previous splenectomy, 
permanent intravenous catheters, and ventriculoatrial shunts 
for the treatment of hydrocephalus or chronic inflammatory 
conditions. In addition to these observations, associations with 
sickle cell disease, hereditary stomatocytosis, and the Klippel-
Trenaunay syndrome have been described [13]. However, the 
vast majority of cases of CTEPH cannot be traced to a specific 
known coagulation defect or underlying medical condition.

Pathology and Pathogenesis

Although most individuals with CTEPH are unaware of a past 
thromboembolic or deep venous thrombosis, CTEPH likely 
stems from acute embolic episodes that do not completely 
resolve. Why some patients fail to resolve their emboli is 
unclear, but a variety of factors may play a role. The volume 
of acute embolic material may simply overwhelm the lytic 
mechanisms. The total occlusion of a major arterial branch 
may prevent lytic material from reaching, and therefore dis-
solving, the embolus completely. The emboli may be made of 
substances that cannot be lysed by normal mechanisms. These 
may include organized fibrous thrombus, fat, or tumor emboli; 
from stomach, breast, kidney, and right the right atrium (myx-
oma). The lytic mechanisms themselves may be abnormal, 
or some patients may have a hypercoaguable state. Hyperco-
agulability may result in spontaneous thrombosis within the 
pulmonary vascular bed, embolization, or lead to proximal 
propagation of embolic material. With time, the increased 
pressure and flow of redirected pulmonary blood flow in the 
previously normal pulmonary vascular bed can create a vas-
culopathy in the arterioles, similar to that of the Eisenmenger 
syndrome. This, as well as resulting right-sided heart failure 
can lead to an inoperable, lethal situation, so early surgical 
intervention is recommended.

Clinical Presentation

The most common symptom of CTEPH, as with pulmonary 
hypertension in general, is exertional dyspnea. This dyspnea 
is out of proportion to abnormalities found on clinical exami-
nation. Syncope is another common symptom of pulmonary 
hypertension, particularly in patients with advanced disease. 
Other common findings include chest tightness, hemoptysis, 
peripheral edema, and early satiety.

The physical signs of pulmonary hypertension are the 
same regardless of the underlying pathophysiology. Jugular 
venous distension is common, with prominent the V-waves. 
The right ventricle is usually palpable near the lower left ster-
nal  border, and pulmonary valve closure may be audible in 
the second intercostal space. Patients with advanced disease 
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may be cyanotic. A systolic murmur characteristic of tricuspid 
 regurgitation is common, and murmurs over the lung fields 
resulting from turbulent flow in the pulmonary vessels may 
also be appreciated.

Workup may include chest radiograph (CXR), pulmonary 
function testing, right heart catheterization with pulmonary 
angiography, high-resolution magnetic resonance imaging, 
arterial blood gas analysis, ventilation/perfusion scanning, and 
echocardiography. CXR may show lung opacities suggestive 
of previous scarring, hyperlucent areas suggestive of regional 
decreased blood flow, right-sided cardiomegaly, and  dilatation 
of the pulmonary vessels (Fig. 38.1).  Diffusing capacity 

(DLCO) is often reduced and may be the only  abnormality 
on pulmonary function testing. Pulmonary arterial pressure 
is elevated, sometimes being supra-systemic. Resting cardiac 
output is often low, with reduced pulmonary arterial oxygen 
saturation. Many patients exhibit hypoxia, particularly with 
exercise; room air arterial oxygen tension ranges between 
50 and 83 torr, the average being 65 torr [14]. CO

2
 tension 

is often slightly reduced, although dead space ventilation is 
increased. Ventilation–perfusion studies show moderate mis-
match, but correlate poorly with the degree of pulmonary vas-
cular obstruction [15].

Transthoracic echocardiography is often the first study to 
provide clear evidence of pulmonary hypertension. An esti-
mate of pulmonary artery systolic pressure is often provided 
by Doppler of the tricuspid regurgitant envelope. Echocar-
diographic findings vary depending on the stage of the dis-
ease and include right ventricular enlargement, leftward 
displacement of the interventricular septum, and encroach-
ment of the enlarged right ventricle on the left ventricu-
lar cavity with abnormal  systolic and diastolic function of 
the left ventricle. Thankfully, many of these abnormalities 
resolve after successful PTE [16]. Contrast echocardiogra-
phy may demonstrate a persistent foramen ovale, the result 
of high right atrial pressures opening the previously closed 
intraatrial communication.

Pulmonary angiography is the gold standard for defining 
pulmonary vascular anatomy and is performed to confirm the 
diagnosis and to determine the location and surgical acces-
sibility of thromboembolic disease. In angiographic imaging, 
thrombi appear as unusual filling defects, pouches, webs, or 
bands, or completely thrombosed vessels that may resemble 
congenital absence of a vessel (Fig. 38.2). More recently, high-
resolution computed tomography scanning [17],  SPECT-CT 

Fig. 38.1. Chest radiograph of a patient with advanced chronic throm-
boembolic pulmonary hypertension. Cardiomegaly, hilar fullness, 
and decrease in vascularity in areas of the lung fields are apparent.

Fig. 38.2. Pulmonary angiogram showing perfu-
sion defects (arrows) and large hyperlucent areas 
resulting from pulmonary vascular obstruction.
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fusion imaging [18], and magnetic resonance angiography 
[19] have been used successfully to screen patients with sus-
pected thromboembolic disease.

In approximately 10% of cases, the differential diagno-
sis between primary pulmonary hypertension and distal and 
small-vessel pulmonary thromboembolic disease remains 
unclear and hard to establish. In these patients, pulmonary 
angioscopy is often helpful. The pulmonary angioscope is a 
fiberoptic scope that is placed through a central line into the 
pulmonary artery. The tip contains a balloon that is then filled 
with saline and pushed against the vessel wall. A bloodless 
field can thus be obtained to view the pulmonary artery wall. 
The classic appearance of chronic pulmonary thromboembo-
lic disease by angioscopy consists of intimal thickening, with 
intimal irregularity and scarring, and webs across small ves-
sels. The presence of embolic disease, occlusion of vessels, or 
the presence of thrombotic material is diagnostic [5].

Many CTEPH patients have longstanding pulmonary 
hypertension; as many as 37% of them receive medical pul-
monary vasodilator therapy [20]. This therapy may consist of 
phosphodiesterase 5 inhibition (e.g., sildenafil) [21], endothe-
lin-1 inhibition (e.g., bosentan) [22, 23], and prostacyclin ana-
logs (e.g., iloprost, flolan, remodulin) [24–26]. It is prudent 
to continue these medications preoperatively and to consider 
their use postoperatively if the surgical result is suboptimal. 
Abrupt cessation of a prostacyclin analog can result in poten-
tially catastrophic rebound pulmonary hypertension [27]. If a 
patient presents with an epoprostenol (Flolan™) infusion, one 
approach is to continue this infusion throughout the pre-CPB 
period, discontinue it during CPB, and restart it after CPB if 
the surgical result is suboptimal. If the surgical result is good, 
keep it available to be restarted if pulmonary hypertension 
develops postoperatively.

The Surgical Procedure

Surgical Approach and Technique

PTE, being an endarterectomy of the entire pulmonary vas-
cular tree, is performed through a midline sternotomy, and 
requires cardiopulmonary bypass (CPB) with deep  hypothermic 
 circulatory arrest (DHCA). Although used in the past, lateral 
thoracotomy is suboptimal [28]. Median sternotomy allows 
treatment of both pulmonary arteries, which is necessary in 
almost all cases [28, 29]. The use of CPB with periods of 
complete circulatory arrest provides the bloodless operative 
field necessary for complete meticulous lobar and segmental 
 dissections [30].

Following median sternotomy, CPB is established with can-
nulation of the ascending aorta and the inferior and superior 
vena cava. Cooling is instituted immediately. A gradient of not 
more than 10°C is maintained between the arterial blood and 
the bladder/rectal temperature. This allows an even distribution 
of cooling and warming, as well as helping to prevent release 

of gas bubbles into the circulation upon rewarming. Pulmonary 
artery and pulmonary venous vents are inserted. During the 
cooling phase venous oxygen saturation increases, with a satu-
ration of 80% typical at 25°C, and 90% at 20°C. Hemodilution 
to a hematocrit of 18–25% is utilized to decrease blood viscos-
ity, optimize capillary blood flow, and promote uniform cool-
ing. Complete cooling typically requires 45–60 min, depending 
on the size and perfusion characteristics of the patient.

As core temperature approaches 20°C and tympanic 
membrane temperature approaches 16–18°C, the aorta is 
cross-clamped. Immediately after aortic cross-clamping, car-
dioplegia solution is administered into the aortic root. Addi-
tional myocardial protection is afforded by a circulating cold 
water cooling jacket around the heart. An incision is made 
in the right pulmonary artery with the surgeon standing on 
the patient’s left. The right pulmonary artery endarterectomy 
plane is established and dissection continues until bronchial 
artery flow impairs good visualization. At this point circula-
tory arrest is imperative. Bronchial flow in these patients is 
frequently substantial and without circulatory arrest complete 
endarterectomy cannot be accomplished.

Circulatory arrest is limited to 20-min epochs. An expe-
rienced surgeon can usually accomplish the entire unilateral 
endarterectomy within this time period. If additional arrest 
time is necessary, reperfusion is carried out at 18°C core tem-
perature for a minimum of 10 min. At the completion of the 
endarterectomy, perfusion is re-established while the pulmo-
nary artery incision is closed.

Following a 10-min period of hypothermic perfusion, the 
left pulmonary artery is incised and an endarterectomy is per-
formed. Following completion of the left endarterectomy, a pat-
ent foramen ovale (PFO), if present, is repaired. Any additional 
procedures such as coronary artery bypass grafting or valve 
replacement can be performed during the rewarming period.

Surgical Subtypes

There are four types of pulmonary occlusive disease 
[27, 34,  35]. In Type 1 (38% of cases), a major vessel clot is 
present and readily visible on the opening of the pulmonary 
arteries (Fig. 38.3). In Type 2 (42% of cases), no major vessel 
thrombus can be appreciated, but thickened intima (fibrous con-
nective tissue) is present throughout much of the vasculature 
(Fig. 38.4). Type 3 disease (18% of cases) is similar to Type 2 
but very distal (Fig. 38.5). Type 4 does not represent primary 
thromboembolic pulmonary hypertension and is inoperable.

Anesthetic Management

Setup, Preparation

A typical “setup” for a pulmonary endarterectomy includes 
preparation for transesophageal echocardiography (TEE), pul-
monary artery catheterization, hemodynamic support, cerebral 
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function monitoring, and a cooling device for head cooling. 
On the day of surgery, a large bore peripheral intravenous 
catheter and a radial arterial catheter are inserted. The patient 
may then be given light sedation (with caution) and brought 
to the operating room. Even small amounts of sedation may 
cause respiratory depression, leading to a catastrophic rise in 
pulmonary vascular resistance. Supplemental oxygen should 
be considered in the preoperative area, particularly if sedation 
is administered.

Anesthetic Induction and Pre-CPB Management

After thorough preoxygenation and ventilation  encouragement, 
anesthetic induction can be accomplished with midazolam, 
fentanyl, and a muscle relaxant. Myocardial depressants such 
as propofol should be used with extreme caution, if at all. 
In cases of tenuous hemodynamics, etomidate may be use-
ful because of its relative lack of cardiovascular depression. 
A pulmonary artery catheter is generally placed after induc-
tion rather than before, since the hemodynamic status and 
goals are usually known by the time the patient reaches the 
operating room. Also, lying awake in the supine or Trende-
lenberg position may be stressful for patients with advanced 
disease, occasionally leading to cardiorespiratory instability. 
If preoperative transthoracic echocardiography shows evi-
dence of right atrial or right ventricular thrombi, TEE is per-
formed immediately after induction, prior to placement of a 
 pulmonary artery catheter.

Although some patients with CTEPH presenting for pulmo-
nary endarterectomy have associated left ventricular pathol-
ogy, most do not. Hemodynamic management is thus centered 
on right ventricular function. The right ventricle is usually 
hypertrophic and dilated, as is the right atrium. Because of 
the high right-sided pressures, the coronary blood supply to 
right ventricle is at risk. Maintenance of adequate systemic 
vascular resistance (SVR), inotropic state, and normal sinus 
rhythm serve to preserve systemic hemodynamics as well as 
right ventricular coronary perfusion. The preoperative car-
diac catheterization data, including cardiac output, pulmonary 
vascular resistance (PVR), patency of coronary arteries, and 
right ventricular end-diastolic pressure (RVEDP) are use-
ful in planning the induction sequence. Elevated RVEDP 

Fig. 38.3. Endarterectomy specimen of Type 1 thromboembolic 
 disease. Thrombus and fibrous connective tissue were removed from 
much of the pulmonary vascular tree.

Fig. 38.4. Endarterectomy specimen of Type 2 thromboembolic 
 disease. Fibrous connective tissue was removed from much of the 
pulmonary vascular tree.

Fig. 38.5. Endarterectomy specimen of Type 3 thromboembolic 
 disease. Only distal fibrous connective tissue was found at surgery.
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(>14 mmHg), severe tricuspid regurgitation, and  preoperative 
PVR > 1,000 dyne-s-cm-5 are signs of impending decompen-
sation. In such cases inotropic support (e.g., dopamine or 
epinephrine), as well as vasopressor support (e.g., phenyleph-
rine or vasopressin) should be considered for the induction 
and pre-CPB period. Generally, patients with CTEPH have 
fixed PVR because of mechanical obstruction. However, 
high PVR can still be exacerbated by factors that increase 
PVR (e.g., hypoxia, hypercarbia, acidosis, pain, and anxiety). 
Thus, these stressors should be minimized during induction 
and immediate pre-CPB period. Attempts to lower the PVR 
pharmacologically (e.g., nitroglycerin, nitroprusside) should 
be avoided as they have minimal efficacy in treating CTEPH 
and can dangerously jeopardize the coronary perfusion pres-
sure to the right ventricular myocardium. This can rapidly 
lead to hypotension and cardiovascular collapse. Direct pul-
monary vasodilators such as nitric oxide and prostaglandins, 
which may be useful in the medical management of patients 
with other types of pulmonary hypertension, generally show 
limited benefit for pulmonary endarterectomy patients in the 
perioperative period. The effects of phenylephrine on right 
ventricular performance in pulmonary hypertension has been 
studied by Rich et al. [31]. They documented improved right 
ventricular performance (increased MAP, coronary artery per-
fusion pressure, maintained cardiac output) with phenyleph-
rine administration. Since hemodynamic collapse can occur 
very rapidly in these patients, it is particularly important to 
treat decreases in blood pressure and heart rate rapidly and 
aggressively. The muscle relaxant is chosen according to air-
way issues and desired hemodynamic response. Pancuronium, 
rocuronium, and vecuronium have all been used successfully 
in these patients.

If the superior vena cava is patent, an internal jugular intro-
ducer and pulmonary artery catheter are inserted. Placement 
of the pulmonary artery catheter may be difficult because of 
right atrial and right ventricular dilatation, as well as tricus-
pid regurgitation and pulmonary artery pathology. If it cannot 
be placed in the pulmonary artery, it is left in the superior 
vena cava (about 20 cm) and an attempt is made later under 
echocardiographic or surgical guidance.

Next, a femoral arterial catheter is placed. This is because, 
in cases involving prolonged hypothermic CPB, the systemic 
arterial pressure is significantly underestimated by the radial 
artery catheter in the post-CPB period [32]. This phenomenon 
has been noticed by others [33], and appears to be accentu-
ated by prolonged periods of profound hypothermia. It is not 
uncommon for a mean arterial pressure (MAP) gradient of 
as much as 20 mmHg to develop after CPB. The mechanism 
is unclear; causes involving peripheral vasoconstriction and 
vasodilatation have been proposed [33, 34]. Although the time 
course for recovery of the radial arterial wave is variable, typi-
cally the radial and femoral pressure measurements show rea-
sonable agreement by the morning following surgery [32].

TEE is valuable in monitoring and assessing cardiac func-
tion and filling during PTE. The most useful views include the 

transgastric mid short-axis view to assess left ventricular size 
and septal motion (Fig. 38.6), the mid esophageal four-cham-
ber view for relative chamber sizes, intracardiac thrombus, 
and tricuspid valve assessment (Fig. 38.7), the mid esopha-
geal bicaval view (interatrial septal integrity, thrombosis of 
the great veins), and the mid esophageal aortic short-axis 
view for size of the pulmonary artery (PA), and detecting PA 
thrombus. It is not uncommon to find substantial dilatation of 
the PA, as well as thromboembolic material (Fig. 38.8). The 
integrity of the interatrial septum is investigated with the use 
of an agitated saline test. PFO is present in 25–35% of PTE 
patients [35]. If a PFO is present, it is repaired, since, postop-
eratively some patients may experience high right-sided pres-
sures. Such pressures, in the presence of a PFO, could lead to 
right-to-left shunt and hypoxemia.

Fig. 38.6. Transgastric short-axis transesophageal echocardiograph 
in a PTE patient with massively enlarged right ventricle. RV right 
ventricle; LV left ventricle.

Fig. 38.7. Modified (slightly deeper, showing coronary sinus) four-
chamber transesophageal echocardiograph in a PTE patient with 
severe right ventricular hypertrophy, and enlarged right ventricle and 
coronary sinus. RV right ventricle; RA right atrium; LV left ventricle; 
CS coronary sinus.
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Processed electroencephalogram (EEG) is monitored 
throughout the procedure. This allows confirmation of mini-
mal oxygen utilization of the brain prior to circulatory arrest 
 (isoelectic EEG), as well as monitoring of level of conscious-
ness during normothermia. In our institution the “Sedline” 
monitor (Hospira, Lafe Forest, IL) is used because of its supe-
rior waveform display, although the “Bis monitor” (Aspect 
Medical, Inc., Newton, MA) has also been used with success. 
Temperature monitoring is done with a urinary catheter with 
temperature monitoring capabilities, a rectal probe, and tym-
panic membrane probe, which provides an estimation of brain 
temperature [36]. The rectal and bladder probes estimate core 
temperature, and the PA catheter measures blood temperature, 
allowing quantification of thermal gradients.

If the hematocrit and hemodynamics permit, 1–2 units of 
autologous blood are harvested for reinfusion after CPB.

During the precardiopulmonary bypass period, the head is 
wrapped in a circulating cold-water blanket. The water, main-
tained at 4°C, is circulated through the blanket by an electric 
pump. This system (Polar Care, Breg, Inc., Vista, CA), origi-
nally designed as a “knee-wrap” for orthopedic and physical 
medicine purposes, is easily applied to the head. It contains a 
thermometer within the fluid circulation system for confirma-
tion of adequate blanket cooling, as well as a flow control dial. 
This head-wrap is used in all PTEs at UCSD, with no compli-
cations. It is our belief that the blanket provides better cooling 
to the surface of the cranium, particularly posterior regions, 
than application of ice bags, and is easier to apply.

Another consideration is prior exposure and response to 
heparin. Because of prior exposure, some patients develop 
heparin-induced antiplatelet antibodies, causing a propensity 
to heparin-induced thrombocytopenia. Anticoagulation for 
these patients has been managed with preheparin administra-
tion of iloprost (a prostacyclin analog), heparinoid [29, 30], 
hirudin, and bivalirudin [37, 38]. Most recently, we have had 
success using the platetelet inhibitor tirofiban [39, 40].

Management of Deep Hypothermic Circulatory 
Arrest (DHCA)

Prior to DHCA mannitol (12.5 g), methylprednisolone sodium 
succinate (30 mg/kg), phenytoin sodium (15 mg/kg), and 
sodium thiopental (6 mg/kg) are administered. Mannitol is 
used to promote an osmotic diuresis, minimize cellular edema, 
and for free radical scavenging. Methylprednisolone theoreti-
cally functions as a cell-membrane stabilizer and anti-inflam-
matory agent. Phenytoin may provide some protection against 
postoperative seizures, and sodium thiopental may provide 
some cerebral protection. Interestingly, thiopental causes vaso-
constriction when the patient is deeply hypothermic, and CPB 
flow may need to be decreased temporarily to prevent hyper-
tension [41]. While there is no clear clinical evidence support-
ing added benefit of barbiturate administration for DHCA, 
we give thiopental for three reasons: (1) brain cooling may be 
uneven or incomplete, (2) cerebral emboli may occur during 
rewarming (pulmonary endarterectomy is an “open-chamber” 
procedure), (3) even at 18°C we often notice sparse EEG activ-
ity which is then abolished with administration of thiopental.

After assurance of an isoelectric EEG and tympanic mem-
brane temperature 18°C or less, circulatory arrest is instituted. 
At this time, all monitoring lines are turned off to the patient, 
decreasing the risk of entraining air into the vasculature dur-
ing exsanguination.

Monitoring jugular venous bulb oxygen saturation may be 
useful in detecting adverse cerebral effects of rapid warming 
[42], or for prognosticating postoperative neurologic function 
[43]. However, since our warming rate is slow, and our neu-
rologic results are good, we choose not to expose our patients 
to the added risks of jugular venous bulb catheterization. Sur-
face cerebral oximetry is a noninvasive technique applying 
near-infrared spectroscopy to measure hemoglobin oxygen 
saturation in the brain underlying the sensor. The number 
reported by the monitor is rSO

2
, which is a measure of the 

mixed arterial and venous blood in the brain. Since venous 
blood volume accounts for 70–90% of total cerebral blood 
volume, rSO

2
 reflects oxygen saturation of venous blood and 

thus the relationship between cerebral oxygen metabolism 
(demand) and cerebral blood flow (supply). In healthy vol-
unteers, rSO

2
 has been found to correlate with jugular venous 

saturation [44, 45], although, during cardiac surgery the cor-
relation between the two monitors is not always close [46]. 
Ongoing research in this area and additional neuropsychiat-
ric outcome studies may prove this monitor useful during the 
conduct of DHCA.

Post-DHCA Rewarming

A 10° gradient between blood and bladder/rectal temperature 
is not exceeded during rewarming, and the perfusate tempera-
ture is never greater than 37.5°. Warming too quickly promotes 
systemic gas bubble formation, cerebral oxygen desaturation, 
and uneven warming. Rewarming times are variably related to 

Fig. 38.8. Mid esophageal aortic short-axis transesophageal echocar-
diograph showing dilatation of the main pulmonary artery and 
thromboembolic material at the origin of the right pulmonary artery 
(arrow). MPA main pulmonary artery; AO aorta.
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the patient’s weight and systemic perfusion; 90–120 min are 
usually required to achieve a core temperature of 36.5°C.

Separation from CPB

With the following few exceptions, the process of separation 
from CPB is similar to other surgeries involving CPB. End-
tidal carbon dioxide (ETCO

2
) is a poor measure of ventila-

tion adequacy in these patients both pre- and post-CPB, since 
dead space ventilation is an integral part of the disease process. 
After successful surgery, the arterial-ETCO

2
 gradient may be 

decreased compared to preoperative values, but the time course 
for this improvement is variable. While still on CPB, the TEE 
is used to detect intracavitary air as well as to evaluate left 
and right ventricular function. The anesthesiologist checks the 
endotracheal tube for frothy sputum or bleeding because reper-
fusion pulmonary edema and airway bleeding, two of the most 
dreaded complications of the procedure, may manifest at this 
time [47].

For separation from CPB, modest inotropic support (e.g., 
dopamine, 3–7 g/kg/min) is often necessary because of the 
long hypothermic period and long aortic cross-clamp time. In 
patients with particularly poor ventricular function epineph-
rine 0.04–0.15 g/kg/min is added. If the surgery has only 
been partially successful because of small-vessel disease, 
pulmonary vasodilators such as milrinone, inhaled prostacy-
cline, and nitric oxide are considered. If the surgery has been 
successful, the TEE reveals immediate improvements in the 
left- and right-sided geometry [48, 49]. The distention of the 
right atrium and right ventricle is greatly decreased, result-
ing in improvement of function of both ventricles. Tricuspid 
regurgitation, if it was present before the endarterectomy, has 
greatly decreased or resolved. Significant improvement in 
hemodynamic status is usually noted, including a doubling of 
the cardiac index, dramatic decrease in PA pressures, and a 
drop in the PVR to 25% of the preoperative value [50].

Post-CPB Management

Frothy sputum, if present, likely indicates the onset of reper-
fusion pulmonary edema. In this case, the endotracheal tube is 
suctioned and increasing amounts of positive end-expiratory 
pressure (PEEP) are applied beginning with 5 cmH

2
O escalat-

ing to 7.5 and 10 cmH
2
O. If frank blood is emanating from 

the endotracheal tube, surgical bleeding is the probable cul-
prit. PEEP is increased and aggressive suctioning of the blood 
is undertaken. If severe bleeding persists, fiberoptic bron-
choscopy is used to evaluate the source of bleeding and lung 
isolation maneuvers (bronchial blocker, double lumen endo-
bronchial tube) are considered. Topical vasopressors such as 
vasopressin and epinephrine, administered via the endotra-
cheal tube, may also be useful [47].

After heparin reversal, bleeding diathesis is rare, and trans-
fusion requirements are usually minimal [50]. Antifibrinolytic 
agents such as -amino-caproic acid and aprotinin are not rou-
tinely used for pulmonary endarterectomy in our institution.

Postoperative Management

Two major postoperative complications unique to PTE are 
reperfusion pulmonary edema and pulmonary arterial steal. 
Reperfusion pulmonary edema is a localized form of high-
permeability (noncardiogenic) lung injury, a form of adult 
respiratory distress syndrome, localized to the area of lung 
having received the endarterectomy. It usually occurs within 
the first 24 h but may appear up to 72 h following PTE [51]. 
In most cases it is mild; reperfusion edema resulting in clini-
cally significant morbidity occurs in only 10% of cases. In 
its most severe form, it begins immediately post-CPB, in the 
operating room as described above. These patients are often 
extremely ill, requiring aggressive intensive care and ventilator 
management. Pressure control, PEEP, and inverse ratio venti-
lation are used judicially in an effort to improve V/Q matching 
and minimize further pulmonary injury. Occasionally extra-
corporeal support is required [52, 53]. Pulmonary arterial steal 
represents a postoperative redistribution of pulmonary arte-
rial blood away from the previously well-perfused segments 
into the newly endarterectomized segments [54]. Whether 
the cause is failure of autoregulation in the newly endarterec-
tomized segments or secondary small-vessel changes in the 
previously open segments has not been clarified. However, 
long-term follow-up has documented a decrease in pulmonary 
vascular steal in the majority of patients, suggesting a remod-
eling process in the pulmonary vascular bed [55].

Other postoperative complications are rare, but can include 
pulmonary hemorrhage (0.4%), neurologic sequelae (0.4%), 
mediastinal bleeding (3.5%), GI bleeding (1.6%), atrial fibril-
lation (2.6%), renal failure requiring renal replacement ther-
apy (1%), and sepsis (1.2%) [56].

PTE patients usually awaken within 1–2 h after surgery, and 
a brief neurologic examination is performed. The patient is 
then sedated with a propofol infusion and analgesics. They 
remain intubated over night, since the onset of reperfusion 
pulmonary edema may be delayed. If pulmonary, cardiac, and 
neurologic function is good, and there is no bleeding diathe-
sis, extubation occurs the following morning. Discharge from 
the intensive care unit typically occurs on the second or third 
postoperative day, and the patients are usually discharged 
from the hospital 1 week after the operation.

Outcome After PTE

There has been steady improvement in mortality rate at 
UCSD since 1980, with current perioperative mortality rate 
being less than 3% (Fig. 38.9). We believe these results from 
improvements in preoperative preparation, surgical technique, 
anesthetic care, perfusion technique, and postoperative man-
agement. The positive effect of experience, in the form of case 
volume, on outcome has been well documented for other types 
of complicated surgery, such as liver transplantation [57]. In 
addition, we have developed close collaboration between the 
Pulmonary Medicine, Cardiac Surgery, and Anesthesiology. 
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This “team approach,” we believe, is absolutely essential to a 
successful PTE program.

With this operation, a reduction in pulmonary pressures and 
resistance to normal levels and corresponding improvement in 
pulmonary blood flow and cardiac output are generally imme-
diate and sustained [56, 58, 59]. Mortality rate and improve-
ments in hemodynamics depend heavily on surgical subtype, 
with Type 1 and 2 fairing better than Type 3. Type 4, not being 
CTEPH but rather small-vessel disease, is associated with 
poor outcome (Table 38.1) [56]. Patients who have undergone 
a successful PTE enjoy long-term benefit. Typically patients 
preoperatively present as New York Heart  Association 
(NYHA) class III or IV, and often maintain NYHA I and II 
function indefinitely following the operation [60].

Future

There remain many unanswered questions about CTEPH and 
PTE. Research to determine the etiology of CTEPH, as well as 
the mechanisms and factors leading to reperfusion pulmonary 
edema, vascular steal, and ischemic neurologic injury con-
tinues. Understanding these processes will most likely lead 
to improved prophylaxis and treatment. Anesthesiologists, in 
particular, will be an integral part of future research on the 
immediate perioperative period. This will include efforts to 
improve the management of residual “small-vessel disease,” 
right ventricular failure, cerebral function and oxygenation 
monitoring, postoperative pulmonary edema, pulmonary 
bleeding, and organ protection.

Clinical Case Discussion

Case: A 68-year-old woman with CTEPH underwent a PTE, 
and has just been separated from CPB. The surgeon tells you 
that the endarterectomy was difficult because it was Type 3 
disease and the thromboembolic material was particularly 
“sticky.” You suspected such because the surgeon required two 
circulatory arrests on the right side, and he usually requires 
only one on each side. Large amounts of dark blood appear in 
the endotracheal tube as you begin ventilating.

Questions

– What is the most likely cause of this bleeding?
– What diagnostic maneuvers can be performed to determine 

the cause and location of the bleeding?
– What are the therapeutic options, and how will they be 

 chosen?

The most likely cause is surgical trauma; puncture of the distal 
pulmonary arteries resulting from aggressive  endarterectomy. 

Fig. 38.9. Bar graph showing progressive improvement in periopera-
tive mortality at UCSD over the past 33 years. Year intervals are on 
the X-axis, percentage mortality on the Y-axis.

Table 38.1. Acute changes in hemodynamics by surgical subtype and associated mortality statistics for 1,100 UCSD PTE patients 
 immediately prior to 2008.

Variable
All patients  
(n = 1,100, 100%)

Type 1  
(n = 415, 37.7%)

Type 2  
(n = 469, 42.6%)

Type 3  
(n = 192, 17.5%)

Type 4  
(n = 24, 2.2%)

PVR(dynes-sec-cm−5) 859.4 ± 439.5 924.2 ± 450.4 799.9 ± 417.2 863.2 ± 454.6 884.6 ± 412.3
290.4 ± 195.7 269.8 ± 176.6 270.5 ± 191.3 350.8 ± 183.3 595.2 ± 360.2

CO(L/min) 3.9 ± 1.3 3.7 ± 1.4 4.1 ± 1.3 4.0 ± 1.5 3.8 ± 1.2
5.4 ± 1.5 5.5 ± 1.5 5.5 ± 1.5 5.2 ± 1.4 4.5 ± 1.1

Systolic PA  
pressure(mmHg)

75.9 ± 18.6 76.8 ± 18.7 75.0 ± 19.5 75.8 ± 16.4 78.4 ± 15.6
46.4 ± 16.6 44.4 ± 15.1 44.5 ± 15.0 52.7 ± 17.1 73.8 ± 32.1

Diastolic PA pressure (mmH0067) 28.5 ± 9.7 29.8 ± 9.6 27.3 ± 10.0 28.3 ± 8.8 32.3 ± 9.5
18.5 ± 7.2 17.7 ± 6.5 17.9 ± 6.8 20.6 ± 7.9 27.3 ± 12.8

Mean PA pressure (mmHg) 46.2 ± 11.3 47.0 ± 11.4 45.2 ± 11.6 46.5 ± 10.3 50.2 ± 10.5
28.4 ± 9.6 27.2 ± 8.7 27.5 ± 9.1 31.8 ± 10.1 42.4 ± 15.5

Mortality (%) 52 (4.7) 16 (3.9) 22 (4.7) 12 (6.3) 4 (16.7)

Data shown as means ± standard deviation or numbers (percentage). Top numbers are preoperative, bottom numbers from pulmonary artery catheter imme-
diately prior to removal in ICU
PVR pulmonary vascular resistance; CO cardiac output; PA pulmonary artery
Reprinted with permission from Thistlethwaite et al. [56]
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Other possibilities include nonsurgical PA rupture (high pres-
sure, PA catheter trauma). Diagnosis and treatment are similar 
to other cases of pulmonary hemorrhage. Diagnosis and local-
ization are based on fiberoptric bronchoscopy findings, and 
choice of treatment (e.g., lung isolation, PEEP, topical vaso-
constrictors such as vasopressin, phenylephrine) depends on 
the severity of the bleeding. An algorithm for management of 
post-CPB hemorrhage is presented in Fig. 38.10.
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Key Points

Pediatric patients present in varying stages of development, 
from the premature neonate to full-grown teenager. Appre-
ciation of the unique physiologic states associated with the 
different stages of development will direct anesthetic man-
agement.
Preoperative evaluation of the small child should include 
the neonatal history as this may indicate comorbid pulmo-
nary and cardiac disease and linked syndromes which must 
be investigated.
Lung isolation is not always necessary in pediatric thoracic 
surgery. Appropriate lung isolation techniques will depend 
on the age and size of the patient as there is no single tech-
nique that is suitable for all pediatric patients.
Physiologic manifestation of one-lung ventilation may 
be more pronounced in children than in adults. The com-
pliant rib cage, compressible lung parenchyma, reduced 
FRC under anesthesia and higher oxygen consumption in 
the child contribute to aggravate hypoxemia during lung 
isolation.
Adult thoracic surgery is often related to tumor excision 
whereas pediatric thoracic disease encompasses a greater 
variety of pathology. Each specific disease state has its 
own particular anesthetic considerations and management 
 strategy.
Pain management in the pediatric population has evolved to 
include a greater use of regional and neuraxial techniques, 
even in the smallest of infants.

Postoperative disposition will depend on the type and 
length of surgery, extent of resection or manipulation, and 
nature of the underlying condition. Many pediatric patients 
will require postoperative ventilation or close cardiorespi-
ratory monitoring following the procedure.

Introduction

Pediatric and neonatal thoracic anesthesia begins with an 
understanding of the physiologic and anatomic differences 
that occur in this patient population. Pediatric patients will 
present in varying sizes and weights from less than 1 kg to 
greater than 100 kg, and in varying stages of development 
from the extremely premature to the older teenage child. It is 
therefore the requirement of the pediatric anesthesiologist to 
understand the physiologic differences associated with these 
extremes and how they influence anesthetic management.

The determinants of these physiologic restraints and the 
practicality of securing ventilation and oxygenation will 
often dictate both the anesthetic management and the surgi-
cal approach. Unlike the adult population where one-lung 
isolation can almost universally be applied, in much of the 
neonatal population this can be at best a harrowing challenge 
or even an impossibility. As well, securing invasive monitors 
such as arterial or central venous lines may be problematic in 
the pediatric population. This means that the pediatric anes-
thesiologist must appreciate the compromise that arises due 
to the nature of the patient and procedure, and yet be flexible 
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and knowledgeable enough to safely carry out the anesthetic 
management. Postoperative pain management and monitored 
postoperative disposition may differ significantly from that of 
the adult population and depend largely on the disease pro-
cess, surgical intervention, and the physiologic maturity of 
the patient. Thoracoscopic procedures continue to be applied 
to smaller and younger patients with their own set of unique 
challenges and hazards.

The purpose of this chapter is to provide the anesthesiolo-
gist with the basic physiologic and anatomic characteristics 
associated with this patient population and how these differ-
ences are practically managed. A general discussion on the 
cardiopulmonary development of the pediatric patient will be 
presented, however specialty texts should be sought for in-
depth coverage of this topic. Case presentation and examples 
will be used where possible to provide the reader with a prac-
tical approach to common pediatric thoracic procedures. The 
understanding and practice of these techniques should then 
enable the pediatric anesthesiologist to apply this knowledge 
to more complicated and challenging cases.

Pediatric Growth and Development

Normal embryonic development begins at the time of concep-
tion and continues throughout the first 8 weeks of life.  During 
this period of time, fetal cells will divide and begin the process 
of organogenesis. By the fourth week of embryonic devel-
opment, the primitive heart and lungs appear. At this point 
neurolation also begins, a process that will see the eventual 
creation of the brain and spinal cord.

From this early lung, the trachea and bronchial tree will 
emerge, and by the eighth week of life the segmental bronchi 
and diaphragm are complete. In the following months, the air-
ways will canalize and surfactant will be produced. Although 
lung maturation will continue post delivery, it is generally 
accepted that by the 27th week of gestation fetal lung maturity 
is sufficient to sustain ex-uterine life.

Similarly the heart tube which began to beat at approxi-
mately day 22 will undergo a series of foldings and septate 
formation such that the four-chambered heart will be complete 
at the eighth week of gestation. Shortly thereafter, the valves 
separating these chambers will also form. Once the process 
of organogenesis is complete, the remainder of fetal develop-
ment is devoted to an increase in cell numbers and the matura-
tion of these organs. Intestinal rotation will proceed as well as 
a significant increase in overall size and weight. Interruption 
of this normal developmental pathway can have significant 
impact on the fetus. Teratogens acting at the time of organo-
genesis can impact organ formation. Abnormal morphogen-
esis may lead to cleft palate and congenital diaphragmatic 
hernia (CDH) among others. Chromosomal abnormalities, 
those that are not lethal, may have a cluster of symptoms that 
when grouped together form the basis of pediatric syndromes. 
As well the problems associated with premature infants (born 

<37 week GA) are almost entirely due to the immature nature 
of the fetal organ systems.

Lung and airway maturation continues until approximately 
the eighth year of life, during which time the number and 
size of alveoli steadily increase. Transition from intrauterine 
to the extra uterine environment will see the replacement of 
the previously fluid filled alveoli with air as the first breaths 
are taken. As well the alveolar oxygen partial pressure will 
increase from that of intrauterine life and the oxygen-Hb dis-
sociation curve will begin to transition rightward.

The anatomic changes that the airway undergoes from that 
of the neonate to infant and onwards to adulthood have been 
well described. The glottic opening is typically located at 
the level of the third cervical vertebra as opposed to C4-5 in 
adults. In addition, the tongue is relatively large and the epi-
glottis is long and floppy in infants up to 1 year in age. As a 
result the entire tongue of the neonate and infant is located 
in the oral cavity, whereas only the anterior two thirds of the 
tongue in older children and adults occupies the oral cavity. 
This accounts for the propensity to upper airway obstruction 
in neonates and infants who are sedated, have decreased level 
of consciousness, or during anesthetic induction. Until 7 or 
8 years of age the tracheal diameter at the level of the cricoid 
cartilage is narrower than that at the vocal cords, resulting in 
a conical larynx. A tracheal tube that passes through the vocal 
cords may not necessarily then pass through the cricoid ring. 
A relatively large head, short neck and trachea mean that tra-
cheal intubation, although not typically difficult, requires a 
subtly different technique than that used in the adult patient.

As the lungs fill with air during the first moments of extra 
uterine life, pulmonary vascular resistance (PVR) will fall 
and cause a dramatic increase in pulmonary blood flow. As 
PaO

2
 rises the ductus arteriosus will constrict and usually fully 

closes by the end of the first week of life. Left-sided cardiac 
pressures will rise and close the foramen ovale. The myocar-
dium of the neonate is relatively noncompliant and cannot 
adjust contractility in response to changes in filling pressures. 
The cardiac output in the neonate is thus dependent on HR and 
the normal heart rate is typically between 100 and 150 bpm.

Relative body composition changes also occur during the 
first year of life. The highest percent body fat is at 1 year of 
age (approximately 30%) and typically decreases throughout 
adult life. Total body water (as a percentage of body weight) 
is highest at birth (75%) and drops to adult (60%) levels by 
1 year of age. The estimated blood volume (as a percent of 
body weight) also decreases. Term infants typically have an 
estimated blood volume of 95 mL/kg, whereas by 1 year of 
age it has decreased to 65 mL/kg. In addition to this the fluid, 
electrolyte composition, energy requirements, hematologic 
system, and vital signs all change significantly throughout 
the various stages of growth. The pediatric anesthesiolo-
gist’s understanding of these changes will necessarily guide 
the management of the patient as drug dosages, ventilation 
parameters, and equipment must be adjusted for the age and 
maturation of the patient.
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Special Considerations

Prematurity

Premature infants have several unique features that will 
briefly be addressed here. In-depth coverage of this topic can 
be found in any neonatal or pediatric specific anesthesia text.

Fetal surfactant is produced by type II pneumocytes at 
approximately the 22nd week of gestation. Half of this produc-
tion is usually complete by the 28th week, with the remainder 
by the 37th week. Steroid administration to the mother can 
speed up this process. Deficiency in surfactant production 
may result in respiratory distress syndrome (RSD) [1]. The 
constellation of tachypnea, indrawing, and oxygen desatura-
tion results from collapse of alveoli caused by insufficient sur-
factant levels. This leads to decreased lung compliance, higher 
opening pressures, decreased FRC, and increased work of 
breathing. Arterial blood gas analysis will often reveal hypox-
emia, hypercarbia, and acidosis.

The early management of RDS consists of oxygenation and 
assisted ventilation in the form of noninvasive CPAP/BIPAP 
[2–4]. Exposure to high oxygen concentrations may lead to 
retinopathy of prematurity (ROP) and other complications in 
these patients, although the role of anesthetic agents in caus-
ing ROP remains undefined. Balancing the need to avoid tissue 
hypoxemia and avoiding the toxic effects of oxygen can be chal-
lenging. Prudence would seem to suggest that using the lowest 
possible FiO

2
 to maintain adequate tissue oxygenation is advis-

able. Oxygen therapy is often adjusted to achieve an oxygen 
saturation of 90–93%, however if there is evidence of hypoxia-
induced hemodynamic instability or other end-organ failure 
oxygen therapy should not be sacrificed in order to prevent 
ROP. Continued oxygen desaturation (below 90%) or persistent 
acidosis may require endotracheal intubation and mechanical 
ventilation be instituted. The goal of ventilation is to minimize 
baro- and volu-trauma while maintaining oxygen saturation 
between 90 and 93%. To this end, relative hypercapnia (PaCO

2
 

45–60 mmHg) is often permitted. Much like the management of 
ARDS, the FiO

2
 and PEEP ratio should be carefully adjusted to 

minimize both while achieving the above stated goals.
Exogenous surfactant can also be administered to these 

infants both at the time of birth and at regular intervals there-
after [5, 6]. Surfactant acts to decrease alveolar surface ten-
sion and has been shown to decrease RDS-related morbidity 
and mortality [1, 7]. The long-term sequela from RDS is 
typically bronchopulmonary dysplasia (BPD). These chil-
dren may continue to have respiratory difficulty secondary to 
decreased lung compliance and increased airway resistance 
with increased dead space.

Pulmonary Hypertension

Pulmonary hypertension is classically defined as mean pulmo-
nary arterial pressure (PAP) >25 mmHg at rest or >30 mmHg 
with activity [8]. In neonates, echocardiographic evidence of 

PVR greater than the half the systemic vascular resistance is 
commonly considered as evidence of pulmonary hyperten-
sion [9]. This state arises when PVR fails to decrease after the 
transition to extra-uterine life occurs. Severely elevated pul-
monary pressures will cause a decrease in blood flow through 
the lungs and encourage right-to-left shunting, resulting in 
cyanosis and hypoxemia. The causes of persistent pulmonary 
hypertension in the newborn are described in Table 39.1.

Management of pulmonary hypertension involves treating 
the underlying cause and reducing pulmonary vascular tone. 
To this end supplemental oxygen administration is employed 
as well as control of ventilation to avoid hypercapnia and 
acidosis. Pharmacologic pulmonary vasodilators such as 
intravenous prostacyclin, phophodiesterase III inhibitors 
(e.g., Milrinone), and/or inhaled nitric oxide may be admin-
istered if necessary [10]. Sildenafil has shown promise and 
is increasingly being used to treat responsive pulmonary 
hypertension in this patient population [11, 12]. Individual 
or combination therapies have been used in neonatal and 
infant populations with some success [13–15]. Nitric oxide 
offers the theoretical advantage of improving V/Q matching 
by preferentially increasing blood flow to ventilated alve-
oli. Alternatively, extracorporeal membrane oxygenation 
(ECMO) has been utilized to temporize pulmonary hyper-
tension or as a bridge to lung transplantation [9, 16, 17].

Cardiac Disease

Patent ductus arteriosus (PDA) is a common finding in the 
premature infant. Blood flow through the PDA is typically left 
to right, although this can reverse if pulmonary hypertension 
exists. Preoperative echocardiography should be performed 
to evaluate this. Depending on the reason for prematurity, 
these infants may also have other forms of congenital heart 

Table 39.1. Causes of persistent pulmonary hypertension in the 
newborn.
Acute pulmonary vasoconstriction due to perinatal events
 Meconium aspiration
 Respiratory distress syndrome
 Pneumonia
 Hypoventilation/asphyxia
 Hypothermia
 Hypoglycemia
 Sepsis

Idiopathic
Maternal NSAID or SSRI use
Pulmonary vascular hypoplasia
 Congenital diaphragmatic hernia
 Oligohydramnios
 Congenital cystic adenomatoid malformation (CCAM)

Pulmonary sequestration
Cardiac lesions
 Pulmonary atresia with intact ventricular septum
 Transposition of the great arteries (TGA)
 Total anomalous pulmonary venous drainage (TAPVD)
 Tricuspid atresia
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disease (CHD) that should be evaluated prior to undergoing 
any  anesthetic. Although pharmacologic or surgical closure 
of the PDA is often indicated, if other cyanotic CHD exists 
the closure of the PDA is delayed until the lesion is repaired 
or palliated via another form of surgical shunt. The anesthetic 
management of thoracic procedures in patients with unrepaired 
or palliated shunts is particularly challenging. Increased pos-
itive-pressure ventilation and compromised oxygenation may 
lead to worsening of right-to-left shunts.

Immature organ function and depleted metabolic reserves 
predispose the premature infant to several other age-related 
disorders. Lack of glycogen stores in the premature neona-
tal liver places these patients at risk for hypoglycemia. The 
implications of untreated hypoglycemia can be quite severe 
and include seizures and developmental delay. The normal 
stress response of surgery is to increase plasma glucose levels 
secondary to catecholamine and cortisol production. This may 
not occur, however, in the very sick child. Five or ten percent 
dextrose solution should be used as maintenance fluid in the 
pediatric population, although at what age this practice should 
cease is not clear [18]. To avoid hyperglycemia a balanced salt 
solution should be used for fluid bolus administration [19].

Apnea of prematurity is common and its incidence is 
inversely proportional to the gestational age and weight of the 
child. Apnea (airflow cessation lasting more than 15 s) may 
be accompanied by bradycardia and hypoxia. The presump-
tive mechanism is due to immature neuronal control at the 
level of the brainstem and peripheral chemoreceptors [20]. An 
obstructive component to the apnea is often present as well. 
Other risk factors include a hemoglobin <100 or Hct < 30. 
Management may include minimizing narcotic use, stimula-
tion and airway support, and pharmacologic (e.g., caffeine). 
Postoperative observation and monitoring for apnea is man-
datory in premature and ex-premature infants less than 50–60 
weeks postconceptual age.

Preoperative Evaluation

As in adults the preoperative evaluation of the pediatric 
patient focuses on the history, physical exam, and laboratory 
investigations, although an age-appropriate evaluation is nec-
essary. The pediatric practitioner must be aware that certain 
congenital anomalies do not occur in isolation. For example, 
tracheoesophageal fistula may be associated with other signif-
icant anomalies as part of the VACTERL syndrome (vertebral, 
anal, cardiac, TE fistula, renal, radial, and limb anomalies). 
The presence and severity of the associated anomalies should 
be identified as they may affect anesthetic management.

The evaluation of the neonate or infant typically begins 
with a history of the pregnancy, labor, and delivery. APGAR 
scores and resuscitation efforts at delivery are important as 
they may provide diagnostic clues. For example, prolonged 
tracheal intubation early in life may predict the presence of 
subglottic stenosis. RSD leading to BPD may affect children 
many years after their NICU discharge. Both these examples 

may lead the anesthesiologist to modify his approach to  airway 
 management or ventilation strategy.

As this may be the first anesthetic the child is to receive, 
the biological parents must be questioned with regard to prior 
familial anesthetic complications. Malignant hyperthermia 
and pseudocholinesterase deficiency (among others) have a 
genetic transmission and may present with the first anesthetic. 
If a prior anesthetic record is available it should be reviewed. 
As in adults particular attention should be focused on the 
ease of bag mask ventilation and intubation. In the pediatric 
population, one must also look for evidence of difficulty with 
intravenous access and the disposition of the child prior to 
induction. Endotracheal tube (ETT) size and the presence of a 
leak around the tracheal tube should also be noted.

Functional capacity should be assessed keeping in mind the 
patient’s age. An infant’s inability to take full feeds, sweat-
ing, and/or cyanosis during feeds may be an indicator of heart 
failure. In toddlers and older children, activity level or ability 
to run or play is a better measure of cardiothoracic functional 
capacity. A helpful indicator is whether the child is able to 
keep up with his peers when at play. A child who takes more 
frequent naps or must stop and sit while his peers continue 
to play is a clear indication of decreased functional capacity. 
Height- and weight-based growth analysis will also provide 
evidence of failure to thrive which can be caused by or exac-
erbate a decreased functional capacity.

The physical exam can be challenging in the pediatric 
patient. Noncompliance and occasionally combativeness will 
prevent thorough examination. Most adult markers for difficult 
bag mask ventilation and intubation are not appropriate for 
infants and children. Assessing Mallampati score in a new-
born may be impossible and futile. In its place many pediatric 
anesthesiologists assess the craniofacial silhouette or profile, 
focusing on evidence of retro- or micrognathia. A gloved fin-
ger can also be used to feel for the presence of a high arched 
and/or cleft palate, which may be associated with difficult 
laryngoscopy.

Respiratory compromise or distress will manifest not only 
as tachypnea, but perhaps also as indrawing, nasal flaring, 
grunting, accessory muscle use, or paradoxical breathing. All 
are easily identifiable in children. Peripheral cyanosis and evi-
dence of decreased perfusion should be sought. Assessment 
of intravascular volume status in the pediatric patient may be 
challenging. Orthostatic vital signs are generally not done in 
neonates and the JVP cannot be easily seen. Skin turgor, cap-
illary refill, fontanelle fullness, level of consciousness, and 
urine output, however, are easily assessed, as is total fluid 
intake. A newborn that consistently is gaining weight is very 
unlikely to be hypovolemic.

Vital signs change with age and should therefore be com-
pared to the statistical norms for the patients’ cohort. Blood 
pressure measurements in an irritable or uncooperative child 
can be unreliable or impossible to attain. Auscultation for 
normal heart sounds and murmurs of concern is important to 
document. Evidence of heart failure, pulmonary edema, and 
wheezing on respiratory exam should also raise concerns.
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Laboratory investigations in the pediatric population should 
be based on the presenting illness and the surgery proposed. 
Often children that are booked for thoracic procedures will 
have at minimum a CXR that can be evaluated for pulmonary 
pathology, edema, and evidence of scoliosis and engorgement 
of the vascular structures. If available the computed tomogra-
phy (CT) scan or MRI should also be viewed. This will prove 
a valuable aide in determining the feasibility of lung isolation 
and the extent of the pathology. Particular attention should 
be noted if the disease is in communication with the bronchi 
(e.g., congenital cystic adenomatoid malformation, CCAM) 
as this will potentially alter the ventilation strategy. Anterior 
mediastinal masses may compress the great vessels, the tra-
chea, or the heart itself. Evidence of cardiovascular compro-
mise, whether on history or physical exam, warrants further 
investigation with transthoracic echocardiography. Often an 
understanding of the disease pathophysiology and associated 
cardiac anomalies will warrant this investigation. An ECG can 
be very helpful in these circumstances.

Since most thoracic procedures have the potential for blood 
loss as a minimum a CBC should be obtained preoperatively. 
This test may also indicate the degree of hypoxia if the hema-
tocrit is significantly elevated. Often electrolytes and renal 
function indicators will be ordered. In an otherwise healthy 
child, no blood work may be needed. Baseline arterial blood 
gases may be useful but may not be practical in the fright-
ened young child. Capillary or venous gases are more easily 
obtained in pediatrics and provide almost as much useful infor-
mation as arterial gases. Unlike the adult patient that presents 
for thoracic surgery, it is often impossible to obtain reliable 
pulmonary function tests or spirometry. This, however, should 
not be an impediment to proceeding with the planned surgery. 
Any further testing should be based on those areas of concern 
elucidated during the preoperative evaluation.

Lastly, the preoperative evaluation should be used to explain 
to the child and/or parents the anesthetic plan and the eventual 
disposition of the patient. Risks and complications should be 
addressed and assent or consent obtained. Decisions regard-
ing preoperative sedation and parental presence at induction 
can also be made at this time. The postoperative pain manage-
ment strategy should be outlined and questions or concerns 
addressed.

Strategies for Lung Isolation

The indications for lung isolation in children include preven-
tion of contamination by blood or pus, treatment of a large 
bronchopleural fistula or severe unilateral bronchiectasis, as 
well as facilitating surgical exposure during thoracic proce-
dures. Although thoracoscopic procedures may be performed 
without lung isolation in very small infants (the induced 
pneumothorax is often enough to compress the lung tissue 
and provide surgical exposure, see Fig. 39.1), one must be 
prepared to isolate the lungs in the event surgical exposure is 
inadequate. The techniques and approach to lung isolation in 

the pediatric population may differ from that of adults since 
infant and small child-sized bronchial tubes are not available. 
Despite this, the basic principles of lung isolation in the child 
are similar to those for the adult. There are three fundamen-
tal techniques of lung isolation: single lumen endobronchial 
intubation, bronchial blockers, and double lumen bronchial 
tubes [21].

Historically, the use of single-lumen tubes for selective 
endobronchial intubation was the only method to isolate the 
lungs in small children. Although it is now rarely the preferred 
method of lung isolation, it has the advantage of being read-
ily available, requiring little technical expertise and can be 
performed on any patient, regardless of size. Right mainstem 
bronchus intubation is easily accomplished and has been per-
formed (inadvertently or otherwise) by virtually every anesthe-
siologist. Left mainstem bronchus intubation, if done blindly, 
simply requires the ETT be rotated 180° with the patient’s 
head turned to the right. This maneuver turns the bevel of the 
tracheal tube to favor left mainstem bronchus intubation with 
advancement. Alternatively, flexible fiberoptic bronchoscopy 
can be used to place the tracheal tube in the appropriate main-
stem bronchus under indirect vision. Regardless of which 
technique is used fiberoptic verification of proper tube place-
ment is recommended [22, 23].

Other advantages of this technique include very rapid isola-
tion that can be applied in emergency situations such as pul-
monary hemorrhage. Limited technical experience is required 
and specialized equipment is not necessary. Because single-
lumen tubes are available in a wide variety of sizes there 
is no patient that cannot be managed by this method. Note, 
however, that since airway diameter narrows further down the 
trachea and bronchi, one should consider placing a slightly 
smaller ETT than otherwise indicated.

Fig. 39.1. Thoracoscopic view of a 6-month-old infant’s right 
hemithorax in whom adequate surgical lung exposure was achieved 
with the induced capnothorax and without the need for lung isola-
tion. The right lower lobe almost entirely consists of congenital cys-
tic adenomatoid malformation (CCAM).
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Disadvantages of this technique are numerous. Firstly, 
 conversion to temporary two-lung ventilation (i.e., to reexpand 
the nondependent lung) may be cumbersome. This requires 
withdrawing the secured ETT from the bronchus to the  trachea. 
Reisolating the lung with the patient in lateral decubitus posi-
tion and under surgical drapes can be problematic. As well, an 
incomplete seal at the bronchus will allow gases to escape and 
inflate the nondependent lung. Leak gas will also contaminate 
the room; however, more importantly debris, blood, and secre-
tions from the operative side may soil the poorly  isolated lung. 
If intubating the right  mainstem bronchus, obstruction of the 
right upper lobe is possible, especially if a cuffed ETT is used. 
Finally, if hypoxemia arises it is impossible to apply CPAP to 
the nondependent lung. If adjusting PEEP to the dependent 
lung does not improve the hypoxemia repositioning the ETT 
above the carina and reverting to two-lung  ventilation will be 
the only solution.

Bronchial blockers play an important role in pediatric lung 
isolation, particularly in patients 3 months to 9 years of age. 
There are currently three main devices available: Fogarty arte-
rial embolectomy catheters (Edwards Lifesciences, Irvine, 
CA, USA), Univent® tube (Vitaid, Lewinston, NY, USA), 
and the Arndt endobronchial blocker (Cook® Critical Care, 
Bloomingdon, IN, USA). The use of the Fogarty catheter for 
lung isolation is well described and has been used for all types 
of thoracic procedures [24–27]. The catheter can be placed 
either alongside the standard ETT or within it. If it is to be 
placed outside the ETT the catheter is advanced under direct 
laryngoscopy through the vocal cords. The blocker catheter tip 
(which if larger than 3F can be slightly flexed, see Fig. 39.2) 
is then rotated 90° toward the desired lung and advanced into 
the mainstem bronchus. The ETT is then placed in the tra-
chea. With fiberoptic visualization the position of the catheter 
can be verified prior to inflation of the balloon tip. The entire 
apparatus is then secured to the patient.

If the Fogarty catheter is to be placed within the lumen of 
the ETT, the method of placement is as follows. As described 
earlier for selective endobronchial intubation, the ETT is 
advanced into the desired bronchus. The 15-mm adapter 
is removed from the tracheal tube and the Fogarty catheter 
is placed through the lumen of the ETT into the bronchus. 
The ETT is withdrawn to a position above the carina while 
maintaining the endobronchial position of the catheter. Again 
verification and inflation of the Fogarty should be performed 
under flexible fiberoptic visualization. The ETT adapter will 
then have to be securely fastened such that the Fogarty is 
trapped between the adapter and ETT itself (see Fig. 39.3). 
A disadvantage of placing the Fogarty within the lumen of the 
ETT is that it may significantly decrease the internal diameter. 
This can interfere with ventilation if using a very small ETT 
but more commonly it will make passage of the fiberoptic 
scope difficult. The fit of all scopes and airway devices must 
be prepared and tested prior to anesthetic induction.

The main advantage of the Fogarty catheter is that it can be 
used in very small infants as well as older children. Table 39.2 
outlines the various embolectomy catheter sizes as well as the 
corresponding appropriate tracheal tube sizes used in pediat-
ric practice. In general, the smaller the patient the more chal-
lenging proper catheter placement becomes. Deflation of the 
balloon tip will enable easy and rapid reexpansion of the oper-
ative lung without requiring manipulation of the ETT.

A drawback to the Fogarty catheter is that the balloon is 
a low-volume, high pressure device. For this reason, balloon 
inflation should be done under direct visualization and only the 
minimum of pressure be applied to provide bronchial sealing. 

Fig. 39.2. Tip of a size 4F Fogarty embolectomy catheter (Edwards 
Lifesciences, Irvine, CA, USA) which has been shaped to facilitate 
maneuverability and insertion into a mainstem bronchus. All Fogarty 
embolectomy catheters except the size 2F and 3F contain a remov-
able guide wire that can be used to shape the tip in this fashion.

Fig. 39.3. Embolectomy catheter and tracheal tube assembly used 
for lung isolation in the small child. A size 3F Fogarty embolectomy 
catheter (Edwards Lifesciences, Irvine, CA, USA) inserted through 
a 4.5-mm ID tracheal tube (Sheridan) and placed in a mainstem 
bronchus. The embolectomy catheter is secured in place and sealed 
between the tracheal tube inner lumen and the 15-mm adapter (inset). 
Alternatively, the embolectomy catheter may be placed outside the 
tracheal tube in the mainstem bronchus.
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Table 39.2 illustrates the maximum inflation volumes of the 
various embolectomy catheters. Since migration of the blocker 
by even a few millimeters can cause the balloon to slip into 
the lumen of the trachea and obstruct both lungs one must be 
vigilant and prepared to immediately intervene by deflating the 
catheter cuff.

The Univent® tube has been designed with a channel that 
contains a bronchial blocker. Conventional layrngoscopy places 
the single-lumen tube into the trachea and fiberoptic guidance 
of the balloon tipped catheter into the operative lung can then 
be performed. When seated appropriately, the Univent will 
isolate the lung and allow for easy conversion to conventional 
two-lung ventilation by simply deflating the bronchial cuff.

Pediatric sizes are available as small as 3.5 mm internal 
diameter. However, this device has an 8-mm external diame-
ter and as such should not be used in patients less than 6 years 
old. In these smaller tube sizes, the bronchial blocker and its 
channel will also encroach into the lumen of the ETT and pro-
portionally increase the airflow resistance as well as neces-
sitate the use of a smaller fiberoptic scope. Univent® tubes 
below 6.5 mm ID do not have a central lumen in the bronchial 
blockers. Therefore, oxygen and CPAP cannot be applied with 
the smaller Univent® tubes [28–30].

The Arndt endobronchial blocker is a more recent addition 
to the armamentarium available to the pediatric anesthesiolo-
gist [31–33]. It consists of a conventional blocker with bal-
loon tip and four-way adapter. The balloon is designed as a 
high-volume low-pressure system. Pediatric sizes include a 
5F and 7F size blocker which can be used in a 4.5- and 6.5-
mm ID tracheal tube, respectively (Table 39.3). Preparation 
and use of the Arndt endobronchial blocker is identical to that 
for adults (see Chap. 16). As proportionally more of the ETT 
lumen is occupied by the blocker airway resistance and pres-
sures will increase.

A unique challenge of using the pediatric sized Arndt 
blocker is adequate ventilation while the blocker and FOB both 

occupy the lumen of the ETT. The smallest sized FOB must 
be used that allows placement of the endobronchial blocker. 
If such a small (i.e., 2.2 mm OD) fiberoptic bronchoscope is 
not available, the blocker can be positioned outside the ETT 
much like an embolectomy catheter. The tip of the FOB is 
passed through the nylon loop of the blocker and the assembly 
is inserted in the operative bronchus. The FOB is then removed 
and the tracheal tube placed using direct laryngoscopy. Alter-
natively, if the patient remains adequately oxygenated and 
ventilated with the FOB-blocker apparatus in the operative 
bronchus, the FOB may be withdrawn to a position above 
the blocker and inflation of the blocker cuff can be observed 
prior to removing the FOB. Once in position the nylon guide 
can be removed from the bronchial blocker (it cannot later be 
reinserted) and the central channel can be used for suction-
ing, providing supplemental oxygen, and CPAP. Fuji Systems 
(Tokyo, Japan) has recently released a 5F pediatric size of its 
independent bronchial blocker, the Uni-Blocker®.

The double-lumen endobronchial tube (DLT, Bronchopart®; 
Rüsch Inc, Duluth, GA, USA) differs significantly from the 
above designs in that selective intubation of either mainstem 
bronchus can be achieved with a second lumen located within 
the trachea. In this way, ventilation can be applied through 
either lumen individually or collectively. Unfortunately, pedi-
atric sizes are limited due to the necessarily larger outer 
diameter of such a design. The 26-F is currently the smallest 
available size and has an outer diameter of 9.3 mm, equivalent 
to a  6.5-mm ID ETT [34]. It is suitable for children approxi-
mately 8–10 years of age or approximately 30 kg in weight. 
Below this, one of the aforementioned isolation techniques is 
more appropriate. Double-lumen tube sizing will depend on 
the child’s height as well as age. In general, a 28F DLT is suit-
able for a 12-year-old child, a 32F is appropriate for a 14-year 
old, and a size 35F is suitable for a 16-year old.

The DLT is straightforward in its application. Conventional 
layrngoscopy places the device into the trachea where it can 
be advanced into position by rotation to the appropriate side in 
a manner identical to that for adult patients. Fiberoptic bron-
choscopy is recommended to ensure proper positioning [35]. 
Most often a left-sided DLT is used as it is easier to insert 
and eliminates the risk of right upper lobe obstruction. Cor-
rect positioning will mean the bronchial lumen is within the 
appropriate mainstem bronchus and the tracheal lumen above 
the carina. Inflation of the bronchial cuff can be observed 
with the FOB placed within the tracheal lumen. Once inflated 
the specialized circuit adapter can be manipulated such that 

Table 39.2. Bronchial blocker sizes used for lung isolation in 
 children.

Age
ETT size 
(ID, mm)

Bronchial 
blocker 
size (F) a

Max balloon  
gas capacity  
(cc)

Inflated  
balloon  
diameter (mm)

<2 months 3.0–3.5 3 0.6 5
2–6 months 3.5–4.0 4 1.7 9
6 months –  

1 year
4.0 4 1.7 9

1–2 years 4.0–4.5 5 3.0 11
2–4 years 4.5–5.0 5 3.0 11
4–6 years 5.0–5.5 5 3.0 11
6–8 years 5.0–5.5 

cuffed
6 4.5 13

8–10 years 5.5–6.0 
cuffed

6 4.5 13

ETT endotracheal tube; ID internal diameter
a Fogarty arterial embolectomy catheters (Edwards Lifesciences, Irvine,  
CA, USA)

Table 39.3. Pediatric Arndt endobronchial blocker sizes a.
Blocker  
size (F)

ETT size  
(ID, mm)

FOB size  
(OD, mm)

Balloon inflation  
volume (cc)

5.0 4.5 2.8 0.5–2.0
7.0 6.5 3.5 2.0–6.0

ETT endotracheal tube; ID internal diameter; OD outer diameter
a Cook® Critical Care, Bloomington, IN, USA
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ventilation to that lumen is obstructed while egress of gases 
from the lung is permitted.

Advantages of the DLT include easy access to either lung for 
suctioning or ventilation, application of supplemental oxygen, 
and CPAP. Conversion to two-lung ventilation is rapid and 
simple. Disadvantages of the DLT are mainly due to its awk-
ward size and shape. Iatrogenic injury has been reported and 
placement in patients with a difficult airway may be particu-
larly challenging [36, 37]. The DLT should be replaced with a 
conventional ETT if postoperative ventilation is required.

Anesthetic Management of Specific  
Procedures and Diseases

Bronchoscopy

Evaluation of the airway by bronchoscopy, either rigid or flex-
ible, has both diagnostic and therapeutic indications [38]. It is 
one of the few pediatric thoracic procedures that can be per-
formed outside of the operating room under sedation or gen-
eral anesthesia. In fact, depending on the age of the patient and 
indication for bronchoscopy the anesthesiologist may not be 
involved at all, as some pediatric pulmonologists will provide 
airway topicalization and intravenous sedation in an ambu-
latory setting. This approach should be reserved for older, 
cooperative children who do not have severe respiratory com-
promise. Those patients that do require operative bronchos-
copy must be evaluated with particular focus on the reason for 
bronchoscopy and the level of respiratory derangement. The 
type of procedure will often determine the means by which 
the airway is maintained, the type of anesthetic to be given, 
and whether paralysis is warranted. Rigid bronchoscopy for 
foreign body removal will require that a general anesthetic be 
given. Diagnostic evaluation of the trachea and bronchi for 
other etiologies can generally be performed via flexible bron-
choscopy. Communication between the bronchoscopist and 
anesthesiologist is essential in any such shared airway case. 
An appropriately sized ETT or supralaryngeal airway should 
be selected for the specific fiberoptic bronchoscope in order to 
ensure ventilation can be maintained during bronchoscopy.

Older children who are able to understand and cooperate 
with the anesthesiologist and bronchoscopist can be success-
fully managed with airway topicalization and intravenous 
sedation. This can include an infusion of one or a combination 
of propofol, remifentanil, or ketamine, with or without mida-
zolam [39–43]. More recently, an infusion of dexmedetomi-
dine and propofol has been used in this setting [44]. Although 
ideally this should be carried out in the OR setting, such pro-
cedures are now frequently performed outside the operating 
room to contain costs and increase efficiency. Children tend 
to need a deeper level of sedation than adults in order to toler-
ate the bronchoscope and titrating the sedation/anesthesia to 
achieve acceptable procedural conditions while maintaining 

spontaneous respiration can be challenging. Monitoring and 
preparation for possible conversion to a general anesthetic is 
essential. A second physician for patient monitoring and air-
way management should be at hand.

For those patients that are not suitable for sedation and 
airway topicalization, several options for airway manage-
ment exist. These include but are not limited to mask ventila-
tion, laryngeal mask, endotracheal intubation, and ventilation 
through the side port of a rigid bronchoscope [45]. Face mask 
ventilation has an advantage over the other methods listed as 
it allows for fiberoptic inspection of the oropharynx and/or 
nasopharynx and can be managed by one of two methods. 
The simplest is intermittent bag-mask ventilation or support 
with bronchoscopy conducted while the mask is temporarily 
removed from the patient. This requires coordination between 
the anesthesiologist and bronchoscopist and may involve peri-
ods of hypoventilation or apnea. If an inhalation agent is cho-
sen as the means of anesthesia then both awareness and waste 
gas pollution are a concern as the patient will be exhaling the 
agent into the room during the procedure. Careful titration of 
TIVA may therefore be the preferred approach for this option 
[46]. In addition, the diagnostic value of the procedure may 
be impaired as the bronchoscopist must enter and exit the 
airway repeatedly. To overcome these limitations face masks 
with angled side ports have been developed that allow for con-
tinuous application of the mask to the patient and ventilation 
through the adapter while the bronchoscopist uses an inline 
diaphragm that minimizes gas leakage (Fig. 39.4).

Although the laryngeal mask does not allow for inspection 
of the upper airway, it has nevertheless become the most com-
monly used conduit for diagnostic and therapeutic bronchos-
copy in the pediatric patient outside the critical care unit [47]. 
The availability of smaller sizes and its ease of use make it 
ideally suited for this procedure. It is better tolerated than a 

Fig. 39.4. Pediatric endoscopy mask (VBM Medizintechnik GmbH, 
Sulz, Germany) designed to allow simultaneous ventilation and 
endoscopy of the child. The assembly may be used for flexible 
fiberoptic intubation or airway endoscopy.
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tracheal tube and accommodates both spontaneous ventilation 
and positive pressure ventilation as required. It has been shown 
in several studies to be well suited for bronchoscopy, even in 
small infants [48–50]. An angled adapter with an inline dia-
phragm for the bronchoscope is required. If the LMA has aper-
ture bars, they may need to be removed as they can impair the 
scope from passing through. In most cases, the bronchoscope 
will align itself with the glottic opening and not require any 
further manipulation of the LMA once seated.

Endotracheal intubation provides the most secure, stable, 
and controlled means of airway management for bronchos-
copy. The majority of children in the critical care unit under-
going bronchoscopy will have an ETT in situ and undergo 
bronchoscopy to assess bronchial patency or pathology, tra-
cheomalacia, and for sputum sampling. Outside the critical 
care unit, elective tracheal intubation for bronchoscopy may 
be preferred for infants and small children as well as patients 
with significant respiratory compromise. A period of postop-
erative ventilation may also be required for high-risk patients. 
Disadvantages of bronchoscopy through an ETT include the 
inability to examine the upper airway as well as bronchoscope 
size limitations. An appropriately sized scope must be chosen 
that allows adequate ventilation around itself in the remaining 
lumen of the ETT.

Rigid bronchoscopy offers the advantage of allowing 
dynamic examination of the airway from the oropharynx to the 
subsegmental bronchi. Most pediatric rigid bronchoscopes 
contain a 15-mm side port that allows for gas insufflation 
and even positive pressure ventilation. It is the instrument 
of choice for pediatric foreign body removal. Disadvantages 
of rigid bronchoscopy include the fact that deep anesthesia 
is required to tolerate the bronchoscope and, if volatile anes-
thetic agents are used, room air contamination is a concern. 
In that case, suction or gas scavenging can be positioned at 
the base of the bronchoscope to minimize contamination. The 
practice of many pediatric anesthesiologists is to therefore 
use a propofol-based TIVA technique with local anesthetic 
applied to the vocal cords and carina. To this end a low dose 
(i.e., 0.05 g/kg/min) remifentanil infusion may be a useful 
adjunct. Typical goals are to maintain spontaneous ventilation 
without the use of muscle relaxants. However, positive pres-
sure ventilation can be applied via the side port of the rigid 
bronchoscope which may be facilitated by muscle relaxation.

Fever is not an uncommon sequela of flexible bronchos-
copy and it is not necessary to treat all such patients with anti-
biotics. Case reports of fever associated with sepsis following 
bronchoscopy have been reported, however these are gener-
ally in immunocompromised patients in whom antibiotic 
therapy is warranted [51, 52]. Similarly rigid bronchoscopy 
has been shown to induce transient bacteremia, but again anti-
biotic treatment is generally unnecessary. Complication rates 
for bronchoscopy are low. The most common adverse event is 
transient desaturation, however, layrngospasm and bronchos-
pasm can also occur [53, 54].

Thoracotomy and Video-Assisted  
Thoracoscopic Surgery (VATS)

Traditionally, all thoracic procedures in children were per-
formed via a thoracotomy or median sternotomy. Mechanical 
retraction of the ribs and lung tissue would often be applied 
to provide the required surgical exposure. Because of techno-
logical advances and greater surgical experience gained from 
the adult population, video-assisted thoracoscopic surgery 
(VATS) is now used more readily in the pediatric population, 
even at the extremes of age and weight (Fig. 39.5) [55–58]. 
The reported advantages of VATS in the adult population, 
including less postoperative pain and shorter length of stay 
accelerated the use of this technique in children. Although very 
few outcome studies have been conducted in children, VATS 
is utilized for an increasing number of conditions includ-
ing empyema, lung biopsy and resection, mediastinal mass, 
trauma, pulmonary sequestration, and CCAM (Fig. 39.1) [59]. 
Even PDA closure is being performed thoracoscopically in 
very small infants [60]. Trocars for pediatric use are available 
in 5 and 3 mm diameters (Fig. 39.5).

Whereas thoracotomy does not always require the lungs be 
isolated in children, VATS is quite challenging without proper 
lung isolation and collapse of the surgical lung. An excep-
tion is in small infants, whose lungs can be collapsed with the 
induced capnothorax.

Single-lung ventilation in the pediatric population incurs 
many of the same physiologic derangements as in the adult 
population (see Chap. 6). Collapse of the nondependent lung 
preferentially directs ventilation to the dependent (nonsurgi-
cal) lung. Hypoxic pulmonary vasoconstriction (HPV) in the 
nondependent lung increases perfusion to the dependent lung 
and therefore attempts to correct the shunt. In adults with the 

Fig. 39.5. Thoracoscopic trocars inserted in an infant for VATS. 
 Surgical trocars used in children are available in 5 mm (shown) and 
3 mm diameters.
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diseased lung in a nondependent position, this arrangement 
may actually improve oxygenation. Unfortunately in infants 
and neonates, this is often not the case. A compliant rib cage 
and compressible lung parenchyma allows for mediastinal 
excursion into the dependent lung thus reducing ventilation 
of that lung. Poor positioning and increased insufflating pres-
sures will further contribute to this. Decreased hydrostatic 
pressure gradients between the two hemithoraces translate 
into relatively little improvement in V/Q matching even when 
HPV is intact. Moreover, alveolar collapse occurs more read-
ily in infants as FRC approaches residual volume. The higher 
ratio of oxygen consumption to FRC, as compared to adults, 
will further exacerbate deoxygenation.

Many of the same complications of VATS occur in the pedi-
atric population as in adults. Trocar misplacement (into the 
spleen or liver) may cause significant morbidity. High thora-
coscopic insufflating pressures will decrease cardiac output 
and blood pressure by reducing preload and afterload. Patient 
positioning is even more important in pediatric procedures 
as an inappropriately located bolster will easily compress the 
compliant rib cage and reduce lung volumes in the dependent 
lung. Abdominal compression in the lateral decubitus posi-
tion, from padding or “bean bags” will force the abdominal 
contents into the chest. As with any procedure that involves 
CO

2
 insufflation under pressure, CO

2
 gas embolism, though 

rare, must be considered in the event of sudden severe hemo-
dynamic derangement.

As in adults maneuvers to preserve and treat hypoxemia 
with single-lung ventilation apply equally in the pediatric set-
ting. Initial routine use of 100% oxygen upon lung isolation 
offers an increased safety margin and decreases HPV of the 
dependent lung. Once the procedure is underway and hemo-
dynamic stability confirmed, the FiO

2
 may be decreased as 

tolerated. Pressure controlled ventilation may be used pro-
vided it delivers volumes in the range of 5–10 mL/kg. To 
this end mild hypercapnia is permitted, to avoid barotrauma. 
The application of PEEP to the dependent lung may improve 
oxygenation, and if kept to <10 mmHg usually has minimal 
effects on PVR and does not divert blood flow away from 
the ventilated lung. Application of CPAP to the nondependent 
lung is not as practically applicable in the small child and 
often interferes with surgical exposure.

To conclude, the decision to proceed with a thoracotomy 
vs. VATS procedure must be discussed ahead of time by sur-
geon and anesthesiologist. A thorough understanding of the 
risks and benefits must be assessed by both teams and then 
explained to the parents/patient. A discussion between the 
anesthesiologist and surgeon must include a time line with 
respect to how long the VATS technique will be employed. 
If surgical goals are not met during this time line then conver-
sion to thoracotomy should be considered. Most importantly, 
emergency management of intraoperative bleeding must be 
discussed and a plan formulated for emergent conversion to 
thoracotomy. Pediatric patients, especially small infants and 
neonates, will very rapidly hemorrhage into the chest cavity. 

By the time thoracotomy is performed and surgical control 
of bleeding is established, significant morbidity may have 
occurred. Resuscitation, even with rapid/immediate transfu-
sion, is extremely difficult in such cases. A low threshold is 
recommended for release of capnothorax and possible imme-
diate conversion to thoracotomy if significant hemodynamic 
instability arises.

Empyema

Collection of fluid or pus in the pleural space will occur in 
approximately 28% of parapneumonic infections [61]. Con-
ventional treatment has been insertion of a chest tube and 
drainage with continued antibiotic therapy. More recently, the 
increasing popularity of VATS has challenged this manage-
ment stratagem. Retrospective studies comparing length of 
stay, length of antibiotic treatment, and cost analysis favor 
VATS to conservative management [62–67]. Avansino et al. 
[68] conducted a meta-analysis of 67 studies with findings 
indicating a higher success rate in the primary VATS group 
(failure rate of 23% in the non-VATS group). Furthermore the 
rate of complications was found to be similar in both groups, 
although reintervention and salvage operative rates were 
higher in the conservative group.

The conversion rate from VATS to open thoracotomy 
was low (<1.5%) as was the VATS failure rate (unresolving 
empyema following VATS, 2.8%). Open thoracotomy yielded 
results similar to that of VATS. It must be noted the studies 
in this analysis were retrospective. As well, greater than 75% 
of those treated with primary conservative management did 
improve without the need for surgery (although duration of 
treatment was longer). This would indicate that perhaps a step-
wise approach to empyema management be utilized. This may 
include chest tube drainage and antibiotic therapy with early 
operative management if clinical improvement is not evident. 
Prospective studies addressing this issue are lacking [69].

Thoracoscopic decortication for empyema is best accom-
plished with lung isolation. This not only provides the most 
optimal surgical exposure but also helps to minimize contami-
nation of the nonoperative side. Ho and Tobias have described 
the use of the Arndt blocker for this purpose [70, 71]. Ho 
et al. [72] also described the use of a tracheal tube exchanger 
to facilitate intermittent bronchial intubation when using a 
single-lumen tube for lung isolation. The tube exchanger is 
inserted in the mainstem bronchus of the nonoperative lung 
and the tracheal tube is railroaded over the exchanger. When 
periodic reexpansion of the operative lung is desired the ETT 
is withdrawn along the tube exchanger into the trachea. The 
tube exchanger acts as a guide to revert to one-lung ventila-
tion as needed.

Untreated empyema develops a thick fibrinous plaque that 
does not permit collapse of the affected lung. In these patients, 
decortication is almost always warranted. Anesthetic monitor-
ing of these patients may include an arterial line as well as 
conventional noninvasive monitors. As blood transfusion may 
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occasionally be required, adequate venous access is essential. 
Induction of anesthesia is usually not complicated, although 
these patients may have significant respiratory distress. With 
single-lung ventilation established, a pulmonary recruitment 
maneuver (sustained CPAP for a few seconds) may be benefi-
cial prior to final positioning. This maneuver will have to be 
repeated at the request of the surgeon to reexpand the nonde-
pendent lung.

In most cases, tracheal extubation and transfer to a moni-
tored ward bed is sufficient, however these patients rarely 
require postoperative ventilation. Intravenous antibiotic 
therapy should be continued.

Patent Ductus Arteriosus (PDA)

Surgical PDA repair is perhaps the most common cardiac pro-
cedure to be managed by the noncardiac specialized pediatric 
anesthesiologist. As technology and surgical technique have 
evolved, so too has the surgical management of this disease. 
The historic use of a large lateral thoracotomy has today been 
replaced by smaller muscle sparing “mini” thoracotomies. 
Moreover, many centers have established good success rates 
with the VATS technique [60, 73]. Percutaneous coiling of the 
PDA via interventional angiography is also widely available 
but will not be discussed herein [74, 75].

The ductus arteriosus is an essential conduit directing blood 
flow away from the high pressure pulmonary circulation toward 
the systemic circulation during fetal development. It most often 
arises at the anterior surface of the main PA and attaches to the 
descending aorta near the left subclavian artery. In response 
to the increased PaO

2
 after birth, the musculature of the duc-

tus constricts and effectively closes the structure. Smaller 
birth weight infants and premature infants are more likely to 
have persistently PDA. If left untreated the left-to-right shunt 
created by the PDA will result in pulmonary overcirculation, 
pulmonary edema, and respiratory insufficiency. RV failure 
may also develop, especially if pulmonary pressures increase. 
Rarely, this may result in shunt reversal. In children who have 
a hemodynamically stable PDA, closure is still required as the 
risk of bacterial endocarditis is quite high [76].

If significant pulmonary overcirculation exists the patient 
may require tracheal intubation in NICU to help support ven-
tilation prior to surgery. These patients may often be fluid 
restricted and given diuretics in order to help alleviate the 
resultant pulmonary valvular insufficiency. To this end, ino-
tropic support will also occasionally be required. Surgical 
stress will further strain the already compromised preexisting 
respiratory and hemodynamic status. Likewise, any preexist-
ing medical condition or syndrome should be evaluated prior 
to induction of anesthesia. Whether performed via mini tho-
racotomy or VATS, surgical closure of a PDA is usually of 
short duration (<1 h typically) and involves minimal blood 
loss. In order to assess the blood flow in both the ascending 
(preductal) and descending (postductal) aorta, a noninvasive 
blood pressure cuff may be placed on a lower limb with an 

oxygen saturation probe applied to both the right hand and 
the left foot. Invasive arterial measurement is no longer rou-
tinely required. When identification of the PDA is difficult the 
surgeon may place temporary clips across the vascular struc-
ture and observe the effects on the patient. Correct position-
ing across the PDA will result in a rise in diastolic pressures, 
whereas occlusion of the main PA will result in decreased 
oxygen saturation and ETCO

2
. Temporary occlusion of the 

descending aorta will result in a sudden loss of lower extrem-
ity saturation tracing and blood pressure while simultaneously 
preserving the preductal saturation.

Induction of anesthesia is dependent on the preexisting 
condition of the patient. Those that present with respiratory or 
hemodynamic compromise may typically receive a high dose 
narcotic (e.g., fentanyl 10–20 g/kg IV) at induction with mus-
cle paralysis. Minimal volatile anesthetics should be used in 
these cases and supplemental narcotic dosing may be given as 
required. Alternatively, a remifentanil infusion along with low 
volatile anesthetic concentration may be used in those patients 
suitable for postoperative tracheal extubation. In addition to 
the standard intravenous used for induction, a larger peripheral 
intravenous catheter should be inserted after induction. Blood 
should be available in the operating theater for fluid resuscita-
tion in the event of surgical misadventure. Open thoracotomy 
for PDA closure does not require lung isolation or single-lung 
ventilation. Simple retraction is sufficient to provide surgical 
exposure. Recent studies, however, have shown the efficacy of 
the VATS approach to PDA repair [77–80]. Ventilatory strate-
gies for this include lung isolation (by any technique described 
earlier) or placement of a single-lumen ETT and allowing the 
pneumothorax to dictate surgical exposure. Muraldihar et al. 
[81] evaluated right mainstem bronchial intubation vs. low 
tidal volume-high frequency ventilation of both lungs and 
showed more profound desaturation in the mainstem intubated 
patients. Miyagi et al. [82] reported on the successful use of 
the Fogarty catheter as a bronchial blocker for a series of PDA 
closures performed via VATS. Despite the potential for hemor-
rhage, many studies have shown the safety and efficacy of this 
surgical approach for the repair of PDA [62, 66]. Risk factors, 
regardless of approach, continue to be hemorrhage, residual 
patency, and recurrent laryngeal nerve injury. Odegard et al. 
[83] describe a simple yet effective means to identify the 
recurrent laryngeal nerve and thus prevent injury during VATS 
procedures by using a thin Teflon nerve stimulating probe and 
recording the evoked electromyograms.

Tracheoesophageal Fistula (TEF)

The incidence of TEF is approximately 1 in 3,000 and although 
it may occur in isolation, about 50% of cases will present in asso-
ciation with other congenital anomalies [84]. The VACTERL 
association (vertebral, anal and cardiovascular defects, TEF, 
renal and radial limb defects) has been well described [85, 86]. 
The most commonly associated cardiac defects are atrial sep-
tal defect, PDA, and tetralogy of Fallot [87]. Investigation of 
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these defects is essential prior to any surgical intervention. The 
trachea and esophagus are derived from the primitive foregut 
during the fourth and fifth weeks of life. The trachea emerges 
ventrally from the primitive foregut and a septum between 
the esophagus and trachea is created by fusion of the trache-
oesophageal folds. Failure of incomplete separation of these 
two structures can result in isolated esophageal atresia (rare) 
or more commonly TEF. The Gross classification describes 
six of the most common forms of TEF [88]. Type C, account-
ing for 85% of all cases of TEF, consists of a fistula located 
slightly above the carina with proximal esophageal atresia. It 
is suggested shortly after birth with copious salivation asso-
ciated with choking, coughing, and cyanosis coincident with 
the onset of feeding. Diagnosis is confirmed by the inability 
to pass a suction catheter into the stomach and a gastric air 
bubble is often visible on radiograph. In most patients, surgical 
intervention will be planned for within the first week of life. 
During this time, these patients should be kept in a head-up or 
lateral decubitus position with a nasoesophageal suction cath-
eter inserted to help prevent aspiration. Early tracheal intuba-
tion is rarely required. In otherwise healthy newborn infants, 
there is almost 100% survivability. Survival declines rapidly if 
TEF is associated with low birth weight, prematurity, cardiac 
anomalies, or pulmonary complications [75, 89].

Primary repair consists of fistula ligation and esophageal 
anastomosis. Occasionally, a staged repair will be required in 
patients that are unstable, premature, or have very low birth 
weight. This consists of placement of a balloon tip catheter 
into the distal esophagus via percutaneous gastrostomy under 
local anesthesia [90]. This temporizing measure helps prevent 
reflux and will enable more efficient ventilation, particularly if 
high airway pressures are required. When the patient becomes 
more stable the definitive repair can be performed. This has 
traditionally been undertaken through a thoracotomy on the 
side opposite the aortic arch. Fistula ligation is followed by 
esophageal anastomosis. If the two ends of the esophagus are 
separated by too great a distance the fistula is ligated and a 
section of colon can be interposed at a later date. Thoraco-
scopic repair has been described and in some centers it has 
become the preferred surgical approach [91, 92].

Anesthetic management begins with the understanding that 
positive pressure ventilation should be minimized on induc-
tion. If the fistula is large, pressurized gas flow will follow 
the path of least resistance through the fistula and into the 
stomach. This will cause gastric dilatation leading to further 
impairment of ventilation and possible reflux of gastric con-
tents into the lungs. Profound respiratory failure and cardiac 
arrest have been reported. The goal of induction is to place 
the ETT distal to the fistula and proximal to the carina. This 
is often accomplished by blind mainstem intubation and sub-
sequent retraction of the ETT until bilateral breath sounds are 
auscultated. Some centers advocate initial rigid bronchos-
copy with the patient breathing spontaneously under volatile 
or intravenous anesthesia in order to identify the size and  
location of the fistula prior to tracheal intubation. Flexible 

fiberoptic bronchoscopy may also be used to verify tube 
 positioning following tracheal intubation. Prior to induction 
the patient should have thorough suctioning of the esophageal 
catheter and be well preoxygenated. Pretreatment with atro-
pine is recommended. Traditionally, an awake tracheal intu-
bation would have been performed on these patients. More 
recently, pediatric anesthesiologists prefer to induce anesthe-
sia with inhaled volatile anesthetic while maintaining sponta-
neous respiration or alternatively, perform a rapid sequence 
induction. Once the ETT is carefully positioned to ensure lung 
ventilation without fistula insufflation, muscle relaxation and 
gentle positive pressure can be provided. Some anesthesiolo-
gists will prefer not to paralyze or provide positive pressure 
ventilation until the fistula is ligated. For thoracoscopic TEF 
repair lung isolation is generally not attempted. Anesthetic 
induction and tracheal tube placement is as for open repair, 
however maintaining spontaneous respiration until the fistula 
is ligated is impractical. The induced pneumothorax/cap-
nothorax often produces adequate surgical exposure.

Intraoperative monitoring consists of the usual noninvasive 
monitors and possibly an arterial line. A large peripheral intra-
venous for fluid resuscitation should be obtained. A precordial 
stethoscope placed in the left axilla will help identify move-
ment of the ETT into the right mainstem bronchus. The flex-
ible fiberoptic bronchoscope should be available as it may be 
required to confirm intraoperative tube placement. Tracheal 
suction catheters should be on hand as surgical manipulation 
of the nondependent lung may cause debris or secretions to 
obstruct the ETT.

Intraoperative complications usually consist of ventila-
tion difficulties, leading to hypoxemia and/or hypercapnia. 
Increasing FiO

2
, adjusting ventilatory settings, and providing 

muscle relaxation may help improve this. Occasionally, and 
more commonly during thoracoscopic procedures, a degree 
of hypercapnia and desaturation must be tolerated. Although 
some of the most robust patients may be suitable for post-
operative tracheal extubation, most will benefit from a short 
period of elective ventilation. The tracheal tube is carefully 
withdrawn to a position proximal to the fistula and the non-
dependent lung is gently reexpanded under direct vision. The 
hemithorax is simultaneously filled with warmed saline to 
ensure there is no air leak from the repaired fistula site. Early 
postoperative complications include atelectasis, increased air-
way secretions causing small airway collapse, and electrolyte 
disturbances associated with increased fluid requirements. 
Later complications include esophageal anastomotic leak, for-
mation of broncho-esophageal fistula, and esophageal stric-
ture formation [93].

Mediastinal Mass

Management of the pediatric patient with a mediastinal mass 
presents unique and serious challenges to the anesthesiologist. 
A common misconception is that a mediastinal mass is more 
likely to cause symptoms in children compared to adults [94]. 
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In fact children are less likely to be symptomatic compared to 
an adult [95–97]. The presence of symptoms may be predic-
tive of malignancy in the adult; however, this does not seem 
to hold true for children [98]. A finding of orthopnea (supine 
dyspnea) in the child may be predictive of significant tracheal 
narrowing [99, 100], and its presence should alert the clini-
cian to the possibility of airway obstruction upon induction 
of anesthesia. The presence and degree of orthopnea should 
be assessed in every patient. The older child with mild symp-
toms can lie supine with some cough or pressure sensation. 
The patient with moderate symptoms will only be able to lie 
supine for short periods, and the severely symptomatic patient 
will not tolerate the supine position [101]. Characterizing the 
degree of orthopnea in the infant or small child is more chal-
lenging. The infant without symptoms will not seem stressed 
when supine, whereas the mildly symptomatic infant may 
look frightened or upset when supine. It is difficult and of 
little clinical use to attempt to distinguish between moderate 
or severe symptoms in the small child or infant. In either case, 
the infant will look severely distressed, may be gasping, or 
even cyanotic when supine.

Despite the predictive value of orthopnea in older children 
with a mediastinal mass, life-threatening complications may 
occur in the absence of symptoms, particularly in infants and 
small children [102].

The other major complication is cardiovascular collapse sec-
ondary to compression of the heart or major vessels. The pres-
ence of a pericardial effusion is associated with an increased 
risk of cardiovascular complications during anesthesia [103]. 
Death upon induction of general anesthesia in patients with an 
anterior mediastinal mass is always a risk. Anesthetic deaths 
have mainly been reported in children [104]. This may be due 
to the fact that:

1. Children have a more compressible cartilaginous airway 
structure.

2. The presenting signs and symptoms correlate poorly with 
tumor size.

3. Children are less able to give a reliable history.
4. Children more often receive a general anesthetic for tissue 

biopsy.

Diagnosis and Risk Stratification

The most important diagnostic test in the patient with a medi-
astinal mass is CT of the trachea and chest. Although a chest 
X-ray is often helpful in detecting a mediastinal mass, the 
CT scan provides useful information such as the size and com-
pressive effects of the mass. For proper tumor staging however, 
a CT scan of the chest, abdomen, and pelvis is required. Fortu-
nately, this can be accomplished with an average scan time of 
under 20 s with the more modern, faster CT scanners. In addi-
tion, the patient’s head and chest can be elevated to 30° with-
out affecting scan quality. Alternatively, the scan can be done 
with the patient in lateral or even prone position, if necessary.

It is essential to determine the patient’s most comfortable 
position prior to starting the CT scan. Most patients, including 
the otherwise uncooperative child, will often assume that posi-
tion while confined to the hospital bed. Furthermore, many 
major pediatric centers have adopted the resourceful prac-
tice of performing the scan at a time that coincides with that 
child’s natural sleep. Distraction (with music or video) has 
been used with success in older children. For practical pur-
poses, this means that the scan can be done with the patient in 
his/her most comfortable position during natural sleep, thus 
minimizing the need for sedation. The anesthesiologist should 
never feel compelled to have the severely symptomatic patient 
lay flat and supine, be deeply sedated, or anesthetized for a 
CT scan. In such a situation, if the above measures are unsuc-
cessful or impractical, serious consideration should be given 
to steroid administration or selective irradiation prior to CT in 
order to reduce the tumor mass.

For those patients that are uncooperative but do not have 
severe symptoms, sedation may be administered, provided a 
cautious approach is adopted. Although nothing is absolute, 
careful titration of a single agent may be safer or preferable to 
polypharmacy, particularly for small children. A 6-year review 
of over sixteen thousand sedations performed on children 
revealed that the odds of having an adverse event were nearly 
5 times higher when multiple agents were used (odds ratio 
[OR] 4.9, 95% CI 2.9–8.4) [105]. As a single agent, nitrous 
oxide 50% in oxygen is often all that is needed in small chil-
dren to provide analgesia and sedation. Alternatively, midazo-
lam or etomidate 0.1 mg/kg, ketamine or propofol 0.25 mg/kg 
IV boluses, or continuous infusion may be carefully titrated to 
effect. Although many agree that the risk of airway obstruc-
tion and hypoxemia increases when a combination of ben-
zodiazepines and opioids is used [106], sedation even with 
a single agent may not be tolerated in the high risk patient 
[107]. Of equal importance is appropriate monitoring of the 
patient, early recognition and treatment of complications, and 
attention to patient positioning during the procedure. The flat, 
supine position is never mandatory.

Obstruction of the superior vena cava (SVC) causing venous 
hypertension and engorgement of venous collaterals leading 
to cyanosis and edema of head, neck, and upper extremities 
is known as the SVC syndrome [108]. The most common 
cause of SVC syndrome in children is primary lymphoma or 
lymphoblastic leukemia [109]. SVC syndrome is often pres-
ent without associated airway compromise in the adult with a 
mediastinal mass. In children with such a mass however, the 
SVC syndrome is closely associated with and may predict the 
development of acute airway compromise. Tracheal intubation 
may be more difficult due to laryngeal edema that results from 
SVC obstruction. This obstruction may also cause pulmonary 
artery or myocardial compression, or affect right ventricular 
output, causing right heart failure [110]. Anesthetic-induced 
myocardial depression will aggravate these effects, with 
potentially disastrous consequences. Cerebral venous drain-
age and cerebral perfusion pressure may also be reduced in the 
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patient with significant SVC obstruction. As such, any patient 
presenting with SVC syndrome should be considered high 
risk. Patients with cardiovascular symptoms, SVC syndrome, 
or those patients unable to give an adequate history should 
therefore have transthoracic echocardiography to assess for 
cardiac, systemic, or pulmonary vascular compression.

Historically, children with tracheobronchial compression 
greater than 50% on CT have been considered high risk for 
general anesthesia [111]. More recent reviews have found the 
presence of orthopnea or SVC syndrome may be predictive 
of anesthesia-related complications [107, 110], but the extent 
of symptoms do not correlate well with the degree of tracheal 
narrowing on CT scan [99]. Based on these studies and the 
authors’ clinical experience, the following risk stratification 
guideline regarding safety for general anesthesia is suggested. 
The patient with minimal to no orthopnea and near normal 
tracheobronchial area on CT scan will likely tolerate gen-
eral anesthesia. In contrast, the child with moderate to severe 
orthopnea, tracheobronchial area <50% of normal on CT scan, 
or the patient with evidence of SVC syndrome or a pericardial 
effusion should be considered high risk. Unfortunately, there 
are several patient groups whose risk for general anesthesia 
remains uncertain. They include the child with mild orthopnea 
whose tracheobronchial diameter is unknown, and older child 
who is unable to give a history.

Direct examination of mediastinal mass tissue has been the 
traditional and preferable approach to making the diagnosis. In 
high risk or symptomatic patients however, the risk of general 
anesthesia and thoracotomy, mediastinoscopy, or VATS may 
be considerable. Excisional biopsy of extrathoracic lymph 
nodes has often been sufficient to confirm the diagnosis and 
allow for appropriate therapy. Increasingly, cytometric and 
immunocytochemical studies of pleural fluid have also been 
used with success to secure a diagnosis, obviating the need to 
deliver deep sedation or general anesthesia. Thoracentesis is 
particularly useful in lymphoblastic lymphoma, which is asso-
ciated with a high incidence of pleural effusion [112, 113].

In the high risk patient without extrathoracic lymphade-
nopathy or a pleural effusion, percutaneous needle biopsy 
of the tumor under ultrasound or CT guidance may be a safe 
alternative [114, 115]. In centers equipped with interventional 
radiology expertise, core needle biopsies can be obtained 
under ultrasound guidance with the patient in a semi-upright 
or lateral position [116, 117]. This can be achieved under local 
anesthesia and mild sedation as required. The most obvious 
disadvantage to needle biopsy is the inherent “failure to diag-
nose” rate due to insufficient tissue for complete histological 
and molecular classification, although a failure rate exists also 
for open biopsy [118].

The use of prebiopsy corticosteroid treatment to reduce 
tumor size has generally been avoided if possible due to the 
extreme and rapid responsiveness to this (and radiation) ther-
apy. There is widespread belief that prebiopsy steroid therapy 
will impair accurate histological diagnosis and result in subop-
timal treatment or recurrence with a less favorable  prognosis.  

A 10-year review of children presenting with an anterior 
mediastinal tumor sheds light on and refutes this myth [119]. 
Twenty-three of the 86 patients in that series received prebi-
opsy hydrocortisone because of clinical evidence of respira-
tory compromise. Prebiopsy steroid treatment was felt to have 
had an adverse effect on the pathological diagnosis in five of 
the 23 children, however survival in those five patients was 
unaffected, and the authors concluded that prebiopsy steroid 
administration is defensible in symptomatic patients. In a more 
recent series, one third of children with a mediastinal mass 
were treated with corticosteroids prior to diagnosis because 
they were considered high risk. A clear diagnosis was made in 
95% of these patients despite steroid therapy [102]. In  these 
cases, close and ongoing consultation with the oncologist is 
essential. Prebiopsy steroid therapy may be justifiable (and 
arguably necessary) if the patient has symptoms and CT evi-
dence of significant airway or cardiovascular compression, 
and is too young or uncooperative to tolerate local anesthetic 
alone. A typical regimen consists of 20-mg prednisone equiv-
alents per meter square of body surface area, administered 
3  times daily. Coordination between the oncologist, surgeon, 
and anesthesiologist is essential as biopsy tissue should be 
obtained between 12 and 24 h after starting steroid therapy. 
These patients should be monitored and treated in anticipa-
tion of developing tumor lysis syndrome, a constellation of 
metabolic abnormalities which can include hyperkalemia, 
hyperuricemia, hyperphosphatemia, secondary hypocalcemia, 
and acute renal failure [120].

Another alternative to preoperative steroids in the high risk 
patient includes irradiating the tumor while leaving a small 
area covered with lead for subsequent biopsy. This is not a 
viable option for the majority of pediatric patients presenting 
with a mediastinal mass as it requires the patient be coopera-
tive and able to lie still for the duration of the treatment.

Flow–volume loops are commonly ordered as part of the 
preoperative assessment for patients with an anterior medi-
astinal mass. Specifically, the development of an increased 
expiratory plateau when changing from the upright to the 
supine position is thought to be pathognomonic for a vari-
able intrathoracic airway obstruction and an indicator of 
patients who are at risk for airway collapse during induction 
of anesthesia. However, a careful examination of the literature 
reveals that this emphasis on flow-volume loops derives from 
a single case report [121]. Apart from isolated case reports, 
studies of flow-volume loops have shown a poor correlation 
with the degree of airway obstruction [122–124]. The use of 
flow-volume loops in the assessment of patients with anterior 
mediastinal masses is well described in standard anesthesia 
texts and frequently asked on anesthesia specialty exams. 
However in clinical practice, it is difficult to see how flow-
volume loops add any useful information beyond that which 
is obtained from the history and chest imaging. Certainly 
flow-volume loops may show some correlation with airway 
obstruction in selected patients. However, modern chest imag-
ing will tell the clinician not only if there is an obstruction, 
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but also its location, severity, and extent. This is the truly vital 
information in deciding how to manage the airway of a patient 
with an anterior mediastinal mass.

Although deep general anesthesia and muscle relaxation 
can be avoided in most patients with symptomatic lesions, 
invariably the anesthesiologist will be faced with the uncoop-
erative child with a compressive mediastinal mass requiring 
general anesthesia for a diagnostic or therapeutic procedure. 
Management of these patients is guided by their symptoms 
and the CT scan. A stepwise induction of anesthesia with con-
tinuous monitoring of gas exchange and hemodynamics is rec-
ommended. This may be achieved by inhalation of a volatile 
agent such as sevoflurane or IV titration of propofol or ket-
amine, which maintains spontaneous ventilation until either 
the airway is definitively secured or the procedure is com-
pleted [125]. Awake intubation of the trachea before induc-
tion is a possibility only in older, mature pediatric patients if 
the CT  scan shows a distal area of noncompressed trachea to 
which the ETT can be advanced before induction. If muscle 
relaxation is required, ventilation should first be gradually 
taken over manually to assure that positive-pressure ventilation 
is possible and only then can a muscle relaxant be adminis-
tered. In some centers, muscle relaxation is avoided through-
out the entire procedure if at all possible, as there have been 
cases of cardiorespiratory collapse that were likely caused by 
the resultant loss of muscle tone [126].

Airway or vascular compression can develop at any stage of 
the procedure and should be anticipated. In the preoperative 
assessment, the patient will often report that there is one side 
or position that causes less symptoms of compression. This, 
along with the findings on chest imaging, should be commu-
nicated to the entire operative team prior to anesthetic induc-
tion. In the event of intraoperative life-threatening airway or 
cardiovascular collapse, the patient should immediately be 
placed in that predetermined position, which will often result 
in a dramatic clinical improvement. The prone position has 
also been lifesaving in this setting [127]. Rigid bronchoscopy 
and ventilation distal to the obstruction may be necessary. As 
such, an experienced bronchoscopist and rigid bronchoscopy 
equipment must always be immediately available. In emergent 
situations, it is often not possible to push a standard ETT dis-
tally through the collapsed trachea. Ventilation and oxygen-
ation can be reestablished temporarily with either a ventilating 
rigid bronchoscope or with jet ventilation via a rigid scope. 
Ultimately a reinforced ETT should be placed distal to the 
obstruction to stent the airway. This can be done by passing 
an airway exchange catheter or bougie distally under direct 
vision through the rigid bronchoscope, then withdrawing the 
bronchoscope and using the airway catheter as a guide for the 
ETT [128]. In fact it may be reasonable to use an armored tube 
in all patients with a mediastinal mass; however, a stylet will 
still be needed to advance the tube distal to the compressed 
portion of the airway. Depending on the response to the above 
emergency measures, the patient may have to be awakened as 
rapidly as possible and other options for surgery explored.

Heliox may be used in the event of subtotal airway  collapse 
to decrease the work of breathing. Heliox is a mixture of 
helium and oxygen (most commonly 70:30) and decreases the 
turbulent airflow resistance through a narrowed airway due to 
the decreased density of helium.

Femorofemoral cardiopulmonary bypass (CPB) before 
induction of anesthesia is a possibility for older and more 
cooperative children who are considered “unsafe” for general 
anesthesia. Although emergency percutaneous CPB has been 
used successfully in an adult patient with impending complete 
airway obstruction [129] this is not a practical option in the 
young, frightened child. In addition, even the smallest femoral 
bypass cannulae are too large in diameter to be used in the 
patient weighing less than 15–20 kg. In such a case, preopera-
tive steroid therapy should be considered.

The concept of CPB “standby” during attempted induction 
of anesthesia is fraught with danger because there is not enough 
time after sudden airway collapse to establish CPB before 
hypoxic cerebral injury occurs. It is not a practical option in 
the pediatric patient with a large anterior mediastinal mass. 
For patients who present with primarily cardiovascular rather 
than airway compression, rigid bronchoscopy will not be a 
useful resuscitation maneuver in the event of cardiovascular 
collapse. Resuscitation intraoperatively may require emergent 
sternotomy and lifting the tumor off the heart and great ves-
sels [130]. For this reason, whenever possible, patients with 
cardiovascular compression should be prepped and draped for 
surgery prior to induction of anesthesia.

Congenital Diaphragmatic Hernia (CDH)

Congenital herniation of the abdominal contents into the tho-
racic cavity occurs in approximately 1 in every 2,500 live 
births [131]. The majority of cases will present prenatally if the 
mother has undergone standard ultrasonography [132, 133]. 
Occasionally, the diagnosis will be made in the early postnatal 
period. Intrusion of abdominal viscera into the thorax during 
fetal lung development leads to pulmonary hypoplasia and pul-
monary vascular hypertension. This may promote persistence 
of fetal circulation (i.e., patent foramen ovale and PDA) after 
birth. Most cases of CDH occur on the left side at the Fora-
men of Bochdalek, accounting for 80% of unilateral hernia-
tions. Less common is herniation at the Foramen of Morgagni 
or at the esophageal hiatus itself. Mortality is related to the 
size of the defect and the association of cardiovascular anoma-
lies. Approximately 10–30% of patients with CDH will have 
other congenital anomalies. These include congenital cardiac 
disease, chromosomal abnormalities (e.g., trisomy 18 and 21), 
CNS (e.g., spina bifida, hydrocephalus), and gastrointestinal 
anomalies (e.g., TEF, malrotation, atresia) [134]. Right-sided 
hernias are more often associated with these other defects. 
Large diaphragmatic hernias not diagnosed prenatally will 
present at delivery with severe respiratory distress and cyano-
sis. Physical findings include decreased breath sounds unilat-
erally or bilaterally. Indrawing, nasal flaring, and accessory 
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muscle use indicate impending respiratory failure. Palpation 
of the trachea often reveals deviation away from the affected 
side. Peristaltic (bowel) sounds may be heard over the affected 
hemithorax. Chest X-ray will reveal mediastinal shift away 
from the affected hemithorax as well as air filled bowel loops 
in the chest. The position of a nasogastric tube will be above 
the diaphragm.

As a result of compression and interference with normal 
lung development, the affected lung is reduced in volume and 
hypoplastic. Pulmonary surfactant deficiency contributes to 
poor lung compliance. This results in poor gas exchange and 
worsening of hypoxia, hypercapnia, and acidosis. PVR may 
remain elevated with persistent fetal circulation. High airway 
pressures and hemodynamic instability can further drive pul-
monary hypertension. With elevated PVR and a PDA right-
to-left shunting will occur. Other sites of shunting may also 
exist depending on the associated cardiac pathology. Systemic 
hypoxia will continue because of this shunting and disease 
progression will accelerate. Without appropriate preoperative 
support this cascade of hypoxia, acidosis, increasing PVR, 
and right-to-left shunt will lead to cardiac dysfunction and 
patient demise.

Management strategies for CDH have changed over the last 
few decades [83, 135]. Currently, preoperative stabilization 
followed by early surgical repair is recommended. Much of 
the recent work has focused on optimizing hemodynamic and 
ventilatory support in this patient population [136]. At pres-
ent no one best strategy has been universally agreed upon. 
 Historically, resuscitative efforts were aimed at achieving alka-
losis through active hyperventilation with the goal of minimiz-
ing pulmonary vascular hypertension. Contemporary “gentle” 
ventilation guidelines aim to minimize barotrauma by limiting 
maximal inspiratory pressures and tidal volumes. Much like in 
the management of adult RSD a degree of hypoxia and hyper-
capnia is accepted. Survivability has actually been shown to 
improve in these patients managed in this way provided PaO

2
 is 

kept at 60 mmHg and PaCO
2
 approaches 65 mmHg [137–139]. 

Until invasive arterial vascular access can be gained, one may 
aim for a preductal oxygen saturation of 85% with postductal 
saturation of 60%. Failure to achieve these goals with conven-
tional ventilation may be an indication for conversion to high 
frequency oscillatory (HFO) or jet ventilation. To facilitate this 
method of ventilation judicious use of sedatives, narcotics, and 
muscle relaxants will be required. Alternatively, progressive 
hypercapnia and acidosis with an A-a gradient >500 mmHg 
are indications for ECMO [140, 141].

Pharmacologic adjuncts for the management of pulmonary 
hypertension have included inhaled nitric oxide, sildenafil, 
prostaglandins, and prostacyclins [142]. In this case, inotropic 
support is often required. The overall mortality rate for CDH 
still remains quite high (greater than 50%) despite improved 
prenatal detection, transfer to tertiary institutions for delivery, 
and advances in neonatal care [143].

The anesthesiologist may first become involved during 
resuscitative efforts at the time of birth. Early insertion of a 

nasogastric tube will be necessary to decompress the stomach. 
The reduced volume of air in the stomach will aid ventila-
tory mechanics. Likewise bag mask ventilation should be kept 
to a minimum to avoid further gastric distension. If oxygen 
saturation continues to decrease despite NG tube insertion 
and high flow oxygen then tracheal intubation is appropriate. 
Sedatives, narcotics, and muscle relaxants are often admin-
istered to facilitate tracheal intubation and positive pressure 
ventilation.

Intraoperatively the anesthesiologist must attempt to 
maintain ventilation and oxygenation as discussed earlier. 
Conversion from HFO to conventional ventilation should be 
attempted prior to surgery, although CDH repair is possible 
with the patient on HFO ventilation [144, 145]. Peak airway 
pressures should be limited to avoid barotrauma and worsen-
ing PVR. A sudden rise in airway pressures or decrease in lung 
compliance can indicate a contralateral pneumothorax which 
must be diagnosed and treated promptly as it may be associ-
ated with a worse outcome. Anesthetic management typically 
includes a narcotic and muscle relaxant technique. In addition 
to basic monitoring an arterial line (preferably right radial) as 
well as pre and postductal oxygen saturation monitors should 
be placed. Decreasing postductal saturation may indicate 
worsening right to left shunt and increasing PVR. Closure 
of the diaphragmatic hernia may compromise venous return 
from the lower extremities and therefore intravenous access 
in the upper limbs is preferred. Insertion of an internal jugular 
venous line is not essential and risks causing a pneumothorax, 
but if already present can be a useful adjunct for monitoring 
right-sided pressures and venous oxygen saturation.

Surgery usually consists of an abdominal incision with the 
herniated contents being reduced into the abdomen. Small 
defects can then be closed primarily while larger ones may 
require the use of a synthetic patch. Closure of the abdomen 
may also necessitate the use of a patch to avoid cardiopul-
monary compromise in the event of elevated abdominal pres-
sures. With reduction complete, the hypoplastic lung should 
not be aggressively ventilated as this will increase the risk of 
barotrauma, contralateral pneumothorax and is typically of 
little or no therapeutic value. Thoracoscopic repair of CDH 
has been described in the pediatric population with good 
outcome [146, 147]. A prospective comparison of the open 
abdominal approach vs. VATS has not been conducted. Trocar 
insertion is carried out with the patient in the lateral decubi-
tus position and minimal CO

2
 insufflation pressures are used 

(i.e., 2–4 mmHg). The hernia contents are pushed down into 
the abdomen and the defect closed. An ipsilateral chest tube 
is also placed. Lung isolation is not required. Postoperative 
intensive care monitoring is required for all CDH patients and 
most will require a period of postoperative ventilation.

Lung Biopsy

Optimum management of solid lung masses almost always 
requires correct pathological diagnosis via biopsy of the 
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affected tissue. Obtaining such samples, however, can be chal-
lenging, especially when dealing with pediatric patients. The 
traditional method for acquiring these samples has been open 
lung biopsy, which is associated with morbidity and consider-
able pain. Increasingly, less invasive procedures such as endo-
bronchial biopsy and image-guided percutaneous biopsy have 
been used in children [148]. Concerns regarding endobron-
chial biopsy include bleeding and the histologic adequacy of 
the sample obtained. Minor mucosal bleeding is common and 
not of great concern as experience with airway foreign body 
removal would indicate that minor bleeding of the mucosa is 
not associated with a worse outcome [149]. Although not 
all lung masses are accessible via transbronchial biopsy, 
it is useful as a diagnostic measure in patients with poorly 
controlled asthma [150], cystic fibrosis (CF) [151, 152], 
and postlung transplant monitoring [153]. Salva et al. [54] 
prospectively studied 170 children between the ages of 2.5 
and 16 years who underwent flexible endobronchial biopsy 
for a variety of chronic respiratory conditions. At least three 
biopsy samples were taken from each patient. These children 
received a general anesthetic in an ambulatory setting with 
the use of an LMA (as described earlier). The results were 
encouraging as no patient required intervention for mucosal 
bleeding and there were no cases of pneumothorax, hemop-
tysis, or pneumonia.

Image-guided percutaneous lung biopsy can be performed 
with CT or ultrasound guidance depending on the location 
and accessibility of the tumor. Deep sedation with local anes-
thetic infiltration [154] or general anesthesia can be performed 
depending on age, cooperation, and medical status of the 
patient. Disadvantages compared to general anesthesia include 
the inability to suspend respiration to aide biopsy localiza-
tion. In a series of CT-guided percutaneous lung biopsies per-
formed in children between the ages of 0.6 and 20 years, most 
cases were performed successfully with deep sedation. Ade-
quate tissue samples were obtained in 85% of the cases [155]. 
Perioperative complications that did not require intervention 
included subclinical pneumothorax (17%), pleural effusion 
(3%), subcutaneous hemorrhage (12%), and postprocedural 
hemoptysis (3%). There was one case of tension pneumotho-
rax requiring chest tube insertion. There was no association 
between adverse events and the number of biopsy attempts. 
All children received a chest X-ray approximately 6 h after the 
procedure or sooner as clinically indicated. Despite an overall 
complication rate of 28%, percutaneous biopsy fares favor-
ably when compared to historic data on surgical open biopsy. 
Procedure length, overall hospital stay, and procedural costs 
also tend to favor percutaneous biopsy.

For those patients in whom percutaneous biopsy has failed 
to yield a diagnosis and those in whom the lung pathology 
is not amenable to such a technique, surgical lung biopsy 
is required. This can be performed with open thoracotomy 
or VATS. Although postoperative morbidity is increased 
in comparison to percutaneous biopsy, surgical biopsy is 
still considered by many the gold standard diagnostic tool.  

Gluer et al. [156] prospectively evaluated the feasibility, 
efficacy, and safety of the VATS technique for lung biopsy 
in patients with diffuse parenchymal lung disease. This was 
performed with general anesthesia using a single-lumen tube 
without lung isolation. The average age of the 21 patients was 
3 years (range 12 days to 15 years). Only two cases required 
conversion from VATS to mini-thoracotomy and no other intra-
operative complications were noted. Eight of the patients had 
a chest tube placed at closure (although no fixed criteria for 
placement were used). These were typically removed on the 
second postoperative day. One patient had persistent air leak 
requiring further surgical intervention. All biopsy samples 
were diagnostic. No data exists comparing the utility of VATS 
vs. thoracotomy for pediatric lung biopsy. Extrapolation from 
the adult experience would seem to suggest decreased postop-
erative pain, shorter hospital stay, and better cosmetic result 
with VATS. As experience with pediatric VATS procedures 
increases, we may see an increase in the number of biopsy 
procedures performed using this technique.

Cystic Fibrosis (CF)

Thick inspissated secretions causing airway obstruction, atelecta-
sis, and superimposed pneumonia are some of the pulmonary 
sequelae of this multiorgan disease. Respiratory dysfunction 
can be quite pronounced with patients becoming extremely ill. 
 Progression of the disease can lead to cor pulmonale, pneuo-
mothorax, antibiotic resistant infections, and bronchiectasis. 
Intestinal malabsorption, pancreatic and liver dysfunction are 
the most frequent extrapulmonary effects. Improved medical 
management, including chest physiotherapy, bronchodila-
tors, antimicrobial treatments, and medications to break down 
secretions (i.e., Pulmozyme) have significantly improved out-
come and quality of life for many patients. Despite this, even-
tual respiratory failure is the rule and, for many, lung transplant 
may be the only alternative. Children with CF may present for 
surgery at various stages of life. The neonate may present with 
meconium ileus or for central line placement for nutritional 
supplementation. Older children may present with pneumotho-
rax requiring chest tube insertion and bronchoscopy for lavage 
of inspissated secretions and microbrial diagnosis of infections 
can happen at any stage of life.

Anesthetic management is predicated on optimizing preop-
erative respiratory function. Consultation with the pulmonolo-
gist is indicated for all patients with CF. Medical management 
including appropriate antibiotic treatment, optimizing bron-
chodilator use, and initiating Pulmozyme therapy often requires 
the patient be admitted to hospital prior to the scheduled pro-
cedure. Preoperative laboratory investigations should include 
arterial blood gas, electrolyte panel, liver function tests, and 
blood glucose. Reviewing the most recent spirometry or PFTs 
and available chest imaging will also help in determining the 
degree of respiratory dysfunction. Chest physiotherapy for 
secretion clearance should be ordered preoperatively and early 
in the postoperative period. Controversy exists as to the most 
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favorable perioperative fluid management strategy. Although  
aggressive fluid supplementation may decrease the viscos-
ity of pulmonary secretions, some anesthesiologists prefer to 
limit fluid administration to decrease the volume of secre-
tions. To date no one best strategy has been found. Which-
ever approach is taken, it is advisable to have the patient 
euvolemic at the start of the procedure. Bronchoscopy, 
bronchoalveolar lavage, and transbronchial biopsies may 
be performed through an LMA with the patient breathing 
spontaneously, however, anesthetic depth must be sufficient 
to prevent coughing and laryngospasm. Increasingly, muscle 
relaxation and gentle positive pressure ventilation through 
the LMA has simplified anesthesia for bronchoscopic pro-
cedures in children with CF. If a tracheal tube is to be used it 
must be adequately large to allow for ventilation around the 
fiberoptic scope as well as tracheobronchial suctioning. Rou-
tine noninvasive monitoring is acceptable for straightforward 
procedures, however, an arterial line may be helpful in more 
involved cases to assess oxygenation, ventilation, and blood 
glucose monitoring.

Inhalational induction may be slow in patients with severe 
respiratory dysfunction and therefore intravenous induction is 
often preferred in this patient group. Intraoperative compli-
cations to be aware of include mucus plugging, pneumotho-
rax, bronchospasm, and atelectasis. Inspired gases should be 
humidified and tracheobronchial suctioning should be per-
formed at regular intervals throughout the procedure. Some 
clinicians advocate against the use of ketamine in children 
with CF as this drug can increase airway secretions. Regional 
techniques for pain management have the theoretical advan-
tage of minimizing respiratory depression associated with 
systemic narcotic use and should be considered. In the mature 
child or teenager with CF undergoing peripheral surgery, 
regional anesthesia with or without mild sedation may be a 
reasonable option. A plan for postoperative ventilatory sup-
port must be discussed amongst the surgical team, anesthesia, 
intensivist, and the patient/family. Respiratory compromise 
due to surgery, postoperative sedation, narcotic analgesia, 
and a weakened cough will increase the likelihood of needing 
postoperative ventilator support.

Pulmonary Alveolar Proteinosis

PAP is a rare disease in which accumulation of phospholi-
poproteinaceous material in the alveoli causes pulmonary 
impairment [157]. A deficiency in granulocyte-macrophage 
colony-stimulating factor (GM-CSF) activity results in defec-
tive macrophages and reduced clearance of surfactant from 
the lungs [158]. Regular administration of GM-CSF as well 
as bronchoalveolar or whole lung lavage is an important part 
of treatment for this disease and often results in temporary 
improvement of symptoms and radiographic appearance (see 
also Chap. 35).

The small child with PAP requiring whole lung lavage pres-
ents a particular challenge to the anesthesiologist. In  adolescents  

and adults, double lumen bronchial tubes are often used to 
isolate the lungs for lavage, however such tubes do not cur-
rently exist for use in smaller children. Several techniques 
have been described to isolate the lungs in smaller children in 
order to allow for lavage. No single method has been shown 
to be ideal and each has its risks and limitations. Extracor-
poreal circulation has been used which allows for thorough 
bilateral whole lung lavage, however it is invasive and may be 
associated with significant morbidity [159]. Lavage through 
a flexible bronchoscope adjacent to a cuffed ETT allows for 
improved lung isolation [160]; however, this can be a lengthy 
process and also carries a risk of causing trauma to bronchial 
mucosa. Lavage through a pulmonary artery catheter has also 
been performed either through a rigid bronchoscope [161] or 
through an ETT [162]. This method also allows for lung iso-
lation, however the diameter of a pulmonary artery catheter 
port is small and drainage may be inadequate. The most com-
monly used method of lung lavage in children is individual or 
multilobar lavage through a flexible fiberoptic bronchoscope. 
This may be performed through an ETT or an LMA. It is 
more time consuming than whole lung lavage, however, may 
be associated with lower lavage returns and does not isolate 
the lung.

For whole lung lavage in a child under the age of 9 years, 
true lung isolation may be achieved by using an assembly 
that mimics commercially available double-lumen tubes. Two 
cuffed tracheal tubes are passed through the glottis, one seated 
endobronchially to isolate the lung to be lavaged and the sec-
ond seated in the trachea. These tubes are then connected to 
the angled and Y-connectors from a standard double lumen 
bronchial tube set (Fig. 39.6) [163]. Although this approach 
may allow for proper lung lavage, one-lung ventilation, and 
obviate the need for postprocedural ventilation, the nature of 
the underlying illness may nevertheless dictate the need for 
monitoring in a high acuity setting. Because of the nature of 
the procedure and the airway assembly, total intravenous anes-
thesia is likely preferable if this technique is to be used. This 
type of airway assembly can be used in the small child requir-
ing differential lung ventilation and/or strict lung isolation for 
a variety of procedures other than lung lavage. Disadvantages 
include the necessarily smaller sizes of the two tracheal tubes 
needed to simultaneously pass through the vocal cords. Dex-
amethasone 0.1 mg/kg IV may be given prior to the procedure 
to reduce the risk of mucosal edema at the level of the cricoid 
cartilage.

Trauma, Pneumothorax, and Hemothorax

Due to the unique and changing physiology and psychology of 
children the management of the pediatric trauma patient may 
be quite different from that of the adult. Although isolated 
chest injuries are rare in children (5–15% of traumas), when 
associated with other injuries the mortality rate can be as high 
as 25% [164–166]. Between 60 and 80% of all pediatric trauma 
is blunt impact, usually from motor vehicle collision [108].  
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Incomplete ossification of the ribs in children means that the 
rib cage is more likely to deflect under traumatic assault as 
opposed to fracture. Therefore, pulmonary contusions are 
more likely in children as compared to adults even in the 
absence of overlying rib fractures [167]. Conversely, a child 
that presents with rib fractures has likely suffered a severe, 
high force trauma to the chest. Insertion of a thoracic epidural 
catheter should be considered in the analgesic management of 
the child with multiple rib fractures [168]. Penetrating chest 
injuries due to gun violence and knife stabbings are less com-
mon in children. The presence of rib fractures in the infant 
should raise suspicion of child abuse [169, 170].

Pulmonary contusion is perhaps the most common trau-
matic thoracic injury in the pediatric population [171, 172]. 
Within the lung parachyma this manifests as alveolar edema 
and consolidation, sometimes associated with hemorrhage. 
Because of the child’s higher metabolic oxygen consump-
tion lung injury may be accompanied by significant hypox-
emia. Mechanical ventilation may be required although 
most  pulmonary contusions can be treated by less invasive 

measures [173]. This includes BiPAP, supplemental oxygen, 
pain control, fluid restriction, and incentive spirometry when 
appropriate. Preventing and treating atelectasis is essential as 
this will reduce the risk of pneumonia and further respiratory 
compromise.

Pneumothorax may occur spontaneously in susceptible 
patients but is more often encountered at the conclusion of 
surgical thoracic procedures or in the setting of trauma. An 
open pneumothorax, one in which the pleura communicates 
with atmosphere, is treated with the insertion of a chest tube 
that allows for drainage without further entrainment of air 
upon inspiration. The chest tube apparatus is usually placed 
under water seal or to a suction device. Towards the end of 
most major thoracic procedures the surgeon will choose to 
electively place such a device. For minor intrathoracic pro-
cedures, some surgeons will elect not to place a chest tube. In 
these cases, air is removed as the chest wall is closed while the 
anesthesiologist provides positive pressure to the lung. These 
maneuvers should minimize any residual pneumothorax. 
A postoperative chest X-ray is required with careful monitor-
ing of the patient for signs of increasing pneumothorax. Most 
small (i.e., <10%) pneumothoraces are insignificant and will 
resolve over a period of a few days.

Tension pneumothorax occurs when air accumulates in 
the pleural space without communicating with atmosphere. 
As the pressure builds within the pleural space the ipsilateral 
lung will further collapse with increasing mediastinal shift. 
Clinical deterioration of the patient will become apparent. 
Hypotension, hypoxia, and decreased cardiac output will 
require emergent management. Diagnosis is confirmed by 
decreased breath sounds on the ipsilateral side, tracheal devia-
tion away from the affected lung, and shift of the maximal 
cardiac impulse. Radiographic diagnosis should not delay the 
emergent placement of a chest tube or needle decompression 
followed by chest tube insertion.

Bleeding into the pleural cavity can occur intraopera-
tively or postoperatively following any thoracic procedure. 
The amount of blood loss due to hemothorax in this setting 
should be minimal if hemostasis was achieved prior to clo-
sure. In the case of thoracic trauma, however, the amount of 
blood loss can quickly become life threatening. Disruption of 
intercostal arteries or veins is the most common culprit in this 
setting. As with tension pneumothorax, the accumulation of 
blood will compromise ventilation and cardiac output. If this 
blood is not promptly drained it may reorganize into a fibrous 
scar thus causing chronic atelectasis and V/Q mismatch. In 
addition to this, the blood may become a medium for bac-
terial growth with ensuing sepsis and empyema formation. 
Operative exploration of a hemothorax must be considered 
when there is ongoing drainage from the chest tube and/or the 
patient remains hemodynamically unstable. Some clinicians 
advocate a quantitative approach that would require surgical 
exploration if greater than 15 mL/kg of blood is recovered 
upon chest tube insertion or if ongoing drainage exceeds 
4 mL/kg/h [174].

Fig. 39.6. (a) Airway assembly for use in the small child that mimics 
commercially available double-lumen bronchial tubes. Two cuffed 
tracheal tubes are passed through the glottis, one seated endobronchi-
ally to isolate the lung to be lavaged and the second seated in the tra-
chea. These tubes are then connected to the angled and Y-connectors 
from a standard double-lumen bronchial tube set. (b) Whole lung 
lavage being performed in a 3-year-old child via the bronchial tube 
of the airway assembly while positive pressure ventilation is applied 
via the tracheal tube.
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Major airway disruption is rare in pediatric trauma but 
may occur in the setting of penetrating injury or rapid accel-
eration or deceleration. When present these injuries can be 
immediately life threatening. In 80% of cases, the disruption 
is located at the distal trachea or main bronchus [175, 176]. 
Airway injury should be suspected in the setting of pneu-
momediastinum, subcutaneous emphysema, large persistent 
air leak within the chest tube, and frank respiratory collapse. 
Diagnosis is usually confirmed by bronchoscopy, either rigid 
or flexible. When airway injury is suspected, intubation 
should be performed fiberoptically and the ETT placed distal 
to the disruption to avoid further trauma or creation of a false 
passage. Immediate operative repair of major airway injuries 
may be required although minor injuries can be observed 
with delayed surgical repair as required. Distal injuries can 
be treated with simple resection while more proximal injuries 
may require quite extensive repairs. Postoperative complica-
tions may include dehiscence, airway stenosis, atelectasis, 
and pneumonia. A severe blow to the chest while the vocal 
cords are adducted can lead to a rare injury pattern that is 
unique to pediatrics. Traumatic asphyxia presents with neck 
and facial swelling and ecchymosis, subcutaneous emphy-
sema, and pneumomediastinum [177]. The sudden increase in 
intrathoracic pressure causes a small tear in the upper trachea 
and forces air into the tissues of the neck, face, and around 
the mediastinum. Management is often supportive and non-
surgical.

Lung Transplantation

Pediatric lung transplantation continues to account for a small 
fraction of all lung transplant operations performed. Despite 
this, the number of transplants performed on children is 
increasing and the minimum age of transplantation is decreas-
ing. Many large pediatric transplant centers have established 
living donor programs and life-sustaining temporizing mea-
sures such as the Novalung® have been introduced for use in 
children awaiting a donor lung. The vast majority of pediatric 
lung transplant procedures are carried out in children between 
10 and 17 years of age. CF accounts for over 64% of cases in 
children, followed by primary pulmonary hypertension (14%), 
pulmonary interstitial disease (7%), and retransplant (7%) 
[178]. Actuarial survival rates tend to be favorable for pediat-
ric lung transplantation as compared to those for older adults.

A multidisciplinary team and approach is crucial to meet 
the surgical, medical, psychological, physical, and dietary 
challenges that will be faced. At the time or writing, children 
smaller than 10 years of age (i.e., those too small to accept a 
double lumen bronchial tube) usually undergo lung transplan-
tation under cardiopulmonary bypass. Other indications for 
the use of bypass during lung pediatric transplantation include 
primary pulmonary hypertension and severe right ventricular 
dysfunction. There also continues to be a significant rate of 

conversion from off-bypass double sequential lung  transplant 
to urgent bypass in children due to worsening pulmonary 
hypertension or relentless hypoxemia. The advantage of off-
bypass sequential lung transplantation is the avoidance of 
 systemic anticoagulation needed for cardiopulmonary bypass. 
A short period of postoperative ventilation is provided to 
monitor for early complications such as ischemic–reperfusion 
injury, infection, acute rejection, bleeding, and anastomotic 
leaks.

Postoperative and Pain Management

The postoperative disposition of a child who has undergone a 
thoracic procedure will depend on many criteria including the 
type and length of surgery, extent of resection or manipulation, 
and nature of the underlying condition. In general, infants and 
small children will be more frequently managed with a short 
period of postoperative ventilation when compared to adult 
patients. This may be due to the increased fatigability of the 
infant’s respiratory muscles or the fact that central neuraxial 
blockade is performed less often in small children than in 
adults. Occasionally surgical dehiscence is a concern in the 
early postoperative period and infants are less well able to 
tolerate the fluid shifts that often accompany extensive proce-
dures. Regardless of the type of surgery or reason for interven-
tion the pediatric patient should be monitored for respiratory 
status and adequate pain control in a suitable environment. 
Constant care or high acuity nursing and monitoring should 
be considered even if the patient’s trachea was extubated in 
the operating room.

Because many procedures are now being done with the 
less invasive video-assisted thoracoscopic technique, postop-
erative pain management has become somewhat easier. These 
patients can often be managed with nonopioid analgesics, 
a simple narcotic infusion, or patient-controlled analgesia. 
Table 39.4 outlines commonly used analgesics in pediatric 
practice. Local anesthetic can also be infiltrated prior to the 
placement of trochars and multimodal analgesia should be 
considered in all patients. Pain control for the pediatric patient 
has recently regained a renaissance with the more aggressive 
use of regional anesthesia techniques. These techniques are 
being applied to a wider range of the pediatric population 
with good success and minimal complications. The proper 
management of postoperative pain can avoid some of the 
negative physiologic outcomes associated with poorly treated 
pain. These include heightened sympathetic drive, increased 
metabolism, decreased immune function and specifically for 
thoracic procedures, poor respiratory function [179]. A simple 
option for regional analgesia includes intercostal nerve blocks 
performed prior to skin incision or just before surgical closure 
under direct visualization. Local anesthetic dosages should be 
reduced as plasma uptake at this site is rapid [180]. The over-
lap of thoracic dermatomes requires that the nerves above and 
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below the surgical site also be blocked. Indwelling intercostal 
catheters can also be placed by the surgeon and managed as a 
constant infusion postoperatively [181].

The epidural space in the child can be assessed in a simi-
lar fashion to that of adults. Ideally the epidural catheter 
tip should be placed at the dermatome level corresponding 
to the surgical site. Specific pediatric-sized Touhy needles 
should be used to minimize complications and provide for 
better control. Unlike in adults, thoracic epidural catheters 
are almost always placed when the child has already been 
anesthetized. Therefore, greater care must be exercised when 
advancing the needle as the patient will not be able to articu-
late the presence of radicular pain. Despite this drawback, 
there is no evidence to suggest the incidence of complications 
is higher in children compared to adults [182].

In smaller infants, the caudal epidural space can be eas-
ily accessed and a catheter advanced to the required thoracic 
level. Traditionally, this has been accomplished via electri-
cal stimulation [183], although more recently an ultrasound-
guided approach has become popularized [184]. As in adults 
many different local anesthetic solutions and adjuncts have 
been used in the pediatric population. The most commonly 
used local anesthetics continue to be Bupivicaine and Ropiv-
icaine for either “single shot” or continuous infusion epidur-
als [185]. Suggested neuraxial blocks and dosing guidelines 

suitable for pediatric thoracic procedures can be found in 
Table 39.5. Epidural narcotics are commonly coadministered 
as they reduce the dosage requirement for local anesthetics 
and improve the block quality. Epidural morphine, fentanyl, 
and hydromorphone are the most commonly prescribed nar-
cotics for this use [186, 187]. The purpose of optimizing pain 
management strategies is not only to keep the child comfort-
able but also to avoid pulmonary dysfunction by enabling 
deep breathing and coughing. This can aide in the prevention 
of atelectasis and postoperative pneumonia. Early ambulation 
is also encouraged to further accelerate the recovery of the 
patient and prevent those diseases associated with prolonged 
immobilization and hospitalization.

Clinical Case Discussion

A 3-year-old child with a newly diagnosed left lung mass 
presents for tissue diagnosis followed 1 week later by thora-
cotomy and tumor resection.

The initial workup of the child will focus on the func-
tional status and size of lung mass. Imaging will be essential 
to identify the size and location of tumor and to rule out a 
mediastinal mass. A CT scan will be required which may be 
done without sedation if the child is cooperative. Otherwise 

Table 39.4. Commonly used analgesics in pediatric practicea.

Analgesic Doseb

Infusion dose  
( g/kg/min)

PCA dosing ( g/kg q 6–10 min)  
or comment

Morphine 50 g/kg 10–40 10–30
Fentanyl 0.5 g/kg 0.5–2 0.2–0.5
Hyrdomorphone 0.15 g/kg 3–5 3–5
Remifentanil 0.5 g/kg 0.05–2 Intraoperative use only
Ketamine 0.15 g/kg 1–4 Narcotic sparing effect; may be useful if opioids side-effects considerable
Acetaminophen 75 mg/kg/day po N/A q4h dosing for oral, q6h for rectal
Ibuprofen 5–10 mg/kg po q6h N/A For children >6 months of age
Ketorolac 0.5 mg/kg (maximum 15 mg) q6h N/A For children >6 months of age. Limit to 48 h then switch to po ibuprofen

PCA patient controlled analgesia; po per os
a Adapted from Sick Kids Acute Pain Handbook, 2010. The Hospital for Sick Children, Toronto, Canada
b Doses are intravenous unless otherwise specified

Table 39.5. Neuraxial blocks and dosing guidelines suitable for pediatric thoracic proceduresa.
Type of block Solution Infusion rate (mL/kg/h)
Thoracic epiduralb 0.125% bupivacaine + epi 1:400,000 ± fentanyl 1–2 g/mL 0.1–0.16 maximum 10 mL/h
Thoracic epiduralb 0.1% bupivacaine + epi 1:500,000 ± fentanyl 1–2 g/mL 0.1–0.16 maximum 12 mL/h
Thoracic epiduralb 0.0625% bupivacaine + epi 1:800,000 ± fentanyl 1–2 g/mL 0.1–0.16 maximum 14 mL/h
Paravertebralc 0.125% bupivacaine + epi 1:400,000 0.2 maximum 15 mL/h
Intercostald 0.125% bupivacaine + epi 1:400,000 0.016–0.032 per rib maximum 1 mL/h/rib
Intrapleurale 0.125% bupivacaine + epi 1:400,000 0.2–0.3 maximum 20 mL/h
a Adapted from Sick Kids Acute Pain Handbook, 2010. The Hospital for Sick Children, Toronto, Canada
b Alternatively, caudal or lumbar approach with epidural catheter threaded to thoracic level. Suggested loading dose of 0.2–0.25 mL/kg of 0.25% bupivacaine +  
epi 1:200,000 up to maximum 10 mL
c Suggested loading dose of 0.3–0.5 mL/kg of 0.25% bupivacaine + epi 1:200,000 up to maximum 15 mL
d Suggested loading dose of 0.05 mL/kg (maximum 2 mL) of 0.25% bupivacaine + epi 1:200,000 per intercostal space
e Suggested loading dose of 0.2–0.3 mL/kg (maximum 20 mL) of 0.25% bupivacaine + epi 1:200,000
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a stepwise approach of cautious sedation may be required. 
Any sedation should be delayed to verify the absence of a sig-
nificant mediastinal mass. Tissue samples may be obtained 
through a mini-thoracotomy, however, in tertiary pediatric 
centers image-guided needle core biopsy is preferred and 
associated with lower morbidity. Most 3 year olds will require 
deep sedation or general anesthesia. Spontaneous respiration 
can be maintained during the biopsies, which might be CT or 
ultrasound guided. Often tracheal intubation is not required 
and the patient’s airway can be managed by face mask, bag-
mask support, or insertion of an LMA. Sedation/anesthesia 
may be achieved by TIVA (propofol or ketamine, alone or in 
combination with a short-acting opioid or benzodiazepine) 
and/or inhalation. Occasionally, a brief period of apnea will 
be requested to facilitate biopsy. This may be achieved tem-
porarily deepening the anesthetic and providing positive pres-
sure ventilation. Postbiopsy X-ray should be performed to 
ensure there is no significant residual pneumothorax. Chest 
tube insertion is rarely required.

Tumor resection may be performed via VATS or open tho-
racotomy. In either case the anesthesiologist should be pre-
pared to isolate the lung. Options in a 3-year-old include (1) 
selective right mainstem bronchus intubation with a 4.5- or 
5.0-mm ID tracheal tube; (2) insertion of a size 5F embolec-
tomy catheter in the left mainstem bronchus inside or (more 
practically) outside a 4.5-mm ID tracheal tube; or (3) a 5F 
Arndt Endobronchial blocker inserted in a 5.0-mm ID tracheal 
tube and placed in the left mainstem bronchus. Regardless of 
the option chosen, fiberoptic verification of proper tube or 
blocker positioning is crucial. A 2.2- or 2.8-mm OD pediatric 
fiberoptic bronchoscope should be used to ensure adequate 
ventilation may be provided while the scope occupies the 
lumen of the tracheal tube. The author prefers not to perform 
selective right mainstem bronchus intubations as quite often 
the tube slips distal to the right upper lobe takeoff, resulting 
in atelectasis of that lobe and worsening hypoxemia. Moni-
toring should include an invasive arterial blood pressure line 
in addition to standard monitors. Pain control will depend 
partly on whether VATS or open thoracotomy is performed. 
As a general guideline, central neuraxial blockade is offered 
in the event of open thoracotomy and systemic analgesics are 
administered if VATS is performed. Postoperative monitoring 
in a high acuity setting (step-down or critical care unit) is war-
ranted for the first 12–24 h.
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Key Points

The initial assessment and stabilization of the thoracic 
trauma patient is critical for successful outcomes. An 
understanding of the relevant anatomy and familiarization 
with the signs and symptoms of injury to the vital structures 
will minimize the chance of missed injury which could be 
catastrophic.
Airway management and lung isolation provide challenges 
to the anesthesiologist. Identification of the location of a tra-
cheobronchial injury preoperatively will dictate the method 
of isolation beyond the injury. Lung isolation techniques are 
more challenging to novice anesthesiologists. Anesthesiolo-
gists who may be asked to manage thoracic trauma patients 
should familiarize themselves with these techniques.
There is no level I evidence for the management of pulmonary 
contusion. There are similarities between the contused lung 
and ARDS and the patients who present with pulmonary con-
tusion should be ventilated with lung protective strategies.
Management of cardiac trauma requires an understanding 
of the type of injury and prompt diagnosis is of paramount 
importance. Signs of cardiac tamponade must be identi-
fied quickly and the pericardium decompressed urgently. 
Echocardiography is a useful tool in evaluating injury and 
guiding therapy in unstable patients if available.
Injury to the thoracic aorta is increasingly being man-
aged with endovascular techniques, but not all patients 

are  candidates. An understanding of the physiology of the 
 thoracic aortic clamp and its implications for hemodynamic 
management remains important. Similarly, strategies for 
spinal cord protection during open repair must be consid-
ered. Expectant management of minimal aortic injury may 
become more common.
Anesthesiologists play an integral role in the manage-
ment of pain in the patients with chest wall injury. There 
is potential for improved outcomes with epidural analge-
sia, but many patients will not be candidates for neuraxial 
analgesia. In the patients who will meet exclusion criteria, 
other techniques including paravertebral blocks should be 
considered.

Introduction

Thoracic trauma is a morbid business. The American College 
of Surgeons estimates it is associated with a 10% mortality [1] 
with 16,000 deaths annually representing 25% of all trauma 
deaths. Considering that injury is the leading cause of death 
from ages 1 to 45 (more than half of all deaths ages 13–32 
and 80% in teenage years) [2] and the leading cause of years 
of life lost before 75, its impact is enormous [3]. Since the 
vital structures in the chest are so well protected by the bony 
 thorax, a great deal of force is required to disrupt them, and 
they are uncommonly injured in isolation in blunt trauma. 
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Indeed, in 70% of cases, insults to the chest are associated 
with multisystem injury.

This chapter will attempt to describe thoracic trauma in 
terms of the underlying injury and its treatment. This approach 
is not new and dates (at least) to the ancient Egyptian Edwin 
Smith Papyrus in the seventeenth century bc. While our tools 
and management have changed (we no longer treat hemor-
rhage with the binding of fresh meat on the first day), the 
organization of the chapter will follow theirs – structured to 
some degree by injury type.

While the presentation of a patient with traumatic injury to 
the thorax can seem daunting, the principles in managing these 
patients are the familiar backbone of our specialty. A rational 
stepwise approach to the evaluation and management of these 
patients will not only yield the best results, but also make it 
clear that there is nothing mystical about them. That process 
begins, as always, with an understanding of the relevant physi-
ology, anatomy and the tools we use to asses them.

Relevant Anatomy

The chest is, by definition, the upper part of the trunk between 
the neck and the abdomen formed by the 12 thoracic verte-
brae and the corresponding ribs. Thoracic trauma may include 
injury to the chest wall, pleura, airways, heart, great vessels, 
diaphragm and esophagus. The implications of injury vary by 
structure and its mechanism of insult. The most lethal injuries 
are those involving the mediastinal structures. The mediasti-
num itself is divided into four parts (see Chap. 14, Fig. 14.1). 
The anterior mediastinum lies between the sternum and the 
pericardium and contains little other than fat, lymph nodes, the 
internal thoracic (mammary) vessels and the thymus. The mid-
dle mediastinum contains the pericardium, heart, lower half 
of the superior vena cava, ascending aorta, tracheal bifurca-
tion as well as the pulmonary arteries and veins. The posterior 
mediastinum is the space between the tracheal bifurcation and 
vertebral column and contains the descending aorta, azygous, 
esophagus and thoracic duct. Lastly, the superior mediastinum 
is bound by the manubrium and the first four vertebrae. It holds 
the aortic arch, brachiocephalic veins, upper half of the SVC 
the left common carotid and subclavian arteries as well as the 
brachiocephalic trunk. Stab injuries to the heart are through 
the classic precordium (so-called “box of death”) bound by the 
sternal notch superiorly, nipples laterally and inferiorly by the 
anterior ribs in 80% of the cases. On the other hand, gunshot 
injuries to the heart enter through the precordium in a minority 
of patients (46%) suggesting that a bullet would anywhere on 
the torso should raise concern of injury to the heart.

The Lethal Six

Many thoracic injuries are highly lethal. In fact, only two-
thirds of the patients will actually reach the hospital alive. Of 
those that do, the immediate identification and treatment of 

the six most lethal injuries is paramount, and the  assessment 
of the thoracic trauma patient should follow the protocol 
detailed in ATLS®. The six most immediately lethal injuries 
to the chest that are sought include airway obstruction, tension 
pneumothorax, cardiac tamponade, open pneumothorax, mas-
sive hemothorax and flail chest.

The diagnosis of airway obstruction should be clear to any 
anesthesiologist. The physical findings of apnea, cyanosis, stri-
dor, subcutaneous emphysema and the appearance of a patient 
with air hunger should be familiar to us. The etiology may be 
from avulsed teeth, secretions, expanding neck hematomas, 
laryngeal trauma, tracheal tears or even tracheal transection. 
As always, immediate intubation is indicated in any patient 
with airway compromise. Special considerations for patients 
with airway disruption will be discussed later in the chapter as 
will the management of the airway in the trauma patient.

Tension pneumothorax occurs when air enters the pleural 
space and cannot exit. This results in a shift of the mediastinum, 
kinking of the superior and inferior vena cava and a profound 
decrease in cardiac output. Patients present with respiratory 
distress, unilateral breath sounds, neck vein distension, tra-
cheal deviation (rarely) and cyanosis (very late finding). If this 
constellation of symptoms occurs just after intubation, one 
must become immediately suspicious. An old surgical adage 
holds that one should never have a chest X-ray (CXR) of a 
tension pneumothorax. This constellation of findings should 
be immediately treated with needle decompression (14 gauge 
catheter in the second intercostal space, midclavicular line - 
classically) followed by tube thoracostomy.

Cardiac Tamponade is most often the result of penetrat-
ing trauma, but can be seen in blunt trauma. The pericardial 
sac is tough and fibrous and when fluid builds quickly, only 
75–100 ccs will cause tamponade physiology. The classic 
Beck’s triad (JVD, hypotension and muffled heart sounds) are 
only present in one-third of the patients. While Kussmaul’s 
sign (rise in central venous pressure with inspiration) is reli-
able, it is not practical in the trauma setting since few patients 
have a central line in place before the diagnosis must be made. 
The equalization of pressures (should one happen to have a 
Swan-Ganz catheter in place they might find an equalization 
of diastolic pressures including right atrial, right ventricular, 
pulmonary artery and even pulmonary artery occlusion pres-
sure ) or systolic to diastolic gradient of less than 30 mmHg 
may also suggest tamponade. Most commonly in trauma, the 
diagnosis will be suggested by ongoing hypotension without 
obvious blood loss. FAST (Focused Assessment with Sonog-
raphy for Trauma) examination is highly accurate [4]. The 
patient can be temporized with pericardiocentesis occasion-
ally, but this procedure is technically less challenging in the 
patient with chronic pericardial effusions than in traumatic 
tamponade because of the small amount of fluid necessary to 
cause the physiology and because clotted blood can be dif-
ficult to aspirate. In reality, trauma patients in extremis should 
be treated with ED thoracotomy. Those more stable should 
be evaluated with FAST, TEE if the expertise is available or 
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even a subxiphoid pericardial window depending on local 
 experience, resources and clinical scenario. The latter can be 
performed in the operating room, but can be considered in the 
emergency department if necessary [5]. Once the diagnosis is 
made, the patient should be treated aggressively with fluids 
until they can be taken for definitive treatment. If a penetrat-
ing injury to the myocardium has occurred, it may be possible 
to treat without cardiopulmonary bypass [6]. This is fortu-
itous, because the administration of large volumes of heparin 
is often contraindicated in the trauma patient. Adenosine may 
provide the surgeon with 15 or 20 s of asystole and has been 
described to facilitate repair [7].

The other three of the lethal six are usually not difficult to 
diagnose. Massive hemothorax (>1,500 cc of blood or more 
than 200 cc/h for 4 h) should be suspected in any trauma 
patient with shock and absent or distant breath sounds on one 
side. A CXR will show the fluid in the chest but should not be 
necessary in all cases. This is an indication for thoracotomy. 
Most cases of more moderate hemothorax can be treated with 
tube thoracostomy and appropriate resuscitation. The last two 
of the six (open pneumothorax and flail chest) should be eas-
ily recognizable. We will discuss the treatment of the latter in 
the section on analgesia for trauma patients.

Traumatic Airway Management

Few topics seem to generate more discussion among anesthe-
siologists than the presentation of a trauma patient in need of 
an emergent airway. There are questions of whether manual 
inline stabilization is always helpful or can be harmful in 
restricting the view at laryngoscopy [8, 9]. There are ques-
tions of whether Sellick and his 26 patients should have had 
the influence they have over the last half century [10–13], and 
there are a myriad of devices to aid us. The discussion is not 
without merit, since the consequences of failure are dire. The 
fact that 2% of blunt trauma patients have a cervical spine 
injury adds to the angst. Furthermore, every method of airway 
intervention causes motion of the cervical spine including a 
jaw thrust and placement of an LMA. The basic tenants of 
airway management remain in place, however, and the ASA 
difficult airway algorithm (modified for trauma) remains a 
valuable tool [14] (Fig. 40.1). The modifications for trauma 
recognizes, among other things, that stopping and returning 
another day is not feasible and that a surgical airway may 
often be the best first option. As such, anesthesiologists who 
treat trauma patients should be familiar with the techniques 
and equipment necessary for percutaneous or open cricothy-
rotomy or tracheostomy. An outstanding recent review of the 
literature on the topic of airway management in the trauma 
patient (beyond the scope of this chapter) also provides a per-
spective [15]. What should never be lost amid all the contro-
versy is that the cornerstone of emergent airway management 
remains direct laryngoscopy. There are strong historical data 
suggesting that direct laryngoscopy is both highly  successful 

and  associated with few credible reports of neurologic 
 deterioration even in the face of known cervical spine injury 
[15, 16]. A recent review at a major trauma center, in fact, 
looked at over 6,000 patients who were intubated within 1 h 
of their arrival. Only 31 required a surgical airway and 87% of 
these survived their hospitalization. Of the four patients that 
died, none were judged to be airway related. This study did not 
include the number of patients that were intubated fiberopti-
cally. Their high success rate compared to other series may 
have been a result of an attending anesthesiologist’s presence 
as part of their protocol. While their protocol calls for inline 
stabilization and cricoid pressure, they wisely will relax one 
or both of these if there is a sense that intubation is being ham-
pered by either technique [17].

This is not to minimize the role of awake (or asleep) fiberop-
tic intubation in patients with a difficult airway or known or 
suspected cervical spine injury. This is by far the author’s 
preference for known difficult airways in stable cooperative 
patients with cervical spine injuries. No technology has yet 
replaced it. Still, the reality is that awake fiberoptic intubation 
requires a cooperative patient and can be difficult with blood 
in the airway. Many of the limitations to fiberoptic intubation 
can be overcome, however, with the use of an adult broncho-
scope with a powerful external light source. Anesthesiologists 
most often use smaller bronchoscopes for use in double lumen 
endobronchial tubes. The use of an adult bronchoscope adds 
stiffness which aids in directing the bronchoscope. An external 
light source adds far greater illumination, and the larger port 
on an adult sized bronchoscope can be used to either suction 
or blow oxygen to free the view of secretions or blood. Lastly, 
a 7.0 endotracheal tube fits snugly around this bronchoscope 
minimizing the chance the tube will catch on the arytenoids or 
epiglottis after the scope has passed into the trachea. Still, it 
is always best to be familiar with the other emergency airway 
devices available in one’s practice such as the bougie, light 
wand, Glidescope®, Airtraq®, McGrath® video laryngoscope 
or kits for retrograde intubation. This is especially true since 
awake, cooperative patients are in the minority in the trauma 
population. In one 7-year review, in fact, 83% of the patients 
were legally intoxicated on presentation [16].

Lung Isolation

One of the more challenging aspects of the management of 
patients with thoracic injury is lung isolation which may be 
required for injury to the thorax. Techniques include right 
mainstem intubation, Univent® tubes, a variety of commer-
cially available bronchial blockers and right- and left-sided 
double lumen tubes. Since right mainstem intubation will 
most often result in ventilation of only the right middle and 
lower lobes, it would be expected to result in the highest 
shunt fraction and higher rates of hypoxia. Each of the other 
devices requires some expertise, however, and they each have 
an equivalent high failure rate of 39% in faculty with limited 
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Fig. 40.1. ASA difficult airway algorithm (modified for trauma) (difficult airway algorithm (modified for trauma) [2005] is reprinted with 
permission from the American Society of Anesthesiologists).
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thoracic  experience of less than two cases per month [18]. 
In this study all  malpositions were corrected easily by more 
experienced thoracic staff. The choice of isolation technique 
must be based on other factors. Traditionally, double lumen 
tubes (DLTs) are the standard of performance for lung isola-
tion. In experienced hands, isolation can be achieved quickly 
and definitively in most cases. In institutions with extensive 
experience, in fact, right-sided tubes can be used with as few 
complications (desaturation, high peak airway pressures, etc.) 
as left-sided tubes [19]. Still, there may be disadvantages 
to DLTs especially in the trauma population. They may be 
associated with more airway trauma (especially if an airway 
injury already exists) with placement. Further, if the patient 
is to remain intubated following the procedure, double lumen 
endobronchial tubes should be changed to single lumen endo-
tracheal tubes for many reasons. Most obviously, pulmonary 
toilet is much more difficult with standard length suction 
devices in the ICU. Their bulk may lead to torsion and injury 
to the airway over the long term in a patient who is awake 
and moving. They also have a much larger outer diameter and 
higher work of breathing given their added length. Recently, 
three commercially available bronchial blockers have been 
shown to perform well when compared to left-sided DLTs 
in their ability to isolate the lung. They did require a longer 
time to place and had to be repositioned frequently, however 
[20]. They may be a better option for thoracic trauma patients, 
although anesthesiologists’ familiarity should also play a role 
in selecting a lung isolation device.

Tracheobronchial Injury

Like so many injuries to the thorax, tracheobronchial injuries 
are highly lethal. In an older autopsy series of trauma patients, 
81% of the patients with tracheobronchial rupture died before 
reaching a hospital [21]. In a more recent review of a single 
institution’s 15-year experience including over 12,000 trauma 
patients 0.85% of the patients reaching the hospital had a tra-
cheobronchial injury (TBI). The numbers were very differ-
ent for blunt and penetrating mechanisms (0.4% incidence for 
blunt trauma victims, 4.5% for penetrating) [22]. This review 
considered all traumatic airway injuries including those of the 
upper airway and thoracic trachea. In the larger of the North 
American series, around 60% of these injuries treated will be 
the result of penetrating trauma [23]. These patients tend to 
have better outcomes, possibly because of fewer associated 
injuries [22, 23]. Patients who do appear after a delay in diag-
nosis often will present when granulation tissue appears in 
their airway causing a narrowing and postobstructive pneu-
monia or recurrent pneumothoraces.

Clinical Signs

There are classic signs of TBI, but they can be misleading or 
absent, and a high index of suspicion is required. Surprisingly,  

in a comprehensive review of all TBIs reported in the  literature 
up until 1996, the median time to diagnosis was 9 days [24]. 
More recently in a single institution review, long delays in 
diagnosis were not reported [22, 23]. When present the classic 
signs of subcutaneous or mediastinal emphysema, hemopty-
sis, pneumothorax (especially with a large air leak or with a 
failure to expand the lung after tube thoracostomy), tension 
pneumothorax as well as unexplained dyspnea should all raise 
suspicion of an airway injury. Blunt TBIs may be associated 
with fractures of the first rib, clavicle, sternum, chest wall and 
lung contusions. The location of injury to the tracheobron-
chial tree has been consistent over several series [14, 23, 24]. 
By far, most injuries seem to be within 2 cm of the carina with 
a predilection for the right side. The latter may be a result of 
a heavier right lung with a shorter right mainstem bronchus 
in deceleration injuries. The most likely theory explaining the 
consistent data showing injury close to the bifurcation is that 
a rapid deceleration of relatively mobile lungs in the pleura 
against a fixed carina causes a tear. Bronchial rupture may 
also be from compression of the chest against a closed glottis. 
This has been shown in a canine model.

Airway Management and Lung Isolation in TBI

Whatever the mechanism, securing the airway in patients with 
TBIs can be a daunting task. Indeed, some very heroic mea-
sures have been described including thoractomy [25], jet ven-
tilation via intrabronchial catheters [26] and ECMO [27]. The 
ASA does have an airway disruption algorithm which empha-
sizes maintaining spontaneous ventilation whenever possible 
[14] (Fig. 40.2). The critical tool for both assessing the injury 
as well as controlling the airway is fiberoptic bronchoscopy. 
The goal in most cases should be to place the cuff of the endo-
tracheal tube beyond the injury or at least to protect the injury 
from positive pressure ventilation in some fashion. This is 
complicated by the fact that most blunt injuries to the trachea 
are within 2 cm of the carina [14, 23, 24]. In this instance, 
placement of a side-specific double lumen endotracheal tube 
is often most appropriate, although caution must be exercised 
in placing these bulky rigid tubes past an already injured air-
way. Passing the cuff of a single lumen tube beyond the injury 
and using a bronchial blocker for lung isolation in more proxi-
mal injuries seems prudent. This also has the added advantage 
of avoiding the changing of the endotracheal tube at the end 
of the procedure should the patient need to remain intubated. 
A scenario of cross field ventilation can also be envisioned 
but should be rare. In every case knowledge of the location of 
injury is paramount in providing the best airway.

One cannot overemphasize the importance of maintaining 
spontaneous ventilation in patients with severe tracheal injury. 
There have been reports of patients arriving with transected 
or nearly transected airways who maintain spontaneous ven-
tilation through a “neo-trachea” via mediasternal tissues. 
Attempts at blind instrumentation can be disastrous [28]. 
Unfortunately making the diagnosis can be difficult prior to 
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the need for  intubation although clues may be present in a lat-
eral c-spine film. Suspicion should be heightened in a patient 
with difficulty in breathing and any of the classic signs of TBI 
including subcutaneous emphysema. Fortuitously complete 
transaction of the airways in patients surviving to reach the 
hospital is quite rare. The liberal use of bronchoscopy should 
help lower the incidence of missed injury, help define injury 
when present and help secure the airway [23]. In the Toronto 
series, 29% of patients with TBI required interventions more 
complex than direct laryngoscopy. These included around 
10% each of FOB, surgical airway and temporary airway 
through the wound [22].

There is literature evolving for conservative management 
of tracheobronchial injuries. Most have focused on iatrogenic 
injury to the membranous portion of the trachea. Unfortu-
nately these injuries are becoming more common and repre-
sented half of the injuries in a recent series [29]. They may be 
as common as 1 in 20,000 intubations or 0.12% of DLT place-
ments [30]. Patients may present removed from the trauma 
with either a delay in their diagnosis or a delay in their treat-
ment. These patients allow for surgical planning, controlled 
airway management and have a lower mortality [24].

Aortic Injury

In 1958 Parmley reviewed 296 cases of aortic injury from the 
Armed Forced Institute of Pathology and found an 80% mor-
tality prior to arrival at a hospital [31]. It is unlikely that we 

have made much progress on that front in the intervening five 
decades [32]. Since this is thought to be largely a deceleration 
injury, it may be that restraints have had little impact. We 
have, however, made progress on the patients who do reach 
the hospital and may be seeing a major advancement over the 
last few years as thoracic stent grafts become increasingly 
common.

Because most aortic injuries occur following a rapid decel-
eration and are most often at the isthmus, traditional discus-
sions of the pathophysiology of the tear have focused on 
the interaction between the fixed descending aorta and rela-
tively mobile heart and great vessels. Still, injuries have been 
described in the ascending aorta, more distal thoracic aorta and 
abdominal aorta suggesting that other mechanisms may play a 
role as well. Other mechanisms described include a pinching 
of the aorta against the vertebral column and a “water hammer 
effect” describing a sudden occlusion of the aorta and increase 
in aortic pressure. These have recently been summarized else-
where [33].

Diagnosis

The prompt diagnosis of this injury is essential. As is often 
quoted, 30–50% of the patients who reach the hospital will die 
within the first 24 h [31, 34]. Imaging is crucial since there can 
be few external signs of aortic injury. While the classic find-
ings on CXR such as widening of the mediastinum, blurring of 
the aortic knob, deviation of the NG tube and shift of the right 
bronchus all suggest the diagnosis, they are not  diagnostic.  

Fig. 40.2. ASA airway disruption algorithm 
emphasizing spontaneous ventilation and the 
avoidance of positive pressure ventilation above 
injury whenever possible (airway disruption algo-
rithm [2005] is reprinted with  permission from 
the American Society of Anesthesiologists).
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Helical computed tomography has become the dominant 
modality for this purpose. It is fast, allows the quick evalua-
tion of concomitant injuries elsewhere in the body, and has a 
sensitivity approaching 100% [35]. Transesophageal echocar-
diography (TEE), MRI and intravascular ultrasound have also 
all been described, although it is unclear if any are as accurate 
as helical CT. TEE, for example, can often not visualize the 
aortic arch as well.

The treatment of aortic injury once a diagnosis is made 
is almost always prompt. It should be noted for complete-
ness that there is a small subgroup of patients presenting 
with hemodynamic stability that have been treated expec-
tantly with tight blood pressure and heart rate control either 
because their severe comorbid conditions precluded opera-
tive repair or because their injury was considered minimal 
[36, 37]. Although small in number, these patients have done 
quite well. Still, defining minimal aortic injury is an ongoing 
process and most patients will present to the operating room. 
A period of nonoperative management may be indicated for 
patients who are unstable from associated injuries, those with 
traumatic brain injury, sever pulmonary contusion unable to 
tolerate one lung ventilation, etc. While surgery may be suc-
cessfully delayed while associated injuries are evaluated and 
stabilized with the use of beta blockers and antihypertensive 
agents, the care of these complex patients will eventually fall 
to the anesthesiologist.

Despite our advances, a prospective look at 50 trauma 
centers in North America over a two and a half year period 
suggested an overall mortality of 31% [34]. All patients who 
arrived in extremis or who ruptured prior to definitive therapy 
died. Mortality in patients who were operated on was 14% 
with an 8.7% paraplegia rate. This study was published before 
endovascular grafts were increasing in use, and all patients 
who were operated on had an open repair.

Open Repair and Spinal Cord Protection

Open surgical repair in general begins with a high left poste-
rolateral thoracotomy and some form of lung isolation, most 
typically a double lumen endobronchial tube (DLT). Hypoxia 
may be a formidable challenge in patients with associated pul-
monary contusion. The pros and cons of various methods of 
lung isolation were reviewed earlier in the chapter. The anes-
thesiologist must be prepared for the massive hemodynamic 
swings that accompany proximal thoracic aortic cross clamp-
ing (sometimes above the left subclavian artery) as well as 
attending to all the issues of blood loss and the comorbidi-
ties the patient brings to the operating theater. There are three 
main methods of surgical repair all aimed at preserving spinal 
cord function. The first is speed in a traditional clamp and sew 
technique. The advantage of this technique is its simplicity 
and avoidance of the large doses of systemic heparin used for 
cardiopulmonary bypass. Bypass from the left atrium (or pul-
monary vein) to the distal aorta involves the use of a relatively 
simple centrifugal pump system and also minimizes the use of 

heparin. Bypass from the femoral vein cannulation site to the 
femoral artery requires an oxygenator in the circuit and may 
require high-dose anticoagulation, although heparin-coated 
tubing may minimize the dose [33]. There may be advantages 
in having an oxygenator in the circuit, however, if the patient 
has lung injury where one lung ventilation may not be optimal 
[33]. Clearly it would seem that any technique that limits the 
need for anticoagulation in the multi-injured trauma patient is 
advantageous, although concerns of short-term anticoagula-
tion may be exaggerated in patients without head injury [34]. 
The pros and cons of these techniques are beyond the scope 
of this text, but the anesthesiologist must be familiar with the 
norms of the institution and be prepared to manage the tech-
niques preferred by their surgeons. Although lumbar cere-
brospinal fluid (CSF) drainage has not been proven in blunt 
aortic injury, its use was shown prospectively to be of benefit 
in patients undergoing thoracic aortic aneurysm repair and 
should be considered in the stable, cooperative patient [38]. 
Even under the best circumstances, open repair can negatively 
affect the patient’s underlying pulmonary, cardiac and neuro-
logic status [39].

Endovascular Repair

Recently, attention has focused on endovascular treatment of 
thoracic aortic injuries. There are many theoretical advantages 
of this approach. For patients with closed head injury, it can 
be done without significant heparinization, large hemody-
namic swings complicating the management of intracranial 
hypertension and can even be done in reverse Trendelenburg 
if needed. It can be done in patients in traction for long bone 
injuries, does not require lung isolation and avoids position 
changes for patients with pelvic injury than may exacerbate 
pelvic hematoma. These facts broaden the patient population 
who can be treated and avoids delays in treating others. Pub-
lished series show improved mortality, fewer perioperative 
complications compared to open repair and a low or zero rate 
of paraplegia [39–42]. The low rate of paraplegia may relate 
to the short segment of thoracic aorta that needs coverage in 
the typical injury [39]. Concerns remain, however. Many are 
technical and some revolve around the specifics of a device 
developed for aneurysmal disease being placed in a normal, 
smaller thoracic aorta. There can also be difficulties with the 
proximity to the left subclavian artery, and there can be chal-
lenges in dealing with the curvature of the aorta. Still, there 
has been a dramatic shift away from open repair to endovas-
cular treatments. Open repair has fallen from 100% of repairs 
in 1997 to 35% in the second American Association for the 
Surgery of Trauma study in 2008 [43, 44]. These numbers of 
course reflect the behavior of 18 select trauma centers. The 
percentage of stent grafts placed in the country as a whole 
is probably smaller. Still, in these two studies there has been 
a dramatic fall in procedure-related mortality and paraplegia 
(8.7 to 1.6% overall from first study to the second). Device 
issues (early endoleak, left subclavian artery compromise, 
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left carotid artery occlusion (resulting in CVA), etc.) remain a 
concern. There also remains a lack of long-term follow up of 
these devices, and how they will perform as a young trauma 
patient ages is as yet unknown. These patients will also need 
long term, perhaps lifelong follow up to assure endoleaks do 
not develop. Lastly, it is unclear if some of these devices were 
placed in patients who had minimal aortic injury and may not 
have required treatment at all as pointed out in the discussion 
that accompanies this paper [42].

Pulmonary Contusion

Physiology

Pulmonary contusion is a clinical entity that complicates as 
many as 65% of blunt chest trauma patients who present for 
surgery [45]. In a sobering look at the long-term sequela, a 
recent review suggested that 70% of patients will have deficits 
in pulmonary function 6 months after injury and will report 
a loss of physical function [46]. Signs on presentation are as 
one would expect namely tachypnea, hypoxia, hypercarbia, 
wheezing and sometimes hemoptysis. CXR and even CT 
findings can lag behind the clinical picture by hours. Chest 
ultrasound may aid in the rapid diagnosis especially as the 
extended focused assessment with ultrasonography for trauma 
(EFAST) evolves [47, 48]. The gross pathology results from 
the loss of vessel integrity at the alveolar capillary membrane 
leading to intraparenchymal and alveolar hemorrhage and 
edema. Surfactant production decreases and shunt ensues. As 
in ARDS the lung becomes functionally smaller as alveoli fill 
with blood and edema. Pain then leads to splinting and pro-
gressive atelectasis. Worse, pulmonary contusion can lead to 
true ARDS. Evidence continues to mount that lung injury is 
itself inflammatory, and the localized inflammatory response 
may be what leads to ARDS [49–52]. Further, the immedi-
ate inflammatory response in the lung may lead to delayed 
immune suppression that increases patients’ susceptibility to 
an infectious challenge later [53, 54]. Despite its inflamma-
tory nature, steroids cannot be recommended [55].

Intraoperative Management

Making specific, evidence-based recommendations based on 
the available literature is difficult. This is underscored by the 
absence of a single level I evidence-based recommendation 
in the EAST (Eastern Association for the Surgery of Trauma) 
guidelines for pulmonary contusion [55]. Level II recommen-
dations describe supportive care such as optimal pain man-
agement (with epidurals when possible), avoiding obligatory 
ventilation and overly aggressive resuscitation. The anesthesi-
ologists’ primary role in lung contusion outside the operating 
room will be to assist in the management of pain. This will be 
discussed in more detail later. In the operating theater, issues 
will center around fluid and ventilatory  management. Adapt-
ing lung protective strategies developed for and accepted in 

ARDS patients seems prudent. Because alveolar over disten-
tion and alveolar opening and collapse can only exacerbate 
the inflammatory process, part of this should be recruitment 
maneuvers and PEEP [55, 56]. The initial resuscitation should 
not be compromised, but the administration of fluids afterwards 
should be meticulous in an effort not to augment extravascular 
lung water. The best method for monitoring fluid management 
is open to question although dynamic assessments to predict 
fluid responsiveness (improvement in cardiac output) seem to 
be better than static measurements of CVP and PCWP in a 
myriad of recent clinical trials. There is also a suggestion that 
Hextend® may have a role, but the utility of starch based vol-
ume expanders is recently coming under more scrutiny [57].

Blunt Cardiac Injury

Pathophysiology

The term blunt cardiac injury (BCI) covers a wide range of 
injuries whose clinical significance is related to both the type 
and severity of the injury. The pathophysiology results from 
either direct transfer of energy during the impact of the thorax, 
the rapid deceleration of the heart, as a result of the impact 
of the right ventricle against the sternum or compression of 
the heart between the sternum and spine [58]. The pattern and 
pathophysiology of injury will reflect the details of the impact 
and position of the heart in the cardiac cycle. The ventricles 
for example are most vulnerable at end diastole and the valves 
most vulnerable when closed. Even modest impacts can lead 
to sudden cardiac death, most commonly from ventricular 
arrhythmias. Commotion cordis, for example, results from an 
impact during the vulnerable moment of repolarization just 
prior to T wave peak [59, 60]. Most deaths due to blunt cardiac 
injury require more force, however. Almost every injury one 
can imagine can occur and has been described. The heart can 
be contused, torn or ruptured (freely or septal). Coronary arter-
ies can be torn or become thrombosed. The pericardium can 
become distended with blood and cause tamponade. Finally, 
the heart is a muscle, and can be contused like any other. When 
it is, local hemorrhage, edema and often necrosis cause poor 
performance. As the contused portion begins to swell, per-
fusion to that portion of myocardium may be compromised 
causing ventricular dysfunction to be exacerbated. Further, 
this may make the patient susceptible to arrhythmias possibly 
from a reentry mechanism [61]. Of concern, these arrhythmias 
can present very late (up to 6 days in one case report) after an 
initial 24 h arrhythmia free period [62]. Lastly, the practitioner 
must remember that myocardial performance may be drasti-
cally compromised even without direct injury to the heart. 
This is most commonly and sometimes dramatically seen in 
patients with traumatic brain injury. The most common mech-
anism of cardiac injury remains motor vehicle crashes in the 
most recent series. In patients who died of blunt trauma, 66% 
had either a cardiac or thoracic aortic injury (or both). Injuries 
to the right atrium and to the right ventricle predominate [63].
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The approach to the patient is determined by their clinical 
presentation. Taking a history from the patient who is able 
to provide one will give valuable clues not only by detailing 
symptoms, but also by documenting prior cardiac issues that 
may help avoid confusion of acute and chronic conditions. 
The physical exam should focus not only on the heart, but 
also on associated chest wall injuries that will raise the index 
of suspicion for associated BCI. These include chest tender-
ness, crepitus, seatbelt marks, etc. Beck’s triad of hypoten-
sion, muffled heart sounds and distended neck veins or pulses 
paradoxus suggest tamponade and urgent surgical attention.

Echocardiography has become an incredibly useful tool in 
the assessment of the BCI patient, and this begins with the 
FAST (Focused Assesment with Sonography for Trauma) 
assessment. FAST has proven extremely reliable in the assess-
ment of the pericardium and can be completed in less than 
a minute and a half with a sensitivity as high as 100% [64, 
65] for patients with suspected pericardial tamponade. For-
mal echocardiography (transthoracic or transesophageal when 
transthoracic is inadequate) is the primary tool for assessing 
hemodynamic instability in patients with BCI. Hemodynamic 
instability can result from etiologies that require very differ-
ent treatments, and defining whether failure is due to acute 
valvular insufficiency, septal rupture leading to left to right 
shunt, cardiac rupture, wall motion abnormalities from contu-
sion, LAD thrombosis from crush injury or any other pathol-
ogy is essential. Despite its usefulness as a tool in the sickest 
patients, it is not a cost-effective screening tool. The EAST 
practice guidelines echo most authors’ opinion and the bulk 
of the literature when they state that formal echocardiography 
adds little to the hemodynamically stable patient and should 
be reserved for patients with instability or with a clinical ques-
tion that cannot be explained [66, 67]. Part of the rationale for 
this statement is that even in patients diagnosed with BCI by 
echocardiography, in hemodynamically stable patients there 
was no sequela of the injury that required treatment even at 1 
year follow up [68]. One of the difficulties in BCI, in fact, is 
evaluating and triaging patients with significant chest trauma 
and risk for BCI (e.g., patients with fractured ribs, sternum and 
pulmonary contusion) who have no initial symptoms of BCI. 
The negative predictive value of two serial negative troponin 
I tests and a normal ECG was 100% in one study suggesting 
that these patients need no further observation or treatment 
[69]. While an abnormal ECG does correlate with the risk of 
developing a complication requiring treatment in BCI [70], 
the findings are often nonspecific and may not help define the 
pathology or physiology that is crucial to aiding in treatment.

Management

Specific generalizations for the anesthesiologists managing 
the patient with blunt cardiac injury are few since the individ-
ual patient’s injury pattern and physiology must dictate spe-
cific treatments. As we have stated, defining any abnormality 
of the function of the ventricle is generally accomplished with 
echocardiography. Clinical suspicion of the possibility of 

 tamponade and an understanding of the signs will aid in the 
prompt diagnosis of this problem. In truth, all three signs of 
Beck’s triad may not be present in trauma patients with tam-
ponade who are profoundly hypovolemic. The most common 
etiology is rupture of the right atrial appendage followed by 
rupture of the right ventricle [63, 70, 71]. This is true in autopsy 
and clinical series although the percentage of right-sided rup-
ture is higher in clinical series presumably because of the high 
lethality of left ventricular rupture. Pericardiocentesis is used 
less frequently than in the past because of a higher number 
of complications and lower sensitivity/specificity compared 
to FAST. For unstable patients either subxiphoid window or 
anterolateral thoracotomy is preferred as discussed in the sec-
tion on pericardial tamponade.

Cardiac failure can occur from several different etiologies in 
blunt trauma. As stated above, contusions can cause inflamma-
tion, hemorrhage within the myocardium and cellular necrosis 
all of which change the compliance of the ventricle and its 
contractility. Complicating this may be small vessel thrombo-
sis worsening ischemia [72]. Coronary artery occlusion, lacer-
ation and thrombosis have all been described as well [71,  72]. 
Acute valvular incompetence may also precipitate failure. 
Care is supportive and consists of appropriate fluid resuscita-
tion based on the injury and the use of vasopressors and ino-
tropes. There are case reports of intra-aortic balloon counter 
pulsation (IABP). Since most cardiac contusion involves the 
right ventricle, avoiding common causes for increased pulmo-
nary vascular resistance (e.g., hypoxia, hypercarbia) would be 
prudent. When pulmonary contusion is present, the increased 
afterload may worsen right ventricular function. Increasing 
mean intrathoracic pressures further with large tidal volumes 
should be avoided. While vasopressors may be unavoidable, 
vasopressin specifically may improve systemic hemodynam-
ics without increasing pulmonary vascular resistance, although 
this is hardly proven [73]. While heightened vigilance for 
arrhythmias seems prudent, no prophylactic treatment is war-
ranted and management is as dictated by ACLS. Arrhythmias 
are the most common finding in patients with BCI. If one 
includes sinus tachycardia and bradycardia in the definition, 
they are present in the majority of patients [71]. Arrhythmias 
requiring treatment, conversely, will be rare. In a large meta-
analysis, only around 2% of patients out of over 2200 in their 
population suffered arrhythmias requiring treatment and some 
of these were frequent PVCs that may no longer be considered 
worthy of pharmacologic intervention [70].

Pain Management for Blunt  
Thoracic Trauma

Modalities

The rationale for optimal pain control for the population 
with blunt thoracic injury is not complex and lies in the high 
rate of morbidity and mortality in these patients and the now 
accepted tenants of its treatment. Rib fractures are present 
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in roughly 10% of trauma admissions and they are a marker 
of more severe injuries [74]. Ninety percent of patients will 
have associated injuries and 12% will die of their injuries 
[74]. More pertinently, 35% will have a pulmonary compli-
cation [74]. Flail chest in isolation carries a 16% mortality 
[75]. 30% of patients with seven or more rib fractures will 
die [75]. Elderly patients may be particularly vulnerable with 
a 36% rate of pulmonary complications and an 8% mortality 
for isolated rib fractures reported [76]. A combination of age 
and number of ribs fractured dramatically increased morbid-
ity and mortality with each additional rib fracture in patients 
over 65 causing a 27% increased risk of pneumonia and a 19% 
increase in the risk of death [77]. The management of blunt 
thoracic trauma has evolved from stabilization of the bony 
injury (either physical or “pneumatic” via positive pressure 
ventilation) to a reliance on pain control and adequate chest 
physiotherapy [78]. There seems to be little debate about this 
strategy in the current literature. What is less obvious is how to 
provide optimal pain management. The ideal regimen would 
provide long lasting analgesia and allow the patient to com-
fortably participate in chest physiotherapy. It would improve 
dynamic measurements of respiratory function. It would be 
easy to administer, have a favorable side effect profile and be 
cost effective. We have no such technique or pharmaceutic. 
What we do have is a variety of tools that can each be useful in 
a given circumstance. Each has pros and cons and they should 
be viewed as complementary in many cases. As clinicians, we 
often feel one technique is superior to another. Free of bias, 
we can see that many of these modalities have their uses and 
can and should be used in combination depending on the clini-
cal picture. Until the perfect solution is created, we must rec-
ognize that while some of our tools are more valuable than 
others, many of them will be needed in busy trauma centers to 
optimize patient management. We will review the modalities, 
their strengths and weakness and the relevant literature.

Systemic narcotics remain the most prevalent modality for 
pain management in patients with blunt chest trauma. They 
have the advantage of ease of administration when taken 
either orally, via intermittent intravenous injection, continu-
ous intravenous infusion or by patient controlled analgesia 
pumps. There are no procedural related complications and 
they are inexpensive. They improve visual analog scales and 
may improve vital capacity [79]. When compared to epidural 
analgesia, however, patients retain more CO

2
, have a lower 

PaO
2
 and do not improve maximum inspiratory pressure. 

They also cause respiratory depression, suppress cough and 
increase sedation [79].

Intrapleural anesthesia involves infiltration of local anes-
thetic into the pleural space either via an indwelling thoracos-
tomy tube or placement of a dedicated intrapleural catheter 
[80, 81]. The procedure is a unilateral modality that has few 
hemodynamic penalties. The theoretical and real disadvan-
tages are considerable, however. Instillation of local anesthetic 
through a chest tube requires its clamping to retain the drug 
in the intrapleural space risking tension pneumothorax [78]. 

Hemothorax may impair absorption across the pleura [82]. 
Concerns have also been raised about high plasma levels from 
intrapleural infusions of local anesthetic. Phrenic nerve paral-
ysis and Horner’s syndrome have been described [83–85]. 
Furthermore, a complication of placement of an intrapleural 
catheter in a patient without thoracostomy tube is pneumotho-
rax. Position of the catheter in relation to the fractured ribs, the 
number and location of the fractured ribs and patient position 
may all affect the technique’s efficacy. When compared in a 
randomized fashion (albeit in small numbers) to epidural anal-
gesia, the intrapleural catheter provided less pain relief, and 
more narcotic use. Epidural analgesia also improved negative 
inspiratory pressure and tidal volume. The authors concluded 
that continuous epidural block was superior to intrapleural 
block [81]. Although some have used the technique with suc-
cess, an admittedly small study more recently showed no ben-
efit compared even to systemic narcotics [82, 86]. In the end, 
the large number of variables that affect this technique, the 
short duration of effect, the lack of consistent data showing 
efficacy and the potential complications severely limit its use 
in our practice.

Intercostal nerve blocks have a long history of use and suc-
cess in patients with blunt chest trauma [87]. They involve 
injections of the intercostal nerve proximal to the point of 
injury and at a level above and below the injured rib. While 
some authors advocate the block be performed proximal to the 
mid axillary line to ensure blockade of the lateral and anterior 
cutaneous branches of the intercostal nerve, this should only 
be necessary when analgesia of the skin is required [87, 88]. 
The block will be unilateral and should have few hemody-
namic consequences. Intercostal nerve block has been shown 
to improve peak expiratory flow rate as well as arterial oxy-
gen and carbon dioxide tensions, but these effects last only 
hours [89–91]. Despite this, Shanti observed that the vast 
majority of trauma patients need only one or two injections 
[92]. The blocks are not sedating. Still there are limitations 
to the technique. Palpating fractured ribs can be painful, and 
there can be technical difficulties with the block in higher 
ribs because of the scapula. Of more concern is that the rate 
of pneumothorax is 1.4% for each individual intercostals 
nerve blocked leading to an overall rate of 8.7% per patient 
in Shanti’s study [92]. With patients who have several ribs 
fractured, there would be a need for multiple injections rais-
ing the risk not only of pneumothorax but of local anesthetic 
toxicity and increased pain of the procedure. Intercostal cath-
eters have been described in small numbers, but the anatomic 
endpoint of placement can be nebulous and maintaining the 
proper position of the catheter a challenge [78, 93, 94]. In the 
end, intercostal blocks are simple to perform and can remain 
a viable alternative in patients who have contraindications 
or unsuccessful placement of either an epidural catheter or 
paravertebral block, especially in patients who have a tube 
thoracostomy in place.

Paravertebral blocks using both a single shot and continu-
ous infusion of local anesthetic are gaining momentum. 
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This seems to be true both in the thoracic trauma and the 
thoracic surgery literature. Although expertise in the tech-
nique may be more limited than it is for epidural placement, 
the theoretical advantages may soon change that [95, 96]. 
There seems to be mounting enthusiasm for this technique 
first described over 100 years ago, and the discussion has 
begun on the possibility that it will replace epidural analgesia 
in the world of thoracic surgery and thoracic trauma [97, 98]. 
Because the technique involves the block of the intercostal 
nerve, its dorsal ramus and the sympathetic chain, it produces 
a dense sensory and sympathetic block [97]. Because the 
block is unilateral (although unintentional epidural injection 
is a potential complication), there is less hypotension when 
compared to epidural analgesia [98, 99]. The block is reported 
as being simple to perform and perhaps easier to place than 
a thoracic epidural, although trouble threading the catheter 
into the paravertebral space has been reported more than 
once [96, 100]. There are other advantages as well. When 
compared to epidural analgesia, there seems to be less uri-
nary retention, and there are theoretic reasons to expect less 
respiratory depression and pruritis since there is no neuraxial 
opioids as they are commonly with an epidural. It also may be 
safer to place in patients who are sedated or even ventilated 
[78, 89]. Placement of a paravertebral block could in theory 
relax strict restrictions on the placement of epidural catheters 
in the face of mild coagulopathy or DVT prophylaxis with 
low molecular weight heparins. Further, many trials of epi-
durals in blunt thoracic trauma patients have used any injury 
to the spine as an exclusion criterion [101]. The presence of a 
spine fracture was in fact the most frequent exclusion criteria 
accounting for more than twice as many as any other in a fre-
quently quoted study [101]. This may not necessarily exclude 
placement of a paravertebral catheter. It would, for example, 
be hard to imagine that a lumbar transverse process fracture 
would be a contraindication for a paravertebral block or cath-
eter. There are also now being described ultrasound guided 
techniques of placement that may make this technique safer 
and easier [102–104]. Lastly, the paravertebral approach does 
seem to be effective. It has been shown to improve pain, bed-
side spirometry and blood gasses [100]. In one small study 
(15 patients, each arm) it was as effective as epidural analge-
sia.  Unfortunately, these are the only patients comparing the 
techniques in trauma patients. If one were to extrapolate data 
from thoracotomy patients, paravertebral catheters still seem 
to do as well, but again the data are very limited and that 
extrapolation may or may not be valid [97].

Still some challenges remain for paravertebral blocks. The 
most obvious may be familiarity with the technique among 
current practitioners. Secondly, the technique is not com-
plication free. In Karmakar’s series of 15 patients having a 
continuous paravertebral catheter placed for unilateral rib 
fractures, for example, there was one inadvertent placement 
of the  catheter in the epidural space that was not appreci-
ated until a large volume of local anesthetic was given. That 
patient became hypotensive. Twenty percent of the patients in 

that same series had bilateral analgesia. It is unclear whether 
that was from epidural spread or spread to the contralateral 
paravertebral space, but these facts taken together along with 
the known incidence of pneumothorax and pleural placement 
make the position of the catheter to be less than certain [100, 
105]. The failure rate is also as high as 10% and vascular punc-
ture is 3.8% [105]. Dural puncture and subarachnoid injection 
have also been described [106, 107]. One of the 15 patients 
that received a paravertebral infusion in Mohta’s recent trial 
suffered a seizure presumably from local anesthetic toxicity 
[100]. Certainly strict attention to dose is necessary especially 
if bilateral catheters would be contemplated for patients with 
bilateral rib fractures

In the end, the application of paravertebral blocks in blunt 
trauma may gain wider acceptance as familiarity with  the tech-
nique spreads. There are numerous theoretical advantages and 
some of these have been realized in small trials. Ultrasound 
guidance may add to the safety of the technique. While data 
in trauma patients remains limited for now, this technique will 
undoubtedly become more commonplace. Its utility at present 
is limited both by a lack of wide spread technical expertise 
and its greater utility in patients with unilateral rib fractures

Epidural analgesia remains the standard by which all other 
pain management modalities are compared. Its theoretical 
advantages are myriad. It provides nearly immediate bilat-
eral pain relief. It is less sedating then systemic narcotics so 
patients can participate in pulmonary toilet [108]. It has been 
shown to increase functional residual capacity, vital capacity, 
tidal volume, compliance and decrease the movement of flail 
segments as well as to increase PO

2
 [87, 109, 110]. There have 

been two randomized prospective trials comparing systemic 
narcotics and epidural analgesia [101, 109]. In the study by 
Bulger, there was an impressive decrease in the rate of noso-
comial pneumonia and duration of mechanical ventilation 
[101]. In the Ullman study, there were fewer ventilator days, a 
shorter ICU stay and a shorter hospitalization. They also had 
fewer tracheostomies and a larger tidal volume [109]. These 
results were achieved without what the author would propose 
is the most effective manner to use an epidural suggesting that 
the technique could be even more effective. The Ullman study 
used only epidural narcotics, while the Bulger study had no 
standardization of their epidural regimen. Neither study used 
patient controlled epidural analgesia (PCEA) or programmed 
intermittent epidural bolus (PIEB) which should result in 
improved pain control in the trauma patient as it has in the 
obstetric patient [111, 112]. There is also evidence in the tho-
racic surgery literature that a combination of local anesthetic 
and opioids is more effective than either alone [113].  Epidurals 
may even modulate the immune response in thoracic trauma 
patients [114]. In the EAST pain management guidelines for 
blunt trauma there is a single level I statement for the clinical  
application of pain management modalities “Epidural anal-
gesia is the optimal modality of pain relief for blunt chest 
wall injury and is the preferred technique after severe blunt 
 thoracic trauma” [78].
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Recommendations

Despite all of these data and 30 years of experience, there 
remains as stated above only two randomized controlled tri-
als showing improved outcomes with epidural pain manage-
ment compared to systemic narcotics, and both of these trials 
were very small (46 enrolled was the larger of the two). The 
size of the studies actually points to some of the concerns 
of epidural analgesia. In the Bulger study, for example, 408 
patients were identified over three and a half years, and yet 
282 met exclusion criteria and 80 could not be consented leav-
ing only 46 [101]. By their own admission, they were fairly 
conservative in their enrollment (all patients with any spine 
fracture were excluded). The point remains that many patients 
who would benefit from epidural placement will not be able 
to receive one, even if the criteria for exclusion in that study 
were relaxed. For example, a patient with a lumbar transverse 
process fracture may be expected to have an epidural placed 
without significant additional risk [101]. Still other exclusion 
criteria will remain firm (hemodynamic instability, coagulop-
athy, altered mental status). Epidurals can cause hypotension 
especially in the hypovolemic patient or after large volume 
bolus with local anesthetic. Epidural infections have also been 
documented [108]. Epidural catheters can be challenging to 
place especially in patients in pain. Lastly, epidural combina-
tions of local anesthetic and opioids can cause pruritis, nau-
sea, urinary retention and respiratory depression.

The aim of pain management for the blunt thoracic trauma 
patient is twofold. First and most obviously pain control is 
an end onto itself. Patient satisfaction and comfort should 
be the anesthesiologist’s goal under any circumstance. It is 
improving their respiratory mechanics through that pain relief 
that will alter outcome. If we can break the cycle of shallow 
breathing and poor cough leading to atelectasis, sputum reten-
tion, decreased functional residual capacity (FRC) and wors-
ening hypoxia from V/Q mismatch, we can hopefully intubate 
fewer patients and avoid all the complications that come with 
it. These include the need for sedation, ventilator-associated 
pneumonia, DVT, the possibility of nutritional deficiency, etc. 
The elderly are particularly hard hit by this process as detailed 
before [77]. Epidural catheters and paravertebral blocks seem 
to offer the best pain control. Each has its strengths and weak-
ness, and therapy must be individualized. A patient who is able 
to achieve a vital capacity of 12–15 cc/kg without significant 
sedation from systemic narcotics, for example, may require 
no invasive procedures. The presence of a protocol in each 
institution to standardize therapy may be helpful. It should 
be noted that the use of other systemic agents for the use of 
pain control have not been mentioned. Interestingly, there is 
a paucity of data for the use of NSAIDs or acetaminophen in 
thoracic injury. Still they are frequently used for the outpatient 
management of rib fractures, and as a tenant of multimodality 
therapy it is reasonable to include them in the management 
of patients without contraindication. Figure 40.3 represents 
a modified version of the protocol at our institution. It may 
serve as a model for departments wishing to address the issue 

of optimum pain control for their hospital. Even with a pro-
tocol in place, the clinician must be aware that patients vary 
in their clinical presentation and analgesic requirements. This 
protocol should not serve as a substitute for acumen, but as a 
guide and a source of discussion in the management of pain 
which must be, in the end, individualized.

Clinical Case Discussion

Case: The patient t is a 27-year-old male who was stabbed 
at the base of the neck and thrown off the top of a three story 
building. He arrives in the emergency room intoxicated, but 
awake and alert. He is hemodynamically stable. His past med-
ical history is noncontributory. He is extremely tachypneic , 
anxious and complaining of shortness of breath. He is cough-
ing up a small amount of blood. He is wearing a cervical col-
lar. On secondary survey he is found to have subcutaneous 
emphysema.

Questions

What are the anesthesiologists concerns?
Should any further imaging be obtained prior to  intubation?
What airway device should be placed?
What technique should be used to intubate the patient?

Given the mechanism of injury and the presence of subcuta-
neous emphysema and hemoptysis, the anesthesiologist should 
be concerned that there is an injury to the airway. While under 
ideal conditions an awake fiberoptic optic intubation would 
be preferred, the scenario presented describes a patient who is 
in respiratory distress and could not be expected to participate 
in an awake fiberoptic intubation. No further imaging should 
be necessary in this patient who clearly needs urgent control 
of the airway. Rapid sequence intubation with inline stabiliza-
tion remains the standard of care and should be performed 
without delay. Strict attention should be made to the patient’s 
hemodynamics after intubation, since converting a presumed 
pneumothorax to a tension pneumothorax is possible in this 
scenario. Every attempt must be made to place the endotra-
cheal tube with great care in an effort not to disrupt a potential 
injury to the trachea.

Scenario continues: The patient is successfully intubated, 
and a chest tube is placed for decreased breath sounds over 
the right chest. A large air leak is found. CXR as shown in 
Fig. 40.4 is obtained.

Questions

What would be the next step in the evaluation of this 
patient?
How can the anesthesiologist manage the air leak?
The patient is being taken to the operating room for surgical 
repair via right thoracotomy. What form of lung  isolation 
should be used?
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The patient should undergo fiberoptic bronchoscopy to 
define the tracheal injury and if possible to move the cuff of 
the endotracheal tube beyond the tear. This patient also under-
went computed tomography which revealed a posterior tear in 
the trachea. The CT also demonstrated continued pneumotho-
rax on the right as well as subcutaneous air. Lastly the CT 
(Fig. 40.5) demonstrated five posterior rib fractures on the 
right.

The first choice for lung isolation in this case would be a 
bronchial blocker through the original endotracheal tube. This 
would prevent any further tracheal injury by passing a larger 
stiffer device through the injury. In addition, the patient has 
not had injury to the cervical spine ruled out, and this will 
minimize movement of the neck. He is taken to the operating 
room for repair of this injury shown in Fig. 40.6.

Questions

Would you extubate this patient at the end of the case?
How would you control his pain from the rib fractures?

Fig. 40.3. Example of rib fracture protocol 
adapted from the one in use at Rhode Island 
Hospital. Non invasive (asterisk) protocol 
includes the use of a narcotic PCA, NSAIDs, 
acetaminophen and consideration of other 
modalities including dexmedetomidine infu-
sion. IS incentive spirometry. Therapep® is a 
commercially available device that uses positive 
expiratory pressure to help minimize atelecta-
sis and clear secretions. Acapella® is also a 
commercially available device that uses vibra-
tory therapy and positive expiratory pressure to 
help clear secretions. EzPep® uses the coanda 
effect to produce a positive airway pressure 
throughout the entire respiratory cycle (inspi-
ration, breath hold, and expiration). The goal of 
this device is to decrease atelectasis, increase 
inspiratory volume and clear secretions. It can 
also deliver aerosolized medications.

Fig. 40.4. Chest X-ray shows a patient with a persistent R pneu-
mothorax despite well-positioned thoracostomy tube and an endotra-
cheal tube just above the carina.
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These are both difficult questions. In general, every effort 
to extubate the patient as soon as possible should be made 
given his tracheal repair. Managing the pain of his rib frac-
tures may be difficult. If he is awake and cooperative post 
extubtation, an epidural can be considered. If not, paraver-
tebral blocks or a catheter may be an option since the rib 
 fractures are unilateral.
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Anesthetic Management of Post-Thoracotomy 
Complications
Jesse M. Raiten and Randal S. Blank 

Key Points

The immediate postoperative period following thoracic 
surgery is a dynamic time characterized by rapidly chang-
ing physiology. Anesthetic and surgically related compli-
cations may become evident and may require immediate 
intervention.
Although most patients undergoing thoracic surgery are 
extubated immediately following surgery, preexisting lung 
disease may necessitate postoperative mechanical ventila-
tion. Patients remaining intubated postoperatively should 
be assessed frequently for extubation and ventilator modes 
utilized that promote spontaneous ventilation and low air-
way pressures.
Airway-related complications are not uncommon and may 
be due to anesthetic or surgical technique. The large caliber 
of double lumen endotracheal tubes may increase the risk 
of airway injury. Vocal cord palsies and airway bleeding 
may also occur.
Intrathoracic complications range from relatively minor 
air leaks to life-threatening bronchopleural fistulas. Preop-
erative prophylaxis against deep venous thrombosis helps 
prevent pulmonary embolism. Other complications such 
as phrenic nerve injury may become evident immediately 
postoperatively or after a prolonged period of mechanical 
ventilation in the ICU.
Atrial fibrillation is a very common complication following 
thoracic surgery. Its management depends on the patient’s 

hemodynamic status. New onset atrial fibrillation should 
prompt a thorough review of the patient’s overall wellbeing. 
Other cardiac complications are less common, including 
cardiac herniation and interatrial shunting.

Introduction

The immediate postoperative period following thoracotomy is 
characterized by rapidly changing physiology, during which 
careful management and attention to possible surgical or 
anesthetic complications is necessary. The normal physiologi-
cal changes associated with emergence from anesthesia and 
mechanical ventilation may be less predictable in a patient 
having just undergone thoracic surgery. Patients undergoing 
thoracic procedures often have multiple comorbidities and 
poor baseline lung function. The surgeries are often long, 
may be associated with significant blood loss, and risk dam-
age to intrathoracic structures including the lungs, airway, and 
peripheral nervous system. Thoracic surgery may also cause 
significant stress on the cardiovascular system. Many factors 
may preclude the patient’s immediate liberation from mechan-
ical ventilation, and anesthetic or surgical complications may 
become evident in the operating room or shortly after arrival in 
the recovery room or intensive care unit (ICU). In this  chapter, 
we will explore some of the common management challenges 
and potential complications that may be encountered in the 
immediate postoperative period following thoracotomy.
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Mechanical Ventilation and Extubation

Classification of Respiratory Failure

The decision regarding tracheal extubation of a patient follow-
ing surgery must take into account many variables. Patients 
requiring mechanical ventilation all have respiratory failure 
that falls into one (or more) of four categories:

1. Type I (hypoxemic respiratory failure) is characterized by 
PaO

2
 <60 mmHg at sea level.

2. Type II (hypercapnic respiratory failure) is characterized by 
PaCO

2
 >45 mmHg.

3. Type III (perioperative respiratory failure) is due to 
increased atelectasis and low functional residual capacity 
(FRC). This may occur in the setting of abnormal respira-
tory muscle mechanics, and may precipitate Types I or II 
failure.

4. Type IV (respiratory failure secondary to shock) may be 
present when mechanical ventilation is utilized to decrease 
oxygen consumption and increase oxygen delivery in the 
setting of resuscitation and shock.

Criteria for Extubation

Patients having just undergone thoracic surgery may expe-
rience any of these types of respiratory failure, although 
Types I, II and III are more likely than Type IV. All patients 
emerging from anesthesia who require continued mechani-
cal ventilation suffer, to some extent, from Type III failure. 
Even patients with healthy lungs experience hypoxemia 
secondary to airway closure and atelectasis [1]. Indeed, col-
lapsed lung tissue is observed in 90% of patients under anes-
thesia [2]. Residual anesthetics and neuromuscular blocking 
agents may also contribute to hypoventilation and subse-
quent hypoxemia and hypercarbia. In patients requiring one 
lung ventilation for thoracic surgery, changes in ventilation 
and perfusion may be even more pronounced, and hypoxia 
more frequent. While recruitment maneuvers on the ventila-
tor may be useful to expand portions of collapsed lung tis-
sue [2], patients with poor baseline lung function may not 
tolerate extubation at the conclusion of surgery because of 
hypoxia, and a combination of Types I and III respiratory 
failure. These patients may require continued mechanical 
ventilation postoperatively until adequate gas exchange can 
be reestablished.

Patients may also fail extubation due to impaired CO
2
 

removal. In the case of thoracic surgery, pain from a thoraco-
tomy incision may prevent deep breathing and adequate CO

2
 

elimination. Epidural analgesia is very effective at controlling 
post-thoracotomy pain and minimizing postoperative hyper-
carbia. In cases where thoracotomy is unplanned, epidural 
placement at the end of surgery, or shortly after extubation, 
may help reduce the need for reintubation.

Complications of Prolonged Intubation  
and Mechanical Ventilation

In 2001, a task force (represented by the American College of 
Chest Physicians, the American Association for Respiratory 
Care, and the American College of Critical Care Medicine) 
established guidelines for the assessment and implementa-
tion of discontinuation of patients from mechanical ventila-
tion [3]. These guidelines call for evidence of resolution of the 
underlying cause of respiratory failure, adequate oxygenation 
(PaO

2
/FiO

2
 >150–200, PEEP 5–8 cmH

2
O, FiO

2
 0.4–0.5), 

adequate pH ( 7.25), hemodynamic stability, and the capabil-
ity to initiate spontaneous ventilation. Patients meeting these 
criteria may then undergo a formal spontaneous breathing trial 
(SBT) for 30–120 min.

Those who successfully pass an SBT have a high likelihood 
of tolerating extubation, and assessment of the ability to protect 
the airway, mental status, and likelihood of airway obstruction 
should be performed prior to removal of the endotracheal tube 
[4]. Although not a guarantee, an intact gag reflex and alert 
state of mind suggest the patient will be able to protect the 
airway against aspiration. This may not be true in the case 
of vocal cord injury, however. Aspiration risk may be better 
assessed after extubation via a flexible endoscopic evaluation 
of swallowing with sensory testing (FEESST) examination.

While extubation in the immediate postoperative period 
requires fulfilling many of these same criteria, emergence 
from anesthesia is a rapid and dynamic process and assess-
ment of these variables may be made on a minute-to-minute 
basis. Other variables are also assessed, including tidal vol-
ume (desire 5–10 cc/kg), respiratory rate ( 20 breaths/min), 
body temperature, electrolytes, and volume status.

When comparing predictors of a successful extubation, 
two useful tests are the rapid shallow breathing index (RSBI, 
respiratory rate/tidal volume), and the negative inspiratory 
force (NIF). While an NIF >20 cmH

2
O does not guarantee a 

successful extubation, a poor performance in this test usually 
predicts failure [5]. In a review of studies of factors associated 
with ventilator weaning, a RSBI <105 breaths/min/L had a 
sensitivity up to 96%, and specificity up to 73% for prediction 
of a successful extubation [6].

Provided the necessary criteria are met, and there are no 
plans for further surgery over the next 24–48 h, there are few 
reasons to delay extubation. In patients undergoing pulmo-
nary surgery, a prompt transition from positive pressure venti-
lation to spontaneous breathing is usually desirable in light of 
new suture lines or staples within the tracheobroncheal tree. In 
practice, the majority of patients undergoing thoracic surgery 
are extubated in the operating room.

Independent Lung Ventilation

In a retrospective study of 214 patients undergoing lung trans-
plantation, intubation greater than 72 h was identified as an 
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independent risk factor for airway complications [7], and 
early postoperative extubation may help reduce this risk [8]. 
Following esophagectomy, early extubation has been shown 
to be safe and lead to short ICU lengths of stay [9, 10]. Simi-
larly, immediate extubation following tracheal surgery has 
yielded good results. In a retrospective review of 60 patients 
undergoing tracheal resection and reconstruction, all but one 
patient was successfully extubated in the operating room [11]. 
Likewise, extubation in the operating room immediately fol-
lowing lung resection has been shown to be safe, reduce the 
risk of postoperative complications, decrease time in the ICU, 
and reduce hospital costs [12].

Adverse effects associated with intubation and mechanical 
ventilation include ventilator-associated pneumonia (VAP), 
laryngeal and tracheal injury, hemodynamic changes, patient 
discomfort and the need for sedation, and difficulty obtaining 
an accurate neurologic examination [13].

While severe unilateral lung disease in the postoperative 
setting is uncommon, it may occur following single lung 
transplantation or pneumonectomy (Fig. 41.1). In the case of 
lung transplantation, independent lung ventilation in the ICU 
may be necessary to allow different ventilation strategies to 
each lung. Independent lung ventilation requires a double 
lumen endotracheal tube (DLT). DLT are rarely utilized out-
side of the OR as they are technically more difficult to man-
age, require constant attention to ensure proper position, and 
their larger size makes laryngeal and tracheal trauma more 
likely compared to single-lumen tubes. The narrower lumen 
can make it more difficult to perform bronchoscopy and endo-
tracheal suctioning. Nevertheless, in cases of severe unilateral 
ARDS, as may occur after lung transplantation, the ability to 
provide different tidal volumes and oxygen concentrations to 
each lung may be critical to patient management.

Airway Complications

Endotracheal Intubation and Airway Injury

Airway complications following thoracic surgery may be 
related to anesthetic or surgical technique. The larger external 
diameter and more invasive positioning of DLTs may increase 
the likelihood of airway trauma compared to a single-lumen 
ETT. Anesthetic-related airway complications that may 
become apparent immediately postoperatively include injury 
to dentition, sore throat, laryngeal trauma, bronchial erythema 
and edema, vocal cord injury, and tracheobronchial rupture 
(TBR). Risk factors associated with vocal cord injury include 
intubating conditions, type of surgery, and endotracheal tube 
size, among others [14].

In a study comparing DLT to bronchial blockers in patients 
undergoing pulmonary resection, the overall incidence of 
bronchial and vocal cord injury was 25 and 30%, respectively 
[14]. In both cases, the most common injuries were erythema 
and edema. Severe complications such as TBR are unusual, 
with an estimated incidence between 0.05 and 0.37% for all 
intubations at a single institution [15]. Symptoms of TBR 
include neck emphysema and hemoptysis.

Airway Bleeding and Secretions

The nature of the surgical procedures and proximity to struc-
tures vital to proper respiratory function make patients under-
going thoracic surgeries particularly prone to airway injuries 
and complications. Blood and secretions may accumulate in 
the upper or lower airways in patients undergoing lung resec-
tion surgery. Removal of blood by endotracheal suctioning 
may be difficult in a patient with a DLT, and a pediatric-sized 
bronchoscope may be necessary to pass through the tube’s 
narrow lumen. If significant secretions and debris are pres-
ent within the airways, changing the DLT to a larger diameter 
single-lumen ETT may better facilitate suctioning and lavage 
before extubation.

Vocal Cord Injuries

Vocal cord palsies may occur in patients undergoing medi-
astinoscopy or esophagectomy, with an incidence between 
1–6 and 5–22% respectively [16]. Damage to the recurrent 
laryngeal nerve may occur intraoperatively from traction in 
the anterior mediastinum [16], or from direct trauma to the 
nerve. Unilateral vocal cord paralysis may result in voice 
changes, but usually does not result in airway obstruction. 
While bilateral vocal cord injury is rare except in the case of 
neck surgery, it has been reported following lung resection 
under VATS [17]. In this case report, vocal cord injury may 
have resulted from the DLT. Bilateral vocal cord injury may 
lead to dyspnea, stridor, and increased risk of aspiration.Fig. 41.1. Unilateral ARDS following left-sided pneumonectomy.
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Prompt recognition of vocal cord paralysis in the extubated 
patient is critical to prevent a potentially life-threatening situa-
tion. While a hoarse voice is relatively common after endotra-
cheal intubation, the presence of stridor or respiratory distress 
is abnormal, and a sign indicating a more serious process may 
be occurring. Prompt intubation may be the safest approach to 
the patient in acute, severe respiratory distress, particularly if 
it presents in the immediate postoperative period. However, it 
is difficult to examine the vocal cords in an intubated patient.

If symptoms are mild and the patient remains stable, it is 
reasonable to treat the patient conservatively with oxygen by 
mask, steroids, and racemic epinephrine. The vocal cords may 
then be examined by flexible fiberoptic laryngoscopy in cases 
with a high clinical suspicion of vocal cord injury. Heliox is a 
mixture of helium and oxygen that has a lower viscosity than 
air (usually 70% helium and 30% oxygen). Because both air-
way diameter and the viscosity of the inspired gas both con-
tribute to the work of breathing, treatment with lower viscosity 
heliox may reduce the effort required to breathe through par-
tially closed vocal cords. Its effects may be seen very rapidly. 
Most studies of heliox are in the pediatric population.

Intrathoracic Complications

Patients requiring thoracic surgery are among the sickest 
patients in the hospital – many are diabetic, have chronic 
obstructive pulmonary disease (COPD), and coronary artery 
disease (CAD). Despite optimal preoperative evaluation and 
intraoperative technique, the high acuity of this patient popu-
lation contributes to the significant rate of postoperative surgi-
cal complications. Common complications include persistent 
air leak, pneumothorax, and atrial fibrillation. Other com-
plications include bronchopleural fistula (BPF), pulmonary 
embolism, postpneumonectomy syndrome, phrenic nerve 
injury, cardiac herniation, massive hemorrhage, mediastinal 
emphysema, and intracardiac shunting.

Air Leak, Pneumothorax, and Bronchopleural 
Fistula

Postoperative air leaks are common after thoracic surgery and 
can be easily recognized by the presence of bubbles in the 
water seal chamber of the drainage system. The presence of an 
air leak with a properly positioned chest tube indicates that air 
is passing from the pleural space into the drainage system. If 
the chest tube has been placed for a pneumothorax, an air leak 
signifies the pneumothorax is being successfully evacuated, 
and the leak should resolve as the pneumothorax improves.

Any surgery in which the pleural space is entered leads to 
the creation of a pneumothorax. A pneumothorax that remains 
in communication with atmospheric pressure is rarely dan-
gerous. If it is not in communication with the atmosphere, a 
tension pneumothorax may develop. A tension pneumothorax 
may rapidly expand in a patient receiving positive pressure 
ventilation, leading to hemodynamic collapse.

When the lung parenchyma is cut, as in the case of a lobec-
tomy, an air leak may be caused by small fistulas between the 
distal airways and the pleural space. This should resolve as the 
lung tissue heals and becomes apposed to the parietal pleura. 
In patients with COPD, a new air leak may be caused by rup-
ture of a pulmonary bleb. An inadequate seal at the site of chest 
tube exit from the skin may also allow air to track back to the 
pleural space and communicate with the drainage system.

In the immediate postoperative period small air leaks rarely 
cause problems. In patients having undergone pneumonec-
tomy, however, a large new air leak can indicate rupture of 
the bronchial stump and creation of a broncho-pleural fistula 
(BPF). There may be significant mediastinal shift toward the 
remaining lung, as well as subcutaneous emphysema. This is a 
surgical emergency that requires immediate attention. In a ret-
rospective study of patients undergoing pneumonectomy, 1.9% 
developed BPF [18]. Two-thirds of these patients died. Ventila-
tion for greater than 24 h was the only significant risk factor 
identified in this study. The diameter of the bronchial stump 
has also been associated with postpneumonectomy BPF [19].

While many pneumonectomy patients are extubated imme-
diately after surgery in the operating room, it is not uncom-
mon to remain intubated postoperatively in the ICU. A prompt 
extubation and transition from positive pressure to sponta-
neous ventilation is important to help reduce intrathoracic 
pressure. If a BPF does occur, and is associated with hemody-
namic and respiratory instability, intubation with either a DLT 
or single-lumen ETT placed into the main stem bronchus is a 
reasonable approach to secure the airway. The latter approach 
is easier on the left side due to the greater distance between 
the carina and branching of the left upper and lower lobes. 
Again, spontaneous ventilation, or the use of very low inspira-
tory pressures, is desirable.

Mediastinal Emphysema

Mediastinal emphysema occurs when air accumulates in the 
mediastinal space. It may occur with alveolar or esophageal 
rupture, or following intrathoracic surgery. Patients may pres-
ent with dyspnea or subcutaneous emphysema, and the diag-
nosis can be readily obtained with chest radiography or CT 
scan. Often, no treatment is necessary, although a chest tube 
may be placed if a pneumothorax is present. In the case of 
esophageal rupture, immediate surgical repair or esophageal 
stenting may be necessary.

Deep Venous Thrombosis and Pulmonary  
Embolism

Deep vein thrombosis (DVT) and pulmonary embolism (PE) 
are potentially fatal complications that may follow thoracic sur-
gery. In a review of 690 patients undergoing chest surgery for 
malignant lung disease, there were 12 (1.7%) venous throm-
boembolic complications, of which 9 (1.3%) were PE [20].  
All events occurred in patients who were receiving DVT pro-
phylaxis with heparin. Prolonged surgical times and  malignancy 
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are risk factors for the development of DVT that are common 
to many patients undergoing thoracic surgery. Antithrombotic 
prophylaxis with heparin (either low molecular weight or 
unfractionated), has become common practice in the periop-
erative period and is likely responsible for fewer postoperative 
thrombotic complications.

A high index of suspicion is necessary to ensure detection 
of DVT and PE, as many PE are subclinical and only detected 
at autopsy. The initial chest radiograph is often normal in 
patients with PE. Pulmonary angiography represents the gold 
standard diagnostic technique. However, computed tomog-
raphy angiography (CT angiogram) is easier to perform and 
is the most commonly employed technique for PE diagnosis. 
Ventilation–perfusion scans are less widely used as the results 
may be difficult to interpret. In the presence of a large PE 
with hemodynamic compromise, right ventricular dilatation 
and strain may be seen on echocardiogram.

When a clinically significant PE does occur, a variety of 
therapies may be employed including operative embolec-
tomy [21], catheter embolectomy, systemic anticoagulation, 
or thrombolytic administration. The decision of how to pro-
ceed depends on a variety of factors including the size of the 
embolus, the location within the pulmonary vasculature, and 
the hemodynamic status of the patient.

Postpneumonectomy Syndrome

Postpneumonectomy syndrome is an uncommon condition 
that may be observed following left- or right-sided pneumo-
nectomy [22]. It is characterized by mediastinal shift toward 
the side of the resected lung, with associated herniation of 
the overinflated remaining lung in the same direction. Subse-
quent compression of the distal trachea or main stem bronchus 
against the vertebral column or aorta may cause airway com-
pression and obstruction [23].

Patients may present with progressive dyspnea, stridor, or 
heartburn and dysphagia if esophageal compression develops 
[22]. Symptoms develop months to years after a pneumonec-
tomy. A high index of suspicion is necessary to make the diag-
nosis, which may be confirmed with a variety of techniques 
including awake bronchoscopy, pulmonary function tests, and 
CT scan. Treatment often involves mediastinal repositioning 
with expandable saline prostheses [24].

Post Lung Resection Pulmonary Edema

Post lung resection pulmonary edema is a serious complica-
tion that carries a mortality rate greater than 50% [25]. In a 
series of 146 patients who underwent pneumonectomy, mild 
to moderate noncardiogenic pulmonary edema was observed 
in 15% of patients, and was strongly associated with previous 
radiotherapy and excess intraoperative volume administra-
tion [26]. The incidence of pulmonary edema is higher fol-
lowing right pneumonectomy compared to left, with clinical 
symptoms typically appearing between POD 2–4. While an 
association with excess fluid administration exists, pulmonary 

artery occlusion pressure (PAOP) is often low,  suggesting a 
multifactorial etiology [25]. Pulmonary edema may also 
 follow lobectomy, although this is less common.

Post lung resection pulmonary edema is a diagnosis of 
exclusion, and all other etiologies of pulmonary congestion 
must be ruled out (heart failure, pulmonary aspiration, sepsis, 
pulmonary embolism, transfusion reaction). As with cardiac 
herniation, a high level of suspicion is necessary to make the 
diagnosis. Once identified, treatment is largely supportive and 
may include high-dose corticosteroids and the use of pulmo-
nary artery vasodilators [27] or extra-corporeal ventilatory 
support (see Chap. 43).

Phrenic Nerve Injury

Phrenic nerve injury may occur in patients undergoing tho-
racic surgery. Both hypothermia (associated with pericardial 
cooling in cardiac surgery) and mechanical trauma may be 
contributing factors [28]. Injury to the phrenic nerve is associ-
ated with diaphragmatic dysfunction. Unilateral diaphragmatic 
paralysis is often well tolerated by patients without signifi-
cant underlying pulmonary disease [29]. However, thoracic 
surgery patients often have poor baseline lung function and 
difficulty weaning from the ventilator may be the first sign 
that phrenic nerve injury has occurred. An elevated hemidi-
aphragm may also be observed on chest radiography, and the 
diagnosis can be confirmed by electromyography. In severe 
cases, techniques such as diaphragmatic pacing may be use-
ful [29]. Abnormal diaphragmatic motion postoperatively has 
been associated with diminished lung volumes and reduced 
exercise capacity [30].

Cardiac Complications

Cardiac Failure and Arrhythmias

Thoracic surgery represents a considerable stress on the car-
diovascular system and postoperative cardiac complications 
are not uncommon. Patients often have preexisting cardiac dis-
ease and may be at risk for perioperative myocardial infarction 
(MI) and heart failure. Adequate preoperative evaluation and 
optimization of cardiac function may decrease these risks. In a 
patient with risk factors, postoperative hemodynamic instabil-
ity should trigger suspicion of MI or acute heart failure.

Arrhythmias are the most common cardiac complication 
following thoracic surgery, with atrial fibrillation (AF) being 
the most prevalent. The incidence of AF may reach 20% after 
lobectomy and as high as 40% following pneumonectomy 
[31]. It is unclear whether postoperative supraventricular 
tachycardias (SVT) worsen patient outcome. In an observa-
tional study of 82 patients undergoing elective thoracotomy, 
there was no association between SVT and myocardial isch-
emia or adverse outcome [32].

AF complicating lung cancer resection has been associated 
with increased hospital length of stay, costs, and in-hospital 
mortality [33]. While AF is often relatively asymptomatic and 
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easy to treat, its onset must not be ignored. Roselli and col-
leagues identified a temporal association between the onset 
of AF and other complications, particularly respiratory and 
infectious in etiology [33]. New onset AF in the immediate 
postoperative period should prompt a thorough review of the 
patient’s overall condition.

Management of perioperative AF is well described in the 
literature and largely dictated by the patient’s hemodynamic 
status (Fig. 41.2). The use of amiodarone in patients having 
undergone lung transplant is relatively common despite its 
potential pulmonary toxicity. Amiodarone-induced pulmo-
nary toxicity correlates with total dose administered, and is 
more common after 2 months of therapy [34]. Judicious use 
in the perioperative period may be justified in the appropriate 
clinical situation.

Cardiac Herniation

Cardiac herniation is a rare and potentially lethal complica-
tion of thoracic procedures, most commonly occurring within 
24 h following intrapericardial pneumonectomy [35]. Sudden 
hypotension and tachycardia should trigger the physician to 
consider the diagnosis. In the case of right-sided herniation, 
central venous pressure (CVP) may be elevated and cyano-
sis of the face and neck are common, and related to impaired 
venous drainage by the superior vena cava (SVC) [36]. This 
impaired drainage may reduce cardiac filling and lead to 
obstructive shock. Left-sided herniation can lead to myocar-
dial ischemia and arrhythmias due to ventricular strangulation 
by the pericardial edges [37].

Herniation may be triggered by multiple factors. Positive 
intrathoracic pressure (due to coughing or mechanical ven-
tilation), suction on a chest tube, or even patient reposition-
ing may be contributing factors [37]. A prompt diagnosis is 
critical and may be obtained by chest radiography (easier to 
diagnose right-sided herniation than left), or echocardiogram. 
Immediate surgical repositioning of the heart and closure of 
the pericardial defect is necessary.

It should be noted that while cardiac herniation typically 
presents with rapidly deteriorating hemodynamics, this is not 
universally the case. Buniva and colleagues describe a patient 
in which cardiac herniation and torsion developed following 
right pneumonectomy and partial pericardiectomy [38]. In 
this case, the patient remained hemodynamically stable and 
herniation was detected 2 h later on routine chest radiogra-
phy. Herniation has also been reported 6 months following 
pneumonectomy [39], however, this is exceedingly uncom-
mon. Adhesions between the heart and pericardium help pre-
vent delayed herniation [37]. Along with the risk of bronchial 
stump rupture, the risk of cardiac herniation underscores the 
importance of a prompt transition to spontaneous ventilation 
in patients following pneumonectomy.

Interatrial Shunting

Interatrial shunting (right to left) is a rare cause of hypox-
emia in patients having undergone pneumonectomy. The 
exact pathophysiology is poorly understood but may involve 
the development of a right- to left-sided pressure gradient, 
or decreased compliance of the right ventricle relative to the 

Fig. 41.2. Treatment algorithm for new onset 
postoperative atrial fibrillation.
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left [40]. Shunting across an atrial septal defect (ASD) occurs 
primarily during diastole, and right to left blood flow may be 
accentuated by a stiffer right ventricle [40]. Case reports of 
shunting after pneumonectomy highlight three common fea-
tures: a positional nature of the shunt, whereby it is worsened 
when the patient is upright (platypnea), an asymptomatic 
interval following surgery, and an increased shunt fraction 
with hypovolemia [41]. Diagnosis of interatrial shunting can 
be readily made by echocardiogram.

Clinical Case Discussion

A 67-year-old man is in the ICU 4 h following left-sided pneu-
monectomy for lung cancer. His medical history is significant 
for a 50-pack year smoking history and ischemic cardiomyo-
pathy with a left ventricular ejection fraction of 30%. At the 
end of the surgery he was oxygenating poorly with a PaO

2
 

55 mmHg on 100% inspired oxygen, and is currently receiv-
ing mechanical ventilation in the ICU. His EKG changes from 
sinus rhythm to rapid atrial fibrillation with a heart rate 144 
bpm, and his blood pressure falls to 60/40. You are called 
emergently to the bed side.

Questions

What type of respiratory failure is this patient suffering 
from?
Why is it important to extubate this patient and reestablish 
spontaneous ventilation in a timely fashion?
How would you assess and treat this patient when you are 
called to the bedside?

Respiratory failure, extubation, and assessment of atrial 
fibrillation:

Type III respiratory failure (perioperative), likely due to 
atelectasis from anesthesia and positive pressure ventila-
tion, hypoxia and hypercarbia from baseline lung disease 
(see Sect. “Classification of Respiratory Failure”).
Improved hemodynamics, decreased ventilator associated 
pneumonia, lower risk of surgical suture line damage and 
development of a bronchopleural fistula (see Sects. “Com-
plications of Prolonged Intubation and Mechanical Ventila-
tion,” and “Intrathoracic Complications”).
Assess patient’s overall condition and search for possible 
etiology of new onset atrial fibrillation. Hemodynamically 
unstable atrial fibrillation should be treated with electri-
cal cardioversion (see Sect. “Cardiac Complications” and 
Fig. 41.2).

Weaning from mechanical ventilation:

When postoperative patients require mechanical ventila-
tion, it is usually temporary and they should be frequently 
assessed for extubation.

Evaluate respiratory rate, tidal volume, oxygen and PEEP 
requirements, level of consciousness, hemodynamic stabil-
ity, volume status, pH and CO

2
 levels, ability to cough and 

clear secretions, analgesia, temperature and electrolyte sta-
tus (see Sect. “Classification of Respiratory Failure”).
The rapid shallow breathing index and negative inspiratory 
force may help predict whether a patient will tolerate extu-
bation. When a patient meets extubation criteria, a spon-
taneous breathing trial should be administered (see Sect. 
“Criteria for Extubation”).

Considerations with new onset atrial fibrillation:

New onset postoperative atrial fibrillation is common after 
pneumonectomy.
Patients should undergo a complete evaluation of their over-
all wellbeing, including a search for underlying infection, 
volume overload, hypoxia and hypercarbia, and electrolyte 
abnormalities (see Sect. “Cardiac Complications”).
Patients who are hemodynamically stable may be managed 
medically with rate control, while hemodynamically unsta-
ble patients should be electrically cardioverted into sinus 
rhythm (Fig. 41.2).
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Key Points

Although pure hypoxemic or pure hypercapnic  respiratory 
failure may occur after thoracic surgery, most patients 
exhibit a mixed picture.
The single most important preoperative patient-related risk 
factor for respiratory failure after thoracic surgery is the 
presence of severe COPD.
Noninvasive ventilation (NIV) can be safely administered 
in the postthoracic surgery patient, both to reduce respira-
tory complications and to prevent the need for intubation.
Mechanical ventilation after thoracic surgery should follow 
a “lung protective” strategy of appropriate combinations of 
PEEP and low tidal volume, in association with increased 
respiratory rate as needed.
Ventilator-associated pneumonia (VAP) is associated with 
a high mortality, so prevention is a priority. The “VAP 
 bundle” is a variety of care processes either known or 
believed to reduce the risk of acquiring VAP.
A daily spontaneous breathing trial is the most effective way to 
identify patients ready for withdrawal of ventilator support.
Tracheotomy should be considered if mechanical venti-
lation is expected to be required for more than a total of 
7–10 days.

Introduction

Respiratory failure following thoracic surgery is a significant 
cause of morbidity and mortality in this high-risk patient pop-
ulation. The incidence of major postthoracotomy pulmonary 
complications such as pneumonia, lobar atelectasis, or need 
for mechanical ventilation for more than 24 h ranges from 
22 to 25%, while the incidence of respiratory failure (requir-
ing mechanical ventilation for more than 48 h after surgery) 
ranges from about 3 to 10% [1–5]. In most reports, respi-
ratory failure accounts for approximately half of the 30-day 
mortality. The reported incidence of respiratory failure and 
overall mortality for several thoracic procedures is given in 
Table 42.1. Respiratory failure and mortality are greater after 
right-sided as compared to left-sided pneumonectomy, and 
after extra vs. intra-pleural pneumonectomy [6]. The addi-
tion of chest wall resection to intrathoracic surgery also adds 
to the incidence of respiratory failure and mortality [2]. Pre-
existing pulmonary disease and other concomitant disease 
processes increase the risk of postoperative respiratory insuf-
ficiency and failure. Anticipation and early recognition are 
essential to provide the best possible outcome for the patient 
in respiratory failure.
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Definition

Respiratory failure is the inability of the respiratory system 
to provide sufficient gas exchange to prevent life-threatening 
hypoxemia and/or hypercapnia. The clinical picture suggests 
the diagnosis, and the arterial blood gas (ABG) analysis is 
confirmatory (Table 42.2). Respiratory failure may be purely 
hypoxemic, in which arterial partial pressure of oxygen in the 
blood is inadequate, but normal or low arterial partial pressure 
of carbon dioxide. Physiologic causes of hypoxemic respira-
tory failure include hypoventilation, ventilation–perfusion 
mismatch, right-to-left intrapulmonary or intracardiac shunts, 
abnormalities in alveolar oxygen diffusion, and low fraction of 
inspired oxygen [7]. Failure to oxygenate the blood after tho-
racic surgery is usually the result of severe mismatch of ven-
tilation and perfusion (“V:Q mismatch”) such that pulmonary 
blood flows through poorly ventilated or edematous lung and 
there is inadequate time or alveolar exposure for absorption 
of O

2
. Increased pulmonary water from direct surgical injury, 

capillary leak, or fluid overload may cause V:Q mismatch, as 
may focal areas of consolidation from collections (air, blood), 
infection, inflammation, or atelectasis. The most severe form 
of V:Q mismatch is true shunting of pulmonary blood without 
any absorption of O

2
, as might occur with a completely atelec-

tatic or consolidated segment or lobe.
Hypoventilation alone may result in hypoxemia. The sim-

plified form of the alveolar gas equation estimates the partial 
pressure of oxygen in the alveoli based on the inspired partial 
pressure of oxygen and the partial pressure of arterial carbon 
dioxide:

 A 2 I 2 a 2P O P O P CO /R.  

P
A
O

2
 is the alveolar partial pressure of oxygen, P

I
O

2
 is the 

partial pressure of inspired oxygen, and P
a
CO

2
 is the arterial 

partial pressure of carbon dioxide (R represents the respira-
tory exchange ratio). Severe hypoventilation, with a resultant 
rise in P

a
CO

2
, would therefore be expected to result in some 

degree of hypoxemia. The degree of hypoxemia caused by 
pure  hypoventilation can usually be overcome by supplemen-
tal oxygen [8].

Intracardiac shunt with right- to left-sided blood flow 
causes arterial desaturation independent of pulmonary pathol-
ogy. The condition where this most commonly occurs in the 
adult is a patent foramen ovale (PFO), which is present – at 
least in a probe-patent form – in approximately 25% of the 
population [9]. Short of actual closure of the shunt, the treat-
ment requires reducing the gradient for blood flow from right 
to left: either reducing the right atrial pressure or increasing 
the left atrial pressure. In the presence of a PFO, application 
of increasing levels of positive intrathoracic pressure (positive 
end-expiratory pressure or PEEP) can worsen arterial oxygen-
ation [10]. Positive intrathoracic pressure can increase imped-
ance to ejection by the right ventricle, resulting in an elevation 
in the central venous pressure (CVP). This may increase blood 
flow across the atrial septum from right to left.

Table 42.2. Diagnosis of acute respiratory failure.
Clinical
Central nervous system Agitation, restlessness, diaphoresis from 

distress
Headache, confusion from hypercarbia or 

hypoxemia
Dizziness, focal twitching from hypercarbia
Insomnia, Personality change from  

hypoxemia
Stupor, confusion, coma from severe  

hypercarbia or severe hypoxemia
Seizures from severe hypoxemia

Cardiovascular system Tachyarrhythmias from hypoxemia or 
hypercarbia

Bradyarrhythmias from severe hypoxemia
Systemic hypertension from hypoxemia or 

hypercarbia
Pulmonary hypertension from hypoxemia or 

hypercarbia
Hypotension/cardiac failure from severe 

hypoxemia or hypercarbia
Respiratory system Intact respiratory drive

 Tachypnea
 Labored respirations, dyspnea
 Intercostal retractions
Impaired respiratory drive: bradypnea  

or apnea
Cheyne-Stokes respirations

Laboratory
Oxygenationa Arterial pO

2
 <50–60 mmHg

Peripheral arterial saturation (pulse  
oximetry) <90%

Carbon dioxideb Arterial pCO
2
 >50–60 mmHg associated 

with acidosis
aRespiratory “failure” due to hypoxemia may not require mechanical venti-
latory support if it is responsive to supplemental oxygen therapy
bChronic elevations in arterial pCO

2
 are accompanied by retention of bicar-

bonate and relatively normal arterial pH, and do not necessarily indicate 
respiratory “failure.” Hypercarbia associated with acidosis always indicates 
respiratory failure and usually requires mechanical ventilatory support

Table 42.1. Respiratory failure a and 30 day mortality after open b 
thoracic surgery procedures.

Respiratory failure Overall mortality

Lung resection
 Wedge resection Not reported 0.8–1.4% [1, 2]
 Lobectomy 3.2–6.6% [3, 5] 1.2–4% [1–5]
 Pneumonectomy 6.9–9.3% [3, 5] 3.2–11.5% [1–5]
Esophagogastrectomy 16% [57] 2.1–9.8% [54–57]
Lung volume reduc-

tion surgery
13.6% [48] 2.3–16% [47–50]

In two reports lobectomy was not separated from pneumonectomy: in one 
the incidence of tracheostomy was 14% [1]; in the other the incidence of 
respiratory failure was 6% [2]
a Defined as the need for mechanical ventilation for more than 48 h after 
surgery
b Limited data for thoracoscopic procedures suggests reduced overall com-
plications but not mortality vs. open procedures [46]
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Hypercapnic respiratory failure occurs when ventilation of 
the lungs is insufficient to maintain an adequate arterial partial 
pressure of carbon dioxide. Hypercapnic respiratory failure 
may occur with structural or functional abnormalities of the 
chest wall and muscles of respiration. Decreased function of 
the muscles of respiration may be seen with residual neuro-
muscular blockade and with surgical disruption. Structural or 
mechanical problems with the chest wall induced by surgery 
can lead to hypoventilation by affecting the normal decrease in 
intrathoracic pressure seen during inspiration. These include 
pneumothorax, pulmonary contusion leading to decreased 
distensibility of the lung tissue, and flail chest. These types 
of hypercapnic failure are associated with respiratory distress 
and usually tachypnea: the patient is trying to achieve a nor-
mal arterial pCO

2
 but cannot. Decreased central respiratory 

drive results in hypoventilation. Decreased central drive may 
be seen with residual anesthesia, postoperative sedation, or 
central nervous system disease (e.g., perioperative stroke). 
Conditions associated with chronic carbon dioxide retention 
(e.g., obstructive airways disease, obesity-hypoventilation 
syndrome) may be exacerbated by depressant medications or 
structural changes induced by surgery.

Although pure hypoxemic or pure hypercapnic respiratory 
failure may be seen, most surgical patients with postopera-
tive respiratory failure exhibit a mixed picture. Chest wall and 
parenchymal injury, edema, retained secretions or blood, and 
atelectasis interfere with gas exchange and increase the work 
of breathing. Surgical injury to the chest wall and pain also 
interfere with normal mechanical function, thus decreasing 
the effectiveness of the respiratory effort and increasing the 
work of breathing.

Preoperative Predictors of Respiratory 
Failure

Conflicting results in the available literature make establish-
ing precise criteria for determining those patients most at risk 
for postoperative respiratory failure difficult. The history, 
physical examination, and specific investigations enable the 
surgeon and anesthesiologist to estimate risk and identify 
processes that can be treated or optimized prior to surgery. 
Preoperative assessment for pulmonary resection is discussed 
in Chap. 2. Preoperative factors associated with an increased 
incidence of postoperative respiratory failure are summarized 
in Table 42.3.

History

Preexisting conditions which have been associated with 
increased risk of respiratory dysfunction and failure in the 
general surgery patient population include advanced age 
(greater than 70 years), chronic pulmonary disease, smoking, 
cardiac dysfunction, and neuromuscular diseases affecting 
the muscles of respiration or glutition [11]. Arozullah et al. 

published a multifactorial index for predicting postoperative 
respiratory failure which includes chronic obstructive pulmo-
nary disease (COPD), increased age, dependent functional 
status, and surgical site as independent risk factors for patients 
in the general surgical population [12]. Patients who report 
dyspnea at rest, with light exercise (walking on a level sur-
face 100 yards), or with activities of daily living (dressing, 
talking) have an approximate twofold increase in respiratory 
complications following thoracotomy [13]. In a recent review 
from the Cleveland Clinic, preoperative predictors of postop-
erative ventilator support after thoracotomy for lung resec-
tion included elevated creatinine and low preoperative forced 
expiratory volume in 1 s (FEV

1
) [14].

The single most important preoperative patient-related risk 
factor is the presence of COPD, and the incidence of post-
operative pulmonary complications associated with COPD 
increases with the severity of the disease. The relative risk of 
pulmonary complications in patients with COPD is three to 
fourfold [15]. These patients should have management of their 
airway obstruction optimized prior to surgery with a multi-
modal approach consisting of bronchodilators, smoking ces-
sation, antibiotics, and corticosteroids.

Asymptomatic asthma is not associated with any increase 
in the incidence of pulmonary complications or need for 
postoperative mechanical ventilation after thoracotomy. If 
the patient is free of wheezing in the immediate preoperative 
period and the FEV

1
 is greater than 80% predicted, there is no 

increased risk of bronchospasm or other pulmonary complica-
tions [16]. On the other hand, an asthmatic patient with recent 
episodes of bronchospasm and wheezing should be treated 

Table 42.3. Preoperative factors associated with increased risk of 
postoperative respiratory failure.
History
 Age >70 years
 Smoking history with chronic obstructive pulmonary disease
 Cardiac dysfunction
 Neuromuscular disease
 Dyspnea at rest or with light exertion
 Inability to climb 1 flight of stairs
Physical findings
 Increased baseline work of breathing
 Preoperative wheezing (not controlled by bronchodilators)
 Lower extremity edema/jugular venous distension (suggestive of right 

heart dysfunction)
 Cachexia
Laboratory
 pCO

2
 >45 mmHg

 pO
2
 <50 mmHg on room air

 ppoFEV1 <40% predicted
 ppoDLCO <40% predicted
 RV/TLC >30%
 VO

2
 max <15 mL/kg/min

 Increased serum creatinine

ppo predicted postoperative; DLCO diffusion capacity for carbon monox-
ide; FEV1 forced expiratory volume in 1 s; RV residual volume; TLC total 
lung capacity; VO

2
 max maximum oxygen consumption
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cautiously. These patients may benefit from prophylactic cor-
ticosteroid use before anesthesia and surgery. The Global Ini-
tiative for Asthma (GINA) guidelines state: “If FEV

1
 values 

are less than 80% of the patient’s personal best, a brief course 
of glucocorticosteroids is required to reduce airflow limitation” 
[17].  Steroids may be administered orally or by inhalation 
with inhaled steroids leading to less systemic side effects. 
Patients who have recently had significant asthma symptoms 
and received systemic glucocorticosteroids within the past 6 
months should have systemic coverage during the periopera-
tive period. All asthmatic patients should remain on their rou-
tine bronchodilator and anti-inflammatory medications in the 
perioperative period. Perioperative nutrition is also important 
in these patients [18].

Procedure and Extent of Resection

Thoracotomy for Lung Resection

The extent of resection during thoracotomy for lung cancer 
is a risk factor for the need for postoperative mechanical 
ventilation, pulmonary complications, and 30-day mortal-
ity (Table 42.1) [14]. In addition, Busch et al. reported an 
82% incidence of postoperative pulmonary complications 
in patients requiring extensive resection, including the chest 
wall. This compared to an overall incidence of 39% in their 
study of patients undergoing thoracotomy [2]. On the other 
hand, a review of the muscle-sparing thoracotomy approach 
(where the latissimus dorsi and serratus anterior muscles 
are not severed) vs. standard thoracotomy found no morbid-
ity or mortality benefit [19]. Not surprisingly, older studies 
and more recent reports have found increasing age to be a 
major risk factor for the development of serious pulmonary 
complications including respiratory failure and mortality 
[4, 5, 20].

Video Video-Assisted Thoracic Surgery  
for Lung Resection

Minimally invasive lung surgery has gained popularity 
because of the smaller incision, potentially shorter hospital 
stay, and quicker recovery (see also Chap. 23). Video-assisted 
thoracic surgery (VATS) is performed through several small 
ports rather than a single long incision, resulting in less inter-
ference with pulmonary mechanics, decreased postoperative 
pain, and possibly less morbidity and mortality. Imperatori 
et al. reported a reduced incidence of prolonged air leak and 
pneumonia; other postoperative pulmonary complications 
were not reported [21]. Although some studies support bet-
ter outcomes compared to thoracotomy, limited evidence sup-
ports the theory that VATS for lobectomy improves long-term 
outcomes [22, 23]. Also, concern still exists that the extent of 
the resection may be inadequate in certain patient populations 
[22]. The reality is that many surgeons are performing VATS 
and many patients are requesting it.

Lung Volume Reduction Surgery

Lung volume reduction is a surgical strategy to improve 
 ventilation–perfusion matching in patients with severe emphy-
sema (see also Chap. 36). Prospective candidates usually have 
a FEV

1
 of less than 30% predicted and poor exercise tolerance 

secondary to dyspnea. During lung volume reduction surgery, 
nonfunctional portions of lung are removed (up to 30% of lung 
volume in some patients). The goal is improvement of chest 
wall mechanics and elastic recoil of lung by removing poorly 
ventilated and perfused apical segments [24]. Surgery in these 
very high-risk patients does carry a significant risk of postop-
erative respiratory complications. In one report the incidence 
of postoperative acute respiratory failure was 29.8%, with 
43% of mortality related to a respiratory etiology [25]. Over-
all, the reported mortality following lung volume reduction 
surgery ranges from a low of 2.3% to up to 16% [26, 27].

Transsternal Thymectomy

Thymectomy is performed in patients with myasthenia gravis 
who have worsening symptoms despite maximal medical ther-
apy with anticholinesterase medications and/or corticosteroids, 
and has been shown to improve symptoms in up to 75% of 
patients (see also Chap. 15) [28]. In the perioperative period, 
the myasthenic patient may show exquisite sensitivity to nonde-
polarizing neuromuscular blocking medications, and may have 
increased sensitivity to medications with respiratory depression 
side effects. In the past these patients remained intubated after 
surgery, and were only extubated after careful assessment and 
reinstitution of preoperative anticholinesterase medications. As 
medical management has improved many of these patients now 
present for surgery with their disease well controlled, and with 
careful anesthetic management can be extubated immediately 
after the procedure. Historically, preoperative predictors of the 
need for postoperative ventilatory support include duration of 
the disease greater than 6 years, chronic lung disease, a daily 
dose of pyridostigmine greater than 750 mg (or its equivalent), 
and a preoperative vital capacity less than 2.9 L [29]. In a series 
of 71 patients undergoing thymoma resection, the incidence of 
postoperative respiratory complications was 13%, with only 
one death due to respiratory failure [30]. An increasing use of 
thoracoscopic techniques for this procedure may reduce the 
incidence of postoperative respiratory complications.

Esophagogastrectomy

The incidence of adenocarcinoma of the distal esophagus 
has increased over the last several decades, with risk factors 
including a history of tobacco use and alcohol consumption 
[31]. Esophagogastrectomy offers the only hope of cure.

Esophagogastrectomy for carcinoma at or near the gastroe-
sophageal junction may be performed via a transhiatal approach 
or via a transthoracic approach (see also Chap. 30). Pulmo-
nary complications occur in 15–25% of patients, with pneu-
monia and/or respiratory failure comprising about half of this 
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 incidence. The in-hospital mortality rate following transthoracic 
esophagogastrectomy ranges from 2.1 to 9.8% [32–34]. Two of 
three postesophagectomy mortalities are related to pulmonary 
complications; aspiration pneumonia secondary to postopera-
tive swallowing disorders is the most common etiology [35].

Lung Transplantation

Lung transplantation is increasingly performed for end-stage 
lung disease secondary to many etiologies, limited to a large 
degree by donor availability. Following reperfusion of the 
donor lung, more than half the patients exhibit some degree of 
noncardiogenic pulmonary edema, and postoperative mechan-
ical ventilation for at least 24 h is normal. This is discussed 
below under “pulmonary edema.”

Thoracoabdominal Aortic Aneurysm (TAAA) Repair

The most common complications after open TAAA repair are 
pulmonary. These procedures require extensive incisions, pro-
longed periods of one-lung ventilation, and large volume fluid 
resuscitation. Reporting on 100 consecutive TAAA repairs, 
Money et al. found the mean duration of intubation to be 5.8 
days, with a 21% incidence of respiratory failure [36]. An ear-
lier report from Crawford’s group suggested an incidence of 
respiratory failure in patients with chronic pulmonary disease 
of 58% and a mortality of 43% in this group [37]. Etz et al. 
recently reported an incidence of prolonged respiratory failure 
of 27% [38].

Specific Causes of Respiratory Failure

Table 42.4 summarizes the common conditions leading to 
acute postoperative respiratory failure. Similar to the diagno-
sis itself, the cause is seldom single or simple; more often it 
represents the combination of postoperative factors with pre-
disposing physiology or underlying conditions.

Atelectasis

Surgery on the thorax and the upper abdomen leads to some 
degree of postoperative pulmonary dysfunction and atelectasis, 
which may persist for days or weeks. Inhibition of surfactant, gas 
resorption, and compression of lung tissue all are potential mech-
anisms by which atelectasis occurs. Although general anesthesia 
has been shown to depress the function of surfactant, inhibition 
of surfactant is not believed to play a major role in the formation 
of atelectasis [39, 40]. Resorption atelectasis refers to the contin-
ued gas uptake in alveoli after airway occlusion and ultimately 
leads to collapse of the gas pocket [41]. Resorption atelectasis 
increases with increasing inspired oxygen concentration [42]. 
Lastly, loss of intercostal muscle tone and cephalad displacement 
of the diaphragm and abdominal contents leads to an increase in 
pleural pressures and compression atelectasis [43].

The relationship between functional residual capacity 
(FRC) and closing capacity (CC) must also be considered. 
FRC is defined as the amount of air remaining in the lung at 
end expiration of a normal tidal volume. CC is the volume 
of gas that must be in the lungs to prevent small airway col-
lapse. In healthy lungs, FRC exceeds CC and no atelectasis 
occurs. If CC exceeds FRC and the tidal volume lies within 
the CC, then small airways will open and close with each tidal 
volume. This will result in areas of low ventilation/perfusion 
ratio or shunt. If CC far exceeds FRC, then small airways 
never open during the respiratory cycle and results in atelecta-
sis (Fig. 42.1). Thus, factors that decrease FRC like general 

Table 42.4. Acute causes of respiratory failure following thoracic 
surgery.
Atelectasis/retained secretions
Pneumonia
Pulmonary embolus
Pulmonary edema
 Postpneumonectomy pulmonary edema
 Pulmonary reimplantation response
Acute respiratory distress syndrome
Pneumothorax
Bronchopulmonary fistula
Torsion of residual lobe
Neurologic injuries
 Phrenic nerve
 Recurrent laryngeal nerves

Fig. 42.1. Closing capacity (CC): The relationship between the func-
tional residual capacity (FRC) and CC. FRC is the amount of gas in the 
lungs at end-exhalation during normal tidal breathing, shown by the 
level of each trough of the sine wave of normal tidal volume. CC is the 
amount of gas which needs to remain in the lung to keep the small con-
ducting airways open. The figure shows three different CCs indicated 
by the three horizontal lines. If tidal ventilation occurs such that FRC 
is above a normal CC (lowest horizontal line) this will preserve best 
gas exchange. If the CC is high (highest horizontal line) or FRC is low, 
tidal ventilation may occur with part of the lung atelectatic, resulting 
in hypoxemia. If tidal ventilation occurs at a lung volume near the CC 
(middle line) or FRC then there will be increased V/Q mismatch, also 
resulting in hypoxemia (this article was published in [172]).
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anesthesia,  obesity, and supine position will subject patients 
to atelectasis.

While some degree of atelectasis occurs in almost all post-
thoracotomy patients, the severity and clinical implications 
vary widely. Mild atelectasis usually requires little treatment 
other than supplemental oxygen administration in the post-
anesthesia care unit (PACU) and will resolve as the patient 
awakens and increases depth of breathing. Decreased com-
pliance, impaired oxygenation, increased pulmonary vascular 
resistance, and development of lung injury represent the more 
severe pathophysiologic effects of atelectasis. The most severe 
form of postlobectomy atelectasis, lobar atelectasis, occurs in 
approximately five percent of patients after pulmonary resec-
tion. Lobar atelectasis is defined roentgenographically by 
complete lobar collapse and mediastinal shift. Risk factors 
include male gender, advanced age, and reduced preoperative 
FEV

1
 [43]. This extreme form of atelectasis usually requires 

bronchoscopy, may require mechanical ventilatory support, 
and can lead to longer intensive care unit (ICU) and hospital 
lengths of stay. Lastly, atelectasis has been shown to promote 
bacterial overgrowth and increase lung permeability [44].

Prevention and treatment of atelectasis has traditionally 
consisted of cough and deep breathing exercises (Table 42.5). 
While coughing and deep breathing help clear secretions and 
potentially reopen atelectatic areas of lung, the ability of sur-
gical patients to cough is significantly impaired after thoracic 
surgery. The maximal intrapleural pressures produced during 
voluntary coughing are reduced to as low as 29% of preopera-
tive values, and may remain as low as 50% of the preoperative 
value at 3 weeks postsurgery [45]. The cough effort may be 
improved with the patient in the sitting position and with man-
ually assisted compression of the chest wall. Simply mobiliz-
ing patients from sitting in bed to sitting in a chair improved 
FRC an average of 17% [46].

Incentive spirometry (IS) is a simple and inexpensive 
method of helping patients obtain maximal inspiratory effort 
[47]. IS encourages patients to maintain inspiration for a pro-
longed period while using slow and deep breaths. Figure 42.2 
shows a typical single-patient use IS device. IS can also be 
followed as a bedside test for evaluation of postoperative pul-
monary function after lung surgery. The performance on IS 
correlates well with inspiratory reserve volume and forced 

vital  capacity [48]. A decline in a patient’s ability to perform IS 
can be an early indicator of an acute worsening of the patient’s 
pulmonary status. While IS is widely accepted as a tool to 
help prevent atelectasis, this has not been clearly established 
in clinical studies. Several reviews of the literature have failed 
to find supporting evidence for the routine use of IS following 
cardiac, thoracic, or upper abdominal surgery [49–52].

An alternative approach to IS is to focus on maintaining 
airway patency during expiration. This is termed “positive 
expiratory pressure therapy” (PEP) and has been shown to 
improve clearance of secretions [53] (Fig. 42.3). The patient 
uses this device for several breaths, and then makes coughing 
or “huffing” efforts. Yet a third type of device is the “flut-
ter valve” which causes “fluttering” of the expiratory airway 
pressure, aiding the mobilization of secretions.

Positive pressure breathing (i.e., positive inspiratory pres-
sure) through a mouthpiece or facemask, or continuous posi-
tive airway pressure (CPAP; see description in “ventilatory 
modes”) delivered by nasal or facemask may be beneficial in 
maintaining and recruiting atelectatic lung [54]. Biphasic, or 
bilevel, positive airway pressure (BiPAP) has also been used 
to support hypoxemic patients in the PACU [55]. Figure 42.4 
illustrates the nasal mask used for BiPAP or CPAP. The role 
of nasal BiPAP in prevention or treatment of acute respiratory 
failure is discussed later.

Pain is a major factor contributing to the reduction in cough 
effort and deep breathing in patients following thoracotomy. 
Adequate control of postoperative pain, including use of epi-
dural analgesia, improves maximal cough pressures in post-
thoracotomy patients, and lack of a thoracic epidural catheter 

Table 42.5. Adjuvants to routine post-
operative respiratory care.
Inhaled bronchodilators and mucolytics
Incentive spirometry
Positive expiratory pressure valves
Flutter valves
Chest physiotherapy
 Percussion/vibration
Nasotracheal suctioning
Fiberoptic bronchoscopy
 Therapeutic
 Diagnostic
Minitracheostomy

Fig. 42.2. Incentive spirometer (Hudson RCI, Teleflex Medical): The 
patient makes a sustained inhalation effort through the mouthpiece, 
guided by an effort indicator on the right side of the device. This 
causes the “floating” marker inside the graduated cylinder to be drawn 
up to a set target indicated to the left of the cylinder.
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was found to be a risk factor for the need for postoperative 
mechanical ventilation after lung resection [14, 56]. While 
the use of opioid infusions through either lumbar- or thoracic-
level epidural catheters can provide adequate postthoracotomy 
analgesia, only analgesia provided by thoracic-level catheters 
was demonstrated to decrease mortality in a recent meta-anal-
ysis of postoperative outcomes [57]. Various infusions may be 
used including an opioid alone or, for a thoracic level catheter, 
an opioid and local anesthetic combination. The combination 
of an opioid and local anesthetic has been shown to be syner-
gistic and allows for a lower dose of each than if either is used 
alone [58]. A technique gaining popularity for thoracic patients 
is a continuous paravertebral catheter. This technique offers 
the advantages of fewer side effects compared to a  thoracic 

epidural and is not contraindicated in anticoagulated patients. 
A literature review by Davies indicates that continuous para-
vertebral catheters are just as efficacious in pain control as 
thoracic epidurals [59]. Other modalities of regional anesthe-
sia to provide postthoracotomy analgesia include intrapleural 
administration of local anesthetic and intercostal nerve blocks. 
Intercostal nerve blocks may be performed by the anesthesi-
ologist pre- or postoperatively or by the surgeon during the 
procedure. The blocks may be performed with local anesthetic 
or, for a more protracted duration of analgesia,  phenol. Intra-
operative cryoablation of intercostal nerves has also been used 
to provide an extended period of analgesia.

Bronchospasm

In patients with known bronchospastic disease, or in patients 
with COPD shown to have improvement after bronchodila-
tors during preoperative spirometry, postoperative airway 
constriction may contribute to respiratory failure. Increased 
airway resistance contributes to increased work of breathing, 
and also can create the “auto-PEEP” effect. This occurs when 
terminal bronchioles/alveoli do not fully empty through nar-
rowed airways during expiration, resulting in a positive rather 
than zero pressure at end-expiration distal to the obstruction. 
In order to generate flow into these alveoli during inspiration, 
this positive pressure must first be overcome, creating a fur-
ther increase in the work of breathing [60].

Inhaled bronchodilating agents should be considered in all 
patients exhibiting respiratory distress after thoracic surgery. 
Inhaled beta-adrenergic agonists enhance smooth muscle 
relaxation by increasing intracellular levels of cyclic AMP and 
ultimately results in bronchodilation [61]. Inhaled albuterol 
is the beta-adrenergic agonist most often prescribed in the 
postoperative period due to its short onset time and ability to 
act as a rescue medication. The half-life of albuterol is short 
and requires dosing every 4 h. Salmeterol and Formoterol are 
longer acting beta-adrenergic agonist and are mainly used as 
maintenance therapy [62]. Racemic epinephrine also has beta-
adrenergic properties and may reduce respiratory mucosal 
edema through its alpha-adrenergic effects on mucosal vascu-
lature. A concern with these agents, especially epinephrine, is 
absorption and systemic side effects.

Anticholinergic medications are also effective bronchodila-
tors. These medications induce smooth muscle relaxation by 
antagonism of acetylcholine at the M3 receptor and decrease 
intracellular levels of cyclic-GMP. Ipratropium is a short onset 
and short duration anticholinergic medication commonly used 
in combination with albuterol for bronchospastic disease. 
Like albuterol, it needs to be dosed approximately every 4 h. 
Tiotropium is a longer acting anticholinergic medication that 
can be used for maintenance. These medications are poorly 
absorbed and have limited systemic side effects.

Combination therapy with a beta-adrenergic agonist and 
anticholinergic medication provides greater improvement 
in symptoms. By having different mechanism of action and 

Fig. 42.3. Positive expiratory pressure vibratory device (“Acapella” 
device, Smiths Medical ASD, Inc.): exhalation through this device is 
intermittently occluded at a high frequency which “vibrates” the air-
ways facilitating clearance of secretions and possibly opening closed 
airways.

Fig. 42.4. Long tube changer for use with double-lumen tracheal 
tubes (Cook Medical): a double-lumen tube is illustrated with the 
tube changer curved around it; the tube changer is more than twice 
the length of the double-lumen tube.
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durations, these medications work synergistically to improve 
bronchodilation [63]. A combination of the short acting beta-
adrenergic agonist albuterol and short acting anticholinergic 
ipratropium is available in the United States.

Lastly, steroidal compounds are also available for inhala-
tional administration and serve a useful role in prevention of 
inflammatory mediated bronchospasm. These medications are 
mainly used in maintenance therapy and are not indicated for 
acute bronchospasm.

Retained Secretions

Inability to clear secretions contributes to atelectasis and pul-
monary infections.

Dehydration of the tracheobronchial mucosa occurs with 
use of nonhumidified oxygen. This leads to mucociliary dys-
function and drying of secretions. The ensuing decrease in 
ability to mobilize and clear secretions can contribute to the 
formation of atelectasis; humidification of oxygen is therefore 
recommended. Patients with tenacious secretions may ben-
efit from inhaled agents that decrease the viscosity of secre-
tions such as N-acetylcysteine or dornase alfa (Pulmozyme®, 
Genetech, Inc.). Dornase is a recombinant human DNAse, 
which has been demonstrated to decrease viscosity of respira-
tory secretions in cystic fibrosis patients, and help re-expand 
atelectatic lobes in this population [64]. Efficacy in patients 
with chronic bronchitis has not been demonstrated for long-
term use but has been suggested in acute exacerbations.

For the patient who fails to respond to deep breathing exer-
cises, IS, and PEP therapy, along with inhaled bronchodilators 
and/or mucolytics, there are several adjuvant therapies that 
may be utilized to improve the patient’s status (Table 42.5). 
Modalities of chest physiotherapy include postural drainage, 
percussion and vibration over the affected lung segments, and 
incentive to cough. Postural drainage is performed by posi-
tioning the patient so the lung segments to be drained are in a 
superior position. Drainage is most effective when combined 
with percussion and vibration but proper positioning may be 
limited by the patient’s condition. Percussion is performed 
throughout the respiratory cycle and is followed by vibration 
during the exhalation phase.

Tracheal suctioning can be used to mechanically remove 
secretions from the trachea and to induce deep breathing and 
coughing. In the nonintubated patient, tracheal suctioning 
is usually performed by a blind nasal technique. Suctioning 
should be performed after preoxygenating the patient with a 
high FiO

2
, and may be better tolerated through a nasal airway 

or “trumpet.” The catheter should be advanced without suc-
tion and removed from the trachea with intermittent suction. 
Frequent or aggressive suctioning can cause mucosal damage 
and may induce bronchospasm, laryngospasm, and cardiac 
rhythm disturbances.

An alternative to blind nasotracheal suctioning is placement 
of a minitracheotomy (a small, uncuffed endotracheal tube 
through an incision in the cricothyroid membrane) to facilitate 

suctioning of secretions. This procedure is safe and effective 
in decreasing the need for other interventions such as chest 
physiotherapy. This procedure also may decrease postopera-
tive respiratory complications [65–67]. Potential complica-
tions are rare, including bleeding into the trachea, infection, 
and tracheal occlusion by granuloma formation [68]. Mini-
tracheotomy is not intended to provide a means for positive 
pressure ventilation and is not a replacement for endotracheal 
intubation when indicated.

Fiberoptic bronchoscopy (FOB) may be used for more 
aggressive clearance of secretions or blood in the tracheobron-
chial tree or as a diagnostic study in the patient with an acute 
worsening of respiratory function. Under direct visualization, 
tenacious secretions can be suctioned from affected airways. 
A review of the practice of FOB in a large teaching hospital 
confirmed the safety of the procedure with a major complica-
tion rate of 0.5% and a minor complication rate of 0.8% [69]. 
Complications include laryngospasm, bronchospasm, pneu-
mothorax, and pulmonary hemorrhage. In the awake, nonin-
tubated patient, FOB requires topical anesthesia of the upper 
airway and sedation.

Pneumonia

Decreased mucociliary clearance and persistent atelectasis 
place the thoracic surgical patient at increase risk for post-
operative nosocomial pneumonia. Following thoracotomy, 
patients also have altered systemic and lung host defenses 
which increase susceptibility to postoperative pneumonia [70]. 
The occurrence of pneumonia, especially after lung resection, 
significantly increases the patient’s risk for respiratory insuf-
ficiency and need for mechanical ventilation. Nosocomial 
pneumonia is the single most important risk factor for mortal-
ity in the postthoracotomy patient [4]. In a prospective trial, 
Nan found the rate of postoperative respiratory infections after 
lung surgery (pneumonia, empyema) to be ~19% [71]. Over-
all, mortality rates for nosocomial pneumonia range from 20 
to 80% with Gram negative bacilli and Staphylococcus aureus 
being the most common pathogens [72]. Ventilator-associated 
pneumonia is discussed later.

Initiation of therapy should not be delayed for the results of 
initial cultures. Mortality is reduced with appropriate empiric 
antibiotic therapy vs. delaying until bronchoalveolar lavage 
(BAL) is performed [73]. For suspected pneumonia occurring 
early in the postoperative period in a patient who was not in 
the hospital preoperatively, community-acquired organisms 
such as Streptococcus pneumonia and Hemophilus influenza 
should be targeted. For a patient who has been in the hospi-
tal preoperatively, or in whom pneumonia is suspected more 
than 48 h after surgery, empiric antibiotic therapy should 
target hospital-acquired organisms such as Pseudomonas 
aeruginosa, Acinetobacter and Klebsiella species, and methi-
cillin resistant S. aureus. The importance of initial appropriate 
empiric antibiotic therapy cannot be understated, and should 
be targeted to institution or community specific pathogens. 
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Inappropriate antibiotic therapy, even if corrected within 48 h 
when the results of culture become available, has been asso-
ciated with higher mortality, a longer ICU stay, and a trend 
towards longer mechanical ventilation. Inappropriate initial 
antibiotic therapy has been reported to be as high as 50% [73]. 
Ventilator-associated pneumonia is discussed later.

Pulmonary Embolism

In a study of 77 patients undergoing thoracotomy before the 
use of subcutaneous heparin prophylaxis, the incidence of 
deep venous thrombosis was 19%, with pulmonary embolism 
occurring in 5% [74]. In a large series of 1,735 lung resection 
patients, early fatal acute cardiopulmonary failure occurred 
in 26 patients. Autopsy in 20 of these patients demonstrated 
pulmonary embolism in 19 [75]. In patients with shock due to 
massive pulmonary emboli, the mortality is in excess of 30% 
[76]. As thoracic surgery patients usually have at least two 
major risk factors for deep venous thrombosis (malignancy 
and major surgery), prophylaxis should include both sequen-
tial compression devices applied to the calves, and low-dose 
subcutaneous heparin or low molecular weight heparin.

Signs and symptoms of pulmonary embolism include dysp-
nea, tachypnea, arterial hypoxemia, pulmonary hypertension, 
right ventricular failure, and shock. Lung perfusion scanning 
with technetium 99m-labeled albumin combined with ventila-
tion scanning with xenon 133 can demonstrate areas of venti-
lation–perfusion mismatch, although this test is of limited use 
when there is preexisting lung disease or recent lung surgery. 
Current use of lung perfusion scanning is only in patients 
with renal insufficiency, anaphylaxis to intravenous contrast, 
or pregnancy [77]. Spiral computed tomography (CT) can 
demonstrate pulmonary emboli and is noninvasive, quicker, 
and easier to perform than ventilation–perfusion scanning 
[78, 79]. While the gold standard for detection of pulmonary 
emboli is pulmonary angiography, in many centers spiral CT 
has essentially eliminated the need for this more invasive test. 
Postoperative patients are not candidates for thrombolytic 
therapy, but therapeutic heparinization is usually safe if initi-
ated at least 24–48 h after surgery. Massive embolism may 
require surgical embolectomy.

Pulmonary Edema

The etiology of pulmonary edema after thoracic surgery may 
be cardiogenic or noncardiogenic. Increased hydrostatic pres-
sure in the pulmonary vasculature, as might be associated with 
left ventricular dysfunction or excessive intravenous fluid 
administration may lead to cardiogenic pulmonary edema. 
Increased permeability of the alveolar capillary membranes, as 
occurs with the acute respiratory distress syndrome (ARDS), 
leads to noncardiogenic pulmonary edema.

Postpneumonectomy pulmonary edema (PPE) is a particu-
larly severe form of pulmonary edema that can occur after 
pneumonectomy and is associated with a high  mortality. 

Resection of lesser amounts of lung tissue (i.e., wedge 
 resection) is not associated with this entity [80]. Patients with 
PPE develop a low-pressure, high-protein pulmonary edema 
indicating endothelial damage is present [81]. An increase in 
endothelial permeability has been demonstrated by measuring 
the pulmonary accumulation of intravenously administered 
technetium 99m-labeled albumin after pneumonectomy [82].

The etiology of PPE remains unclear, but is likely mul-
tifactorial. Risk factors that have been associated with PPE 
include the side of operation, with right pneumonectomy hav-
ing a higher risk than left, perioperative fluid overload (>2 L 
intravenous fluid administration), and higher tidal volumes 
during one-lung ventilation (10 mL/kg) [83–85]. Other poten-
tial etiologies include the use of fresh frozen plasma intraop-
eratively, oxygen toxicity, serum cytokines, and mediastinal 
lymphatic damage.

The development of pulmonary edema after lung trans-
plantation has been termed the pulmonary re-implantation 
response (PRR). The etiology of PRR is likely multifactorial 
and includes reperfusion injury, oxygen toxicity, and excess 
fluid administration. Although PRR has not been shown to 
affect survival of transplant patients, its occurrence does cause 
increased duration of ventilator support and ICU stay. Con-
trary to what might be expected, Khan et al. were not able to 
demonstrate that prolonged ischemic time of the donor lung or 
presence of pulmonary hypertension was independently asso-
ciated with the development of PRR [86]. The use of cardio-
pulmonary bypass during the transplant procedure was shown 
to be an independent risk factor, however. Treatment has 
been primarily supportive but recently researchers have been 
focusing on treatment modalities that may decrease the injury 
caused to the donor lung by reperfusion. Inhibition of adher-
ence of polymorphonuclear leukocytes to activated endothe-
lium by blocking L- and E-selectins by specific antibodies 
demonstrated a reduced incidence of PRR in a sheep model 
[87]. Daclizumab, an interleukin-2 antagonist, demonstrated 
no significant differences in immediate clinical or radio-
graphic manifestations of PRR, however [88]. Recent work 
has investigated the role of adenosine A2A receptor activation 
in protection from ischemia–reperfusion injury [89].

Pneumothorax

Following thoracotomy the surgeon usually places two chest 
tubes into the operative hemithorax. One chest tube is placed 
inferiorly to preferentially drain blood and fluids and a second 
tube superiorly to preferentially vent air. Pneumothorax may 
develop postoperatively if a chest tube is inadvertently kinked, 
clamped off, or dislodged. While a small leak may cause little 
or no symptoms, a large, undrained air leak can result in a 
“tension pneumothorax” with a shift of the trachea and medi-
astinum to the contralateral side. The increase in intrathoracic 
pressure causes a decrease in venous return to the right heart 
and can result in cardiovascular collapse. Pneumothorax may 
also occur on the nonoperative side as result of rupture of a 
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pulmonary cyst or bulla if excessive airway pressures develop 
during mechanical (especially one-lung) ventilation. Inadver-
tent and unrecognized surgical entry into the pleura of the non-
operative side may cause pneumothorax, as may inadvertent 
lung puncture during placement of central venous catheters, 
or intrapleural catheters for postoperative analgesia.

Definitive treatment of a pneumothorax is placement of 
a chest tube, usually in the fourth or fifth intercostal space 
between the anterior and mid-axillary lines. In the case of ten-
sion pneumothorax, a needle thoracostomy is performed by 
placing a large-bore, i.e., 14 gauge, venous catheter above the 
third rib in the mid-clavicular line. This effectively converts 
the tension pneumothorax to a simple pneumothorax.

Persistent Air Leaks and Bronchopleural Fistula

Persistent air leaks are reported to occur in 4–20% of pulmo-
nary resections, prolonging and complicating the postopera-
tive course [90]. Bronchopleural fistula is associated with a 
large air leak from the lung and results from disruption of a 
bronchial stump or tracheobronchial anastomosis. The initial 
sign is often a dramatic increase in air leak noticed in the chest 
tube drainage chamber. If the air leak exceeds the capacity of 
the chest tube to evacuate the air, there will be a persistent 
pneumothorax. In large bronchopleural fistulas, respiratory 
insufficiency may ensue. Positive pressure ventilation poses 
a significant problem as the majority of tidal volume escapes 
into the pleural space and chest tube through the lower resis-
tance bronchopleural fistula. Pneumonectomy, residual tumor 
in the bronchial stump, hyperglycemia, hypoalbuminemia, 
postoperative mechanical ventilation, preoperative steroid use, 
COPD, and low predicted postoperative FEV

1
 have all been 

reported as risk factors for the development of bronchopleural 
fistulas [91].

Although definitive treatment of large leaks requires surgi-
cal correction, temporary ventilator management may include 
placement of a double-lumen endotracheal tube to allow dif-
ferential lung ventilation (see below). Alternatively, a bron-
chial blocker may be used on the affected side to limit flow to 
that side. Smaller air leaks may be treated with endobron-
chial substances or devices; a recent publication describes 40 
patients treated with endobronchial valves, placed via bron-
choscopy [92].

Aspiration of Gastric Contents

In the thoracic surgery population, the risk of aspiration of 
gastric contents is increased in patients presenting with 
esophageal disease. Intraoperative aspiration will lead to a 
pulmonary injury causing edema and inflammation, leading 
to hypoxemia. Aspiration pneumonitis is one of the causes of 
ARDS, the management of which is discussed later. Not well 
recognized is the risk of a relatively small-volume aspiration in 
patients extubated after more than 48 h after thoracic surgery 
in general, and in particular after lung transplantation [93]. 

In the latter population, a study utilizing fiberoptic endoscopy 
demonstrated aspiration in the majority of single- and double-
lung transplantation patients [94]. These patients should be 
evaluated for swallowing competence and risk of aspiration 
before oral intake is initiated postoperatively, and be watched 
closely for signs of aspiration.

Torsion of Residual Lobe

Torsion of a residual lobe of the lung around its bronchus may 
complicate lobectomy. The loss of lung tissue on the surgi-
cal side may allow abnormal movement of the residual lung 
tissue, most commonly the right middle lobe and the lingula. 
In addition to the intrapulmonary shunt that develops second-
ary to occlusion of the affected bronchus, blood supply to the 
affected lobe is compromised and can lead to infarction.

The diagnosis can be suspected by the onset of respiratory 
distress or failure in association with the appearance of a col-
lapsed or abnormal lobe on the chest radiograph, which does 
not respond to the usual therapies for atelectasis. The diagno-
sis can then be confirmed by bronchoscopy. Definitive therapy 
consists of surgical correction of the torsion, which should be 
performed urgently if infarction of the lobe is to be prevented.

Neurologic Injuries

While rare following thoracic surgery, neurologic injuries 
may occur which can lead to pulmonary insufficiency in the 
postoperative period. Damage to a phrenic nerve can occur 
following thoracotomy, especially if extensive dissection into 
the mediastinum is necessary to remove a tumor. Unilateral 
phrenic nerve palsy is usually tolerated by a patient with 
good pulmonary reserve. In a patient with baseline compro-
mised pulmonary status, such as advanced COPD, unilateral 
phrenic nerve paralysis will lead to difficulty in weaning from 
mechanical ventilation. Bilateral phrenic nerve paralysis will 
lead to pulmonary insufficiency in any patient. The diagno-
sis is suggested by elevated hemidiaphragm on postopera-
tive chest film. It can be confirmed by observing paradoxical 
motion of the affected hemidiaphragm under fluoroscopy.

Recurrent laryngeal nerve injury may be seen following 
extensive hilar lymph node dissection. The left recurrent 
laryngeal nerve is at greater risk of injury due to its more cau-
dal course. Unilateral injury is generally well tolerated but 
bilateral injury can cause significant stridor following extuba-
tion secondary to spasm of the vocal cord adductor muscles.

Mechanical Ventilation After  
Thoracic Surgery

Table 42.6 summarizes the common reasons to continue 
mechanical ventilation into the postoperative period after 
thoracic surgery. Many of these relative indications are 
common to major surgery of all types, and reflect planning 
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to “stabilize”  a patient after major stress. Preoperative and 
 intraoperative  discussion with the surgical team allow for 
appropriate arrangements to be made in advance regarding 
care in the “PACU” or ICU.

Two major issues in early postoperative mechanical ventila-
tion after thoracic surgery are (1) concern for bronchial anas-
tomoses after lung resection, and (2) leaving tracheal tubes 
that are designed for intraoperative lung isolation. Regarding 
bronchial anastomoses, there is always a concern that positive 
airway pressures may expose the patient to increased risk of 
bronchial anastomotic leaks or disruption. This must be bal-
anced with the need for oxygenation (which may require 
PEEP), and adequate minute ventilation for elimination of 
CO

2
. The clinical goal is to avoid elevated airway pressures by 

reducing the delivered tidal volume or by using pressure lim-
ited modes of ventilation where possible (see below). There 
are no publications defining the “safe” upper limit of positive 
airway pressure after lung resection; however, common sense 
dictates that lower airway pressures are safer.

Double-lumen or specialty tubes which incorporate a bron-
chial blocker have small inner diameters related to their outer 
diameter, making tracheal/airway toilet difficult and impos-
ing additional work of breathing when this is demanded of 
the patient. In addition, PACU and ICU nurses, and respira-
tory therapists are usually unfamiliar with such tubes. Unless 
there is a need to continue lung isolation postoperatively (e.g., 
persistent large air leak, draining infection) it is desirable to 
replace such specialty tubes with single-lumen tubes before 
leaving the operating room. In those patients with difficult air-
ways or those who have/are expected to have oral or airway 
edema, clinical judgment must be used; the above mentioned 
problems may be a necessary evil in the face of potential loss 
of the airway. While long tube exchanging devices for double 
lumen tubes are available (Fig. 42.4), use of these does not 
guarantee the ability to re-advance a single-lumen tube through 
a very edematous or difficult airway. It may be  prudent to plan 
to change the tube at a later time/date.

Preoperative Indications for Postoperative 
Mechanical Ventilation

Patients coming to the operating room already ventilated for 
any reason are unlikely to tolerate extubation immediately 
after their procedure. Withdrawal of mechanical ventilation 
should be done in a gradual, controlled manner, and the oper-
ating room is not a suitable place for this process. Patients with 
poor predicted postoperative FEV

1
 (less than 30% predicted) 

are at the highest risk for immediate postoperative respiratory 
failure (see Chap. 2). These patients may benefit from a staged 
withdrawal of mechanical ventilation while other physiology 
is assured to be optimal (cardiac, endocrine, renal) and nor-
mothermia and analgesia are achieved. Specific major proce-
dures that are usually associated with elective postoperative 
mechanical ventilation for at least 24 h include esophagectomy 
or esophagogastrectomy and thoracic or TAAA repair [95, 96]. 
Apart from the extent and duration of surgery, these latter pro-
cedures are associated with extended periods of one-lung venti-
lation, and the operative-side lung is often contused or partially 
atelectatic despite having been reinflated at the end of surgery. 
This leads to hypoxemia and increased work of breathing.

Intraoperative Indications for Postoperative 
Mechanical Ventilation

Unanticipated operative complications may lead to circum-
stances that are unfavorable to immediate postoperative 
extubation. Foremost among these indications are any com-
plications or conditions that lead to difficulty in obtaining 
adequate oxygenation or CO

2
 elimination intraoperatively. 

Other factors that need to be considered in relation to the list 
in Table 42.1 are: underlying comorbid conditions, age, and 
time of day (availability of experts in ventilator and airway 
management). A period of elective postoperative mechanical 
ventilation permits stabilization of organ systems (e.g., vol-
ume status, cardiac function, coagulation/hemostasis control) 
while oxygenation and ventilation are assured. Withdrawal of 
mechanical ventilation can be done in a staged and controlled 
manner without the pressure of time that exists in the operat-
ing room. The list of relative indications in Table 42.6 must be 
tempered with clinical judgment throughout and at the end of 
the procedure; continued discussion of the plan with the surgi-
cal team can facilitate a smooth transition from the operating 
room to the PACU or ICU.

Immediate Postoperative Indications  
for Mechanical Ventilation

As in any surgical patient, circumstances may arise or become 
evident at the end of thoracic surgery that prevent extubation. 
Foremost among these are inadequate neuromuscular function 
as assessed objectively by nerve stimulation or clinically by 
weakness, and inadequate spontaneous respirations (low rate in 
association with high end-tidal or arterial CO

2
  concentration). 

Table 42.6. Relative indications for mechanical ventilation after 
thoracic surgery.
Preoperative
 Preoperative mechanical ventilation
 Predicted low postoperative FEV1 (<30% predicted)
 Esophagogastrectomy or thoracoabdominal aneurysm repair
Intraoperative
 Prolonged intraoperative course
 Massive fluid administration or transfusion
 Hypothermia
 Cardiac failure
 Surgical complication
 Need for postoperative lung isolation (air leak, drainage)
 Need for postoperative chest wall immobilization/stabilization
Immediate postoperative
 Incomplete recovery of neuromuscular function
 Inadequate respiratory drive (excessive opioid administration)
 Requirement for 50% FiO

2

 Visible respiratory distress
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While these complications must be resolved before  extubation, 
of greater concern are problems with oxygenation (e.g., require-
ment of 50% FiO

2
 to achieve a SpO

2
 90%), ventilation 

(inadequate CO
2
 elimination despite tachypnea), and visible 

respiratory distress. Inadequate pain control may contribute to 
these findings; however, they may also represent a physiologic 
derangement likely to require more than a few minutes for res-
olution. Specific blood gas criteria or respiratory measures are 
frequently quoted as indicating a need for mechanical ventila-
tion; however, in the rapidly changing situation at the end of 
surgery it is difficult to apply such criteria. A clinical judgment 
must be made to assist or control ventilation for an additional 
period, usually requiring the patient also be (re)sedated. At this 
time a call to the PACU or ICU should be made with a request 
for a mechanical ventilator and sedative infusion(s). A chest 
radiograph and ABG analysis should be performed at the earli-
est opportunity.

In addition to permitting the administration of high, known 
concentrations of oxygen, positive pressure ventilation with 
PEEP via a tracheal tube assists oxygenation by opening/
expanding partially collapsed alveoli and perhaps opening 
some fully collapsed ones. PEEP improves oxygenation in 
pulmonary edema and acute lung injury (ALI) both by these 
mechanisms and by redistributing (but not reducing) lung water 
[97, 98]. Increasing the fraction of inspired oxygen (FiO

2
) will 

improve arterial oxygenation by increasing transport in those 
areas that are absorbing O

2
. True shunt will respond only to 

re-expansion of collapsed segments or reduction of the size of 
the shunt. This may require bronchoscopy and can be aided by 
PEEP. Thus, failure of oxygenation is treated with increasing 
the FiO

2
 and/or increasing the mean airway pressure.

Usually the work by the respiratory muscles to ventilate the 
lungs requires only a few percent of total body oxygen con-
sumption, but this may be several times higher in the postop-
erative patient, and higher still in acute respiratory failure [99]. 
Mechanical ventilation also takes over the work of breathing 
for the patient in distress and guarantees alveolar ventilation. 
Thus, mechanical ventilation with PEEP treats both compo-
nents of acute respiratory failure.

Ventilatory Modes

Modern mechanical ventilators used in critical care and now 
present on anesthesia machines are very sophisticated micro-
processor controlled devices that sense and interact with the 
patient (see Chap. 21). This is in stark contrast to the tradi-
tional anesthesia ventilator that has three controls: respira-
tory rate, tidal volume, and inspiratory flow rate delivering 
only volume-cycled, controlled mandatory ventilation (CMV). 
Modern ICU ventilators offer a variety of interactive modes, 
as well as pressure or volume cycled breaths. In addition, 
many devices administer noninvasive ventilation (NIV), using 
a specially designed facial or nasal mask (Fig. 42.5) to deliver 
either CPAP or “BIPAP” which is analogous to pressure sup-
port ventilation with PEEP.

Noninvasive Ventilation

As indicated previously, NIV is either CPAP, or Pressure- Support 
with PEEP (BIPAP) provided via a facemask rather than a tra-
cheal tube. We ventilate our lungs by drawing gas in with our 
respiratory muscles: during inspiration airway pressure (P

aw
) is 

negative with respect to the atmosphere, and during expiration 
P

aw
 is positive. Spontaneous breathing in this way, but at a posi-

tive. Spontaneous rather than atmospheric baseline pressure, is 
CPAP (Fig. 42.6). Strictly speaking, this is not a mode of ven-
tilation as there is no inspiratory assist. This mode of support 
is usually used to improve oxygenation in patients who do not 
have ventilatory failure, as it helps increase the FRC and reduces 
atelectasis. It may allow spontaneous breathing to occur at a more 
compliant part of the pressure:volume relationship of the thorax, 
reducing the work of breathing [100] (Fig. 42.7). CPAP can be 
provided by a continuous high flow circuit or can be delivered 
through a microprocessor-controlled ventilator that senses effort 
(airway pressure or flow) and responds accordingly. In the for-
mer case, the airway pressure varies slightly during the respira-
tory cycle; however, the high level of flow and built in reservoir 
prevent large swings in pressure. In the latter case, the flow is 
delivered in response to the sensor, attempting always to meet 
the patient’s demands and to achieve the preset level of CPAP.

An enhancement of CPAP is BIPAP, which provides 
inspiratory assistance. This mode of NIV can be used in the 
treatment of acute respiratory failure as well the treatment 
of hypoxemia. It has been shown to prevent intubation in 
several medical and surgical populations including thoracic 
surgery [101]. Several postoperative studies of CPAP and 
BIPAP have demonstrated benefit and no harm. Squadrone 
et al. performed a large  multicenter trial on patients who had 
undergone upper abdominal surgery. Patients with a PaO

2
/

Fig. 42.5. Full facemask used to provide CPAP or BIPAP (Respiron-
ics/Philips). An air-filled sealing rim provides an occlusive seal 
around the mouth and nose, with head straps to keep the mask in 
place as well as provide adequate pressure for the level of CPAP/
BIPAP applied. Nasal masks are also available.
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FiO
2
 ration <300 mmHg were randomized to receive CPAP 

with an FiO
2
 of 0.5 vs. a facemask with FiO

2
 of 0.5. Patients 

receiving CPAP had a lower incidence of reintubation and 
pneumonia [102]. Another study by Kindgen-Milles looked 
at postextubation CPAP in patients who underwent open tho-
racoabdominal aneurysm repair. The patients who received 
CPAP postextubation had better oxygenation, fewer pul-
monary complications, and shorter hospital stay compared 
to the controls [103]. In a report of 690 patients undergoing 
lung resection, Lefebvre et al. reported a 16% incidence of 
respiratory failure, 85% of whom were successfully man-
aged with NIV alone [104]. Perrin et al. used NIV pre and 
postoperatively and demonstrated a reduction in pulmonary 
complications after lung resection, Rocco et al. prevented 
reintubation in 18/21 patients with respiratory failure after 
lung transplantation, and Michelet et al. showed similar 
benefits in patients who developed respiratory failure after 
esophagectomy [105–107].

It is clear that use of CPAP and BIPAP can both prevent 
and treat respiratory failure after surgery, can avoid the need 
for intubation, reduce respiratory complications, and decrease 
length of stay. Surgical concerns for both esophageal and air-
way anastomoses can be allayed by evidence showing both 
safety and efficacy, however there are limitations to NIV. It is 
not appropriate for patients who cannot cooperate or for those 
with excessive secretions, hemoptysis, or vomiting. Table 42.7 
lists contraindications [101]. Success requires patience and 
expertise on the part of the respiratory therapist, and usually 
slows incremental increases in both inspiratory and expiratory 
pressures. The presence of a nasogastric tube may introduce 

Fig. 42.6. Airway pressure and gas flow during a spontaneous breath 
through a CPAP mask/circuit: The pressures and flows mirror those 
for a spontaneous breath (dashed line), but the baseline pressure is 
elevated. P

aw
, airway pressure.

Fig. 42.7. Pressure-volume loops illustrated at two different lung 
 volumes, representing tidal volume at reduced lung volume and FRC 
as might occur with postoperative atelectasis (A) and the same tidal 
volume at normal lung volume and FRC (B). The solid sigmoidal line 
is the elastic pressure-volume curve for the lung and chest wall. Appli-
cation of CPAP can re-open atelectatic portions of the lung, move tidal 
breathing up the pressure volume relationship of the lung and chest 
wall from A to B, both improving gas exchange and reducing the work 
of breathing (transpulmonary pressure required to generate same tidal 
volume) (reprinted with permission from Katz and Marks [100]).

Table 42.7. Noninvasive ventilation (NIV) after thoracic surgery.
Possible indications

Prevention of pulmonary dysfunction after lung resection –
Treatment of respiratory failure (short term) after lung resection and  –
lung transplant

Contraindications
 CNS

Decreased level of consciousness –
Severe agitation or encephalopathy –
Uncooperative patient –
Inability to protect airway –

 Cardiorespiratory
Cardiac or respiratory arrest –
Cardiac instability –
Severe respiratory failure –
Copious secretions or hemoptysis –

 Gastrointestinal
Vomiting/gastric distension –
Upper GI bleeding –

 Other
Facial trauma or other condition preventing facemask application –
Multiple organ failure –
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a leak which cannot be managed, and peak airway pressures 
(i.e., actual pressure during inspiration) should never exceed 
25 cm H

2
O. CPAP or BIPAP are not long-term ventilatory 

modes; if the patient is not clearly improving over a period of 
1–2 days then a move to tracheal intubation or tracheotomy 
should be considered.

Lung Protective Ventilation

The principles of “lung protective ventilation” discussed in 
Chap. 21 should be adhered to when a decision is made to 
continue or initiate mechanical ventilation in the postopera-
tive period. If the patient is an appropriate candidate, NIV 
as described earlier should be seriously considered when 
a patient who has already been extubated requires oxygen-
ation and/or ventilation assistance beyond what can be 
offered through facemask oxygen. If mechanical ventilation 
must be provided through a tracheal tube, appropriate levels 
of inspiratory pressure and PEEP should be selected. While 
many strong opinions exist regarding specific modes of ven-
tilation, the ARDSnet trial (referred to below) demonstrated 
an outcome benefit in ARDS simply employing tidal volumes 
of 5–8 mL/kg of predicted body weight using assist-control 
(volume cycled) ventilation and appropriate levels of PEEP. 
Either pressure or volume modes can be employed so long 
as delivered tidal volumes are in this range, and airway pres-
sures are not excessive. Pressure modes have the advantage 
of achieving a similar tidal volume with lower peak airway 
pressure; however, this has not been shown to translate into 
an outcome benefit. Table 42.8 summarizes the principles of 
lung-protective ventilation.

The many possible causes of postoperative respiratory fail-
ure have been discussed earlier. In some circumstances, these 
inciting and predisposing factors can be resolved or compen-
sated for by the patient in the first hours or day after surgery, 
as the acute stress of surgery subsides and effective analge-
sic techniques are in place. Mechanical ventilation can then 

be withdrawn rapidly and uneventfully. In other patients the 
interaction of preexisting functional and pulmonary status, 
surgical stress, and postoperative complications described 
previously may lead to a more prolonged need for ventilatory 
assistance. In a small percentage of patients, ALI or ARDS 
may occur.

Acute Lung Injury and Acute Respiratory 
Distress Syndrome

As defined by the American-European consensus conference 
on ARDS, ALI is “a syndrome of inflammation and increased 
permeability that is associated with a constellation of clini-
cal, radiologic, and physiologic abnormalities that cannot be 
explained by, but may coexist with, left atrial or pulmonary 
capillary hypertension.” ARDS is reserved for the “most 
severe end of this spectrum” as indicated in Table 42.9 [108].

ALI or ARDS can be induced by direct insults to the lung 
such as aspiration of gastric contents, pulmonary infection, 
or contusion, but is more commonly associated with indirect 
causes such as sepsis syndrome and severe trauma, pancrea-
titis, or massive transfusion. The latter causes are typically 
referred to as “extrapulmonary.” Mortality implications are 
similar with direct pulmonary injury or extrapulmonary 
causes [109, 110]. It is uncommon to see the diffuse infiltrates 
that characterize ALI and ARDS immediately after surgery; 
such a finding on the postoperative radiograph is more likely 
to represent hydrostatic edema due to fluid overload or left-
sided cardiac failure. Hydrostatic pulmonary edema may be 
radiographically indistinguishable from ALI and ARDS, at 
least in the early stages.

Direct injury to the lung as a result of surgery or indirect 
effects from other organ system dysfunctions, trauma of sur-
gery, or multiple transfusions may initiate the pathophysiol-
ogy leading to ALI and ARDS in thoracic surgery patients. 
In a 6-year review (1991–1997) of all pulmonary resections 
done at the Royal Brompton Hospital in London, England, 
the combined incidence of ALI and ARDS was 3.9%. The 
overall mortality from ARDS is approximately 50%, although 
recent data suggests a decline over the last 10 years; in the 
review from the Royal Brompton Hospital ALI/ARDS was 
associated with 72.5% of the mortality [111]. Patients with 
the syndrome typically go on to have other organ dysfunc-
tions, developing the multiple organ dysfunction syndrome 

Table 42.8. Principles of “lung protective” ventilation.

Ventilator mode
Volume assist-control most often 
reported

Tidal volume (mL/kg of predicted 
body weight)

5–7 (lower is better)

Plateau pressure (cm of water) 30
Ratio of duration of inspiration to 

expiration
1:1–1:3

Ventilator rate (breaths/min) Set to achieve pH > 7.3
Bicarbonate infusion As needed if pH goal cannot be 

achieved
Oxygenation goal PaO

2
 >55 mmHg or SpO

2
 >88%

PEEP As needed to achieve oxygen-
ation goal (titrated upwards 
with FiO

2
)a

a See ref. [122] for protocol describing incremental adjustments of FiO2 and 
PEEP

Table 42.9. Definition of ARDS and ALI.
Acute onset clinical syndrome of hypoxemia as follows
ARDS PaO

2
/FiO

2
 300 mmHg regardless of PEEP

Bilateral patchy infiltrates on chest radiograph
No evidence nor suspicion of left heart failure

ALI PaO
2
/FiO

2
 200 mmHg regardless of PEEP

Bilateral patchy infiltrates on chest radiograph
No evidence nor suspicion of left heart failure
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or “MODS” [112]. In fact, most patients who succumb do so 
of nonrespiratory organ failures [113]. The MODS syndrome 
occurs in approximately 15% of ICU patients and is respon-
sible for 80% of ICU deaths [114]. Rather than the severity 
of gas exchange abnormality in ARDS, other patient-specific 
factors such as preexisting organ system dysfunction, increas-
ing age, and the presence of sepsis that are more predictive of 
mortality. As more systems become involved in the MODS, 
mortality increases exponentially. Patients who survive ARDS 
are likely to have relatively intact pulmonary function within 
6–12 months, although health-related quality of life is reduced 
[115]. If the lung injury in ARDS does not resolve in 7–10 
days, it may progress to fibrosis, and finally to obliteration 
of the pulmonary capillary bed with pulmonary hypertension.

Therapy of ALI and ARDS

Despite more than 30 years of research into causes and treat-
ment of ALI and ARDS, it remains a clinical syndrome with 
elusive etiology. A great deal of progress has been made in 
understanding the pathophysiology; however, the earliest 
events which trigger the inflammation and damage of lung 
tissue continue to be explored. Therapy targeting these early 
events, and pharmacotherapy in general, has been disappoint-
ing. A variety of pharmacological agents including prostaglan-
dins, surfactant, inhaled nitric oxide (NO), and corticosteroids 
have failed to demonstrate an outcome benefit [116–119]. 
Current treatment of ARDS is therefore “supportive,” attempt-
ing to provide vital organ support without further damaging 
the lungs and providing an environment for healing. As a 
pulmonary dilator, inhaled NO can reduce pulmonary artery 
pressure without causing systemic hypotension, and improves 
oxygenation by augmenting blood flow to ventilated alveoli, 
but these benefits have failed to improve survival.

Mechanical Ventilation with PEEP

Perhaps one of the most surprising outcomes of the intense 
research into ARDS has been the gradual realization that the 
mainstay of therapy itself – mechanical ventilation – could 
worsen, and even in some animal models actually cause, lung 
injury. More than 25 years ago, ventilation with high volumes 
and pressures was shown to cause pulmonary edema in ani-
mal models [120]. Further studies documented such injury in 
a variety of animal models and settings, and in particular the 
worsening of existing injury with high volumes. Inflammatory 
markers are elevated when high volumes are used to ventilate 
patients with ARDS, and survival from the syndrome can be 
improved by using small (6–8 vs. 10–12 mL/kg) tidal volumes 
[121]. The “ARDSnet” trial funded by the National Heart, 
Lung and Blood Institute in the United States, and performed 
by the “ARDS network” of institutions, documented a mortal-
ity reduction from almost 40 to 31% by simply using a smaller 
tidal volume to achieve a “plateau pressure” of 30 cm H

2
O, 

in association with a protocolized strategy for FiO
2
, PEEP, and 

management of acid–base disorders [122]. This approach to 
ventilation has been termed “lung protective.” An overview of 
the protocol is given in Table 42.8 and can be found at http://
www.ardsnet.org [122]. Evidence from this trial, other clini-
cal and laboratory studies, and now a number of perioperative 
studies as described in Chap. 21 have resulted in a general 
move to the use of smaller tidal volumes in all ventilated 
patients, both in the OR and the ICU.

Collapse and re-expansion of alveoli with each respiratory 
cycle can cause injury, and this can be reduced or prevented 
by adequate levels of PEEP [123]. Determining the optimal 
level of PEEP has concerned clinicians for more than 25 years 
and continues to be a dilemma. In 1975, Suter et al. coined 
the phrase “best PEEP” in relating the PEEP level to oxygen 
delivery to the tissues (Fig. 42.8) [124]. These investigators 
found that although increasing levels of PEEP usually resulted 
in better oxygenation of the arterial blood, as the intrathoracic 
pressure rose above a certain level the cardiac output and 
hence oxygen delivery declined. In recent years, while taking 

Fig. 42.8. Illustration of how the level of PEEP associated with the 
best oxygen (O

2
) transport (“best PEEP”) may not be the level asso-

ciated with the highest arterial pO
2
 or lowest shunt fraction (Q

S
/Q

T
). 

As the PEEP is increased above the “best” level (different in different 
patients), O

2
 transport decreases as a result of decreased preload and 

cardiac output (reprinted with permission from Suter et al. [124]).
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this latter concept into consideration, there has been a greater 
interest in finding the level of PEEP that keeps the most 
alveoli open, ventilating only on the compliant portion of the 
pressure–volume relationship of the lung. The theoretical goal 
is to use adequate PEEP such that ventilation occurs above 
the “lower inflection point” (LIP) of the pressure–volume 
relationship as shown in Fig. 42.9, using a tidal volume that 
is below the upper inflection point [125]. This requires some 
measure of the pressure–volume relationship which may not 
always be possible. In a follow-up study to the ARDSnet trial, 
a randomized trial of lower vs. higher PEEP was performed. 
In this study the PEEP was increased more rapidly in the high 
PEEP group, usually exceeding 12 cm H

2
O and there was no 

influence in outcome [126]. A more recent meta-analysis sug-
gests that higher PEEP (>10 cm H

2
O) may provide a small 

benefit, especially when lung injury is more severe – ARDS 
vs. ALI [127]. It may be that higher levels are most useful 
in patients where there is a clear beneficial effect in terms of 
improved oxygenation and compliance.

As the practice of using reduced tidal volumes has increased, 
two clinical problems have become apparent. The first is the 
need for high respiratory rates to achieve normal arterial CO

2
 

levels, and sometimes failing to achieve the latter. The phrase 
“permissive hypercapnia” has been coined, meaning that a 
higher than normal CO

2
 level is tolerated in order to protect 

the lung from high tidal volume ventilation [128]. Either the 
respiratory acidosis is tolerated or a bicarbonate infusion can 
be used to restore the pH towards normal. In the ARDSnet 
trial, a pH of 7.30 was tolerated; in other studies even lower 

levels have been accepted. The second problem is that despite 
relatively high PEEP levels, the use of small tidal volumes 
may result in gradual collapse of alveoli and worsened oxy-
genation. This has led to the investigation of “recruitment” 
maneuvers such as intermittent application of high levels of 
airway pressure, analogous to the old concept of sighs. Recent 
work suggests that such recruitment maneuvers can improve 
oxygenation in ARDS but there are no studies which address 
an outcome benefit [129].

Positive intrathoracic pressure may have an impact on car-
diac performance. With relatively compliant lungs, positive 
pressure created by the ventilator is transmitted to the entire 
thoracic cavity and may affect the preload and afterload to the 
heart. If cardiac function is normal, the predominant effect is a 
reduction in venous return leading to a decrease in cardiac out-
put. As indicated earlier, this is illustrated in Fig. 42.8 where 
the “best PEEP” was the level at which the increase in oxy-
genation of the blood was not offset by a reduction in cardiac 
output [124]. Where there is left ventricular dysfunction and 
elevated filling pressure, the reduction in preload may reduce 
ventricular distension and improve cardiac performance. In 
addition, making the intrathoracic cavity positive with respect 
to the rest of the body reduces the afterload to the left ventricle 
(Fig. 42.10) [130].

Right ventricular function may be adversely affected by 
high levels of PEEP (e.g., >10 cm H

2
O). The right ventricle 

is a thin-walled cavity that normally generates relatively low 
pressures (e.g., 25 mm Hg systolic). High levels of PEEP 
required to oxygenate the blood may increase the impedance 
to right ventricular ejection, causing right ventricular dila-
tation and a decrease in contractility [131]. In patients who 
have undergone pulmonary resection, in particular pneumo-
nectomy, the right ventricle is already “stressed” by needing 
to pump the normal cardiac output through a reduced pul-
monary vascular tree. Overdistension of the right ventricle 
may distort the interventricular septum, interfering with left 
ventricular filling [132]. Echocardiographic assessment of 
 ventricular function, pulmonary artery catheterization, or car-
diac output measurement by “stand alone” devices may be 
useful to determine the effect of mechanical ventilation on 
cardiac performance.

Another undesirable feature of positive pressure ventilation 
is the creation or worsening of “autoPEEP,” where partially 
obstructed airways prevent complete emptying of the alveoli 
during expiration. This results in continued gas flow and air-
way pressure above baseline (i.e., atmospheric or whatever 
level of PEEP is applied) at the end of expiration. Application 
of additional PEEP can “match” the autoPEEP and reduce 
the patient effort required to initiate a spontaneous breath or 
trigger a machine breath. If, however, a rapid respiratory rate 
is set on the ventilator and/or lung pathology causes reduced 
expiratory flow rates not permitting the lung to fully empty 
with expiration, autoPEEP is worsened with positive pressure 
ventilation.

Fig. 42.9. A pressure–volume curve of the respiratory system in a 
patient with ARDS. Ideally ventilation should occur at a lung volume 
represented by the middle section of the curve where the lung is most 
compliant. If ventilation occurs at a lung volume overlapping either 
the LIP or upper inflection point (UIP), ventilator-induced trauma 
may occur. In the former case this is due to repeated opening and 
closing of alveoli due to inadequate level of PEEP; in the latter it is 
overdistending of already fully inflated alveoli (reprinted with per-
mission from Roupie et al. [125]).
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Prone Position

In 1974, Bryan proposed that during mechanical ventilation 
the dorsal regions of the lung would receive improved ventila-
tion in the prone position [133]. Since that time a variety of 
publications have demonstrated his theory correct. Both ani-
mal and human studies have demonstrated improved matching 
of ventilation to perfusion, as well as overall better distribution 
of blood flow and transpleural pressures gradients [134, 135]. 
An elegant study demonstrated the dramatic effects of prone 
positioning on regional lung density with serial CT scanning 
[136]. While the majority of studies of the prone position in 
the setting of ALI and ARDS have demonstrated an improve-
ment in oxygenation, outcome studies have been inconclusive 
or disappointing. A recent meta-analysis reached this same 
conclusion: improved oxygenation but no effect on survival, 
and there was a reduction in ventilator-associated pneumonia 
[137]. Use of the prone position in a critically ill patient can 
be a challenge to the clinical staff.

Alternate Modes of Ventilation

A variety of modes of ventilation including inverse ratio 
(where inspiration is longer than expiration), airway pres-
sure release ventilation (APRV, spontaneous breathing at high 
airway pressure, with intermittent release), high frequency 
oscillatory ventilation (HFOV, very small tidal volume and 
high frequency), and high frequency percussive ventilation 
(HFPV, high frequency “stacking” breaths resulting in lower 
frequency convective breaths) have been described and eval-
uated in small clinical studies. Inverse ratio ventilation and 
APRV are modes available on commercial ventilators; HFOV 
and HFPV require specialized ventilators. All of these modes 
have been used to improve oxygenation and/or ventilation; 

however, there is a paucity of outcome studies [138]. There 
is some suggestion that early use of HFOV, for example, may 
provide a benefit in ALI/ARDS; however, these modes are 
generally “end of the road” strategies when conventional ven-
tilatory modes have failed.

Extracorporeal Membrane Oxygenation (ECMO)

Recent experience with ECMO in adults, as reported by the 
Extracorporeal Life Support Organization (ELSO), is likely to 
result in a renewed interest in this mode of therapy for ARDS. 
In their 2008 report, survival to hospital discharge or transfer in 
adults where ECMO was initiated for respiratory failure, was 
an impressive 51% [139]. The majority of these patients had 
ARDS. Similarly, in a report of 22 patients receiving ECMO 
for primary graft dysfunction after lung transplantation, the 
survival was 54% at 1 year [140]. Patients with a potentially 
reversible cause of respiratory failure and a PaO

2
 to FiO

2
 ratio 

of <100 should be referred to an ECMO center, and when this 
ratio drops below 70 this should be considered an indication 
to institute the therapy [141]. Other than lung transplantation 
there is little published experience in postoperative thoracic 
surgery patients. ECMO is discussed in detail in Chap. 43.

Complications of Mechanical Ventilation

Trauma to the Lungs or Tracheobronchial Tree

Damage to the lung parenchyma as a consequence of mechani-
cal ventilation is discussed earlier. In thoracic surgery patients, 
the potential risk of suture line or bronchial stump disruption 
as a result of positive airway pressure has also been referred to. 
Suture line disruption can cause catastrophic  pneumothorax 
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Fig. 42.10. Diagrammatic representation of the effects of respiratory induced changes in pleural pressure on right ventricular inflow and left ventricu-
lar outflow. At end-expiration (a) the venous reservoir empties at normal pressure into the heart which generates normal systemic pressure. With deep 
inspiration (b) venous inflow is augmented because the intrathoracic pressure (location of the heart) is made negative; at the same time the heart must 
generate a higher pressure to achieve a normal systemic pressure outside of the thorax. During expiration (c) venous inflow is reduced at the same 
time as left ventricular afterload is reduced. This illustrates the mechanism of the beneficial effects of positive intrathoracic pressure (positive pressure 
ventilation, PEEP) in patients with heart failure.
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or respiratory failure, or may result in chronic air leak, 
 bronchopleural fistula, and infection. Avoidance of intubation 
and positive pressure ventilation are certainly desirable, but 
not always possible. As discussed earlier, use of pressure-lim-
ited modes of ventilation, and use of small tidal volumes if vol-
ume-controlled modes are used may help avoid high pressures. 
Auriant et al. suggested that NIV could reduce the mortality in 
acute respiratory failure after pneumonectomy [142].

Ventilator-Associated Pneumonia

One of the most serious complications associated with 
mechanical ventilation is pneumonia. Ventilator-associated 
pneumonia (VAP) is defined as pneumonia developing >48 h 
after initiating mechanical ventilation with absence prior to 
intubation. The reported incidence varies from 8 to 28% of 
patients receiving mechanical ventilation for more than 48 h, 
which is approximately 3–10-fold the incidence of pneumo-
nia in nonintubated hospitalized patients [143–146]. Current 
reporting techniques use the relationship between number of 
ventilator days and incidence of pneumonia, with surgical 
units experiencing 9–10 pneumonias per 1,000 ventilator days 
[147]. The mortality is reported from 24 to 50%, and can be up 
to 76% in specific settings with high-risk pathogens. Resistant 
organisms comprise an ever increasing proportion of hospital 
acquired infections, including VAP [148].

Diagnosis

VAP should be suspected when there is a new or changing infil-
trate on chest X-ray, and at least two of: abnormal temperature 
(>38°C or <36°C), abnormal white blood cell count (>10,000, 
<4,000, or with >10% immature cells), and purulent sputum. 
Bronchoalveolar lavage or protected specimen brush by FOB 
can be used to obtain a culture sample to more positively 
identify the pathogenic organism. However, a randomized 
study in 740 patients failed to demonstrate improved outcome 
if bronchoscopic sampling rather than simple tracheal tube 
suction was the initial culture technique [149]. Most impor-
tant is the early initiation of appropriate institution-based 
empiric broad-spectrum antibiotics, as failure to adequately 
treat from the earliest possible opportunity is associated with 
worsened outcome. The presence of resistant organisms in the 
institution or specific ICU determines which agents should be 
chosen at the outset.

Prevention

Prevention of VAP is a priority in modern intensive care. This 
has given rise to the concept of the ventilator or VAP “bun-
dle” – a variety of care processes either known or believed 
to reduce the risk of acquiring VAP [150]. These measures 
include elevation of the head of the bed to 30° to reduce aspi-
ration risk, oral rinse with antiseptic solution to reduce bacte-
rial load, daily withdrawal of sedation, and daily spontaneous 

breathing trials (SBTs) to facilitate removal of the tracheal 
tube. Prophylaxis for stress ulceration and deep venous throm-
bosis are often included in the “bundle.” Continuous aspira-
tion of subglottic secretions (CASS) has been evaluated with 
the goal of preventing aspiration. CASS requires a specialized 
ETT with a second lumen allowing a suction catheter proxi-
mal to the endotracheal tube cuff. Bouza et al. were able to 
demonstrate a reduction in VAP in patients treated with CASS 
[151]. Coating an endotracheal tube with silver has also been 
investigated and is theoretically attractive because of silver’s 
broad-spectrum antimicrobial activity. A recent investigation 
by Kollef et al. with silver coated endotracheal tubes was able 
to demonstrate a reduction in the incidence of VAP [152].

Withdrawal of Mechanical Ventilation

Many factors play into the decision to withdraw ventilatory 
support, the first being adequate control or resolution of the 
condition which lead to the need for ventilation. In the postop-
erative thoracic surgery patient, this may simply be correction 
of acute issues such as pain control, fluid status, and tempera-
ture. If gas exchange has been the principal issue, then ability of 
the patient to achieve acceptable pH, pCO

2
 and pO

2
, or satura-

tion must be assessed. In general, the need for positive pressure 
ventilation with more than 50% oxygen and/or 5–8 cm H

2
O of 

PEEP to obtain a pO
2
 of 60 mmHg or saturation of >90% sug-

gests that oxygenation will not be adequate without ventilatory 
support. Similarly, elevated pCO

2
 in association with decreased 

pH suggests either oversedation or inadequate ventilatory 
capacity. Medical problems that may contribute to respiratory 
failure (e.g., heart failure) should be stable or controlled, and 
the patient should be responsive and able to clear secretions. 
Requirement for frequent (e.g., more than every 2 h) suction-
ing, fever, or significant inotropic or vasopressor therapy all 
suggest the patient may not be ready for withdrawal of respira-
tory support. Once these considerations have been addressed, a 
“physiological” assessment needs to be performed to see if the 
patient is able to breathe spontaneously without distress. The 
most common of these is the “rapid shallow breathing index” 
where the patient is allowed to breathe without support for a 
few minutes, and the index is computed by dividing the breath-
ing frequency by the tidal volume. An index of >100 strongly 
predicts failure of a longer duration SBT; a value of less than 
this does not necessarily predict success [153].

Analogous to the startling revelation that a relatively mod-
est change in ventilator management (reduced tidal volume 
with adequate PEEP) leads to improved survival in ARDS, 
performing a 30–120 min SBT on appropriate patients 
through a “T-piece” or with low-level CPAP and/or pressure 
support identifies a large number of patients who are ready 
to be extubated. Two large trials indicated that clinicians did 
not recognize that discontinuing support would be possible in 
more than two thirds of the patients who were successfully 
identified with a SBT [154, 155]. These studies found that 
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a SBT reduced the duration of mechanical ventilation when 
compared to other techniques such as gradual withdrawal of 
IMV or pressure support. The report of a consensus meeting 
suggested that a 30–120 min SBT is the “major diagnostic test 
to determine whether patients can be successfully extubated” 
[156]. Psychological support, encouragement, and physical 
presence of a caregiver at the bedside for at least the early part 
of the trial are essential. Criteria for performing an SBT are 
summarized in Table 42.10.

SBTs also identify patients who are not ready for withdrawal 
of ventilator support; Table 42.10 lists criteria for failure of a 
SBT. Of those patients who fail an initial trial, most will even-
tually succeed in the following week. A daily SBT identifies 
these patients. There will be a small percentage of patients 
who require prolonged care and possibly require transfer to 
a “weaning facility” or “long-term acute care” (LTAC) facil-
ity. When a patient fails a SBT, the reasons for failure need 
to be carefully examined. They may include inadequate reso-
lution of the primary or underlying problem, weakness (e.g., 
nutritional depletion), or inadequate recovery from sedation 
to name a few. Between SBTs, patients should be supported 
with a mode of ventilation which requires spontaneous but 
nonfatiguing efforts by the patient as atrophy and weakness of 
respiratory muscles develops within less than 24 h of complete 

ventilatory rest [157]. Malnutrition is increasingly recognized 
as a contributor to weakness in ventilated patients, and some 
form of nutrition needs to be addressed in the patient who 
requires mechanical ventilation for more than a few days.

Daily interruptions of sedative infusions decrease the dura-
tion of mechanical ventilation [158]. This is best accomplished 
by use of a sedation protocol, which has also been shown to 
reduce the duration of mechanical ventilation [159–161]. 
A significant issue in the ventilated patient is delirium, which 
is multifactorial (e.g., pain, sleep deprivation, polypharmacy) 
and may be associated more with benzodiazepines than other 
sedative drugs. When it occurs, delirium is associated with 
significantly worsened outcome [162].

Extubation

Separate from weaning and the requirement for ventilatory 
assistance, readiness for extubation requires its own assess-
ment. The patient must be awake and cooperative, able to 
cough and clear secretions, and the airway must be patent. In 
a study by Khamiees et al., poor cough strength and increased 
amounts of respiratory secretions were synergistic in predict-
ing extubation failure [163]. While there is no perfect way of 
assessing airway patency, a “cuff leak” test can be performed 
in a subjective or objective manner. For the former, the clini-
cian simply deflates the cuff on the tube and listens for audible 
air leak during either spontaneous breathing or with positive 
pressure ventilation. Absence of an audible leak suggests 
airway edema and the potential for postextubation obstruc-
tion. This is more likely with prolonged intubation, trauma, 
obesity, or female gender [164]. The test can be quantified 
by measuring the volume lost during volume-controlled ven-
tilation although another group of investigators did not find 
the test useful in surgical patients [165, 166]. If a cuff test of 
any kind suggests minimal or absent air leak, but a decision is 
made to proceed with extubation, a “tube changer” should be 
used to allow urgent reintubation.

Tracheostomy

When the period of mechanical ventilation is likely to be more 
than 7–10 days, there are several reasons why tracheotomy 
is a favored approach. First and possibly most important, it 
allows for a greater degree of comfort by removing the tran-
soral or transnasal tube and associated holding device or tape. 
This alone can result in a reduced need for sedation. By intro-
ducing a permanent path into the airway, the need for physical 
restraint is reduced and the patient can be mobilized (e.g., to 
a chair) with less risk and greater ease. The patient may be 
able to swallow liquid or solid food at an earlier stage, and 
may be able to speak during periods when there are off the 
ventilator (with the use of a one-way “Passey-Muir” valve). 
Replacement of the relatively long transoral or transnasal tube 
with a much shorter tracheotomy tube reduces the imposed 
airways resistance and facilitates removal of secretions [167]. 

Table 42.10. The spontaneous breathing trial.
Indication Daily assessment of readiness to separate from 

mechanical ventilation
Criteria to perform – At least partial resolution of underlying 

condition(s) leading to respiratory failure
– Conventional ventilation mode (volume or 

pressure)
– Absence of respiratory distress
– Sedation infusions withdrawn (daily with-

drawal) and patient responsive
– No CNS contraindications (e.g., elevated 

intracranial pressure)
– SpO

2
 88% with FiO

2
 0.5 and PEEP 8

– Minimal cardiovascular support (e.g., ino-
tropes/pressors) not increasing

– Rapid shallow breathing index (RSBI) <100a 
in first minutes of trial

Criteria for failure Clinical
– Change in mental status, usually agitation/

anxiety
– Visible distress such as diaphoresis, increas-

ing effort

Objective
– Decreasing SpO

2
 (below 88%) or increasing 

end-tidal CO
2

– Increasing tachypnea (>35 breaths/min)
– Increasing tachycardia (>140/min) or other 

dysrhythmia, and/or hypertension
– RSBIa increasing to >100
– Blood gas if drawn with SaO

2
 <88%; P

a
CO

2
 

>10 mm above baseline, and pH < 7.32
aRespiratory rate (breaths/min) divided by tidal volume (in liters), with no 
support or 5 cm pressure support/5 cm PEEP
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In patients projected to need ventilation >2 weeks, Rumbak 
et al. demonstrated early tracheostomy resulted in lower mor-
tality, fewer cases of VAP, fewer accidental extubations, and 
less time spent on mechanical ventilation than a late tracheo-
stomy strategy [168]. A recent study failed to demonstrate a 
benefit in terms of VAP with early tracheotomy performed 
at 6–8 days vs. later tracheotomy at 13–15 days, but other 
trials have failed to demonstrate a benefit in terms of speed 
of weaning [169]. In the thoracic surgery patient, the surgeon 
may prefer to perform his/her own surgical tracheotomy in the 
operating room; however, there are now many studies attest-
ing to the safety and cost savings of bedside percutaneous tra-
cheotomy [170, 171]. In many of these studies, intensivists 
performed the tracheotomy in medical ICUs.

Clinical Case Discussion

A 65-year-old male is in the PACU after undergoing open right 
upper lobectomy for squamous cell carcinoma. He has a long 
history of smoking, and his preoperative room air saturation 
was 91%. He is tachypneic, slightly lethargic, and complain-
ing of pain; his peripheral saturation reading is 88% and he is 
receiving 100% oxygen by facemask. His blood pressure is 
160/100 and heart rate 105/min.

Questions

What are the likely diagnoses?
Which (if any) diagnostic tests should be obtained?
Which treatment modalities should be employed, and in 
what order?

Answers

Residual neuromuscular blockade, pain with splinting and 
resultant low tidal volume, and mechanical complications 
such as pneumothorax or lobar atelectasis are all possi-
bilities, alone or in combination. Pulmonary edema as a 
result of cardiac disease and/or volume overload is also 
possible.
Assessment of neuromuscular function clinically or with 
“train-of-four” should be made. The lungs should be aus-
cultated and a portable chest radiograph should be obtained 
to determine if edema or a mechanical problem is present. 
An ABG should be obtained to determine pCO

2
 and pH.

Application of CPAP or BIPAP may acutely relieve respi-
ratory distress and improve oxygenation if the patient is 
cooperative. An inhaled bronchodilator may be indicated if 
the patient is known to have a response and/or if rhonchi or 
wheezing are audible. Treatment of pain may be important, 
but may also reduce respiratory drive. Appropriate inter-
vention should be made for a mechanical problem.

The chest radiograph demonstrates partial collapse of the 
right lower lobe, and the patient becomes agitated with the 

application of BIPAP. The blood pressure is now 180/110, and 
the saturation remains between 85 and 90%. The ABG shows 
a pO

2
 of 55 mmHg, pCO

2
 of 60 mmHg, and pH of 7.25.

Question

What should be done now?

Answer

The blood gas confirms a diagnosis of respiratory failure 
of both oxygenation and ventilation. Lobar atelectasis may 
be resolved with vigorous coughing and “physiotherapy” 
maneuvers such as percussion, postural drainage, and posi-
tive pressure breathing; however, in this acute setting of an 
agitated patient unable to tolerate positive pressure, most 
likely intubation is required. In addition, early postopera-
tive lobar atelectasis may be due to retained secretions and 
is an indication for FOB. In this patient, bronchoscopy will 
require intubation.

The patient is intubated uneventfully and bronchoscopy is 
performed where significant tenacious secretions are aspirated 
from the right bronchus intermedius. The arterial saturation 
rises to 95% on 100% FiO

2
.

Questions

What ventilator settings should be used?
Should the patient be prepared for extubation?
Should broad spectrum antibiotics be employed?

Answers

This patient is at risk for ventilator-induced lung injury 
due to underlying disease, pulmonary surgery, and now 
a postoperative pulmonary complication (see Chap. 21). 
He should be managed with a lung-protective strategy 
which includes appropriate PEEP (usually 5–10 cm 
H

2
O) and a tidal volume of 5–7 mL/kg of predicted body 

weight. The goal is a “plateau” pressure of 30 cm H
2
O or 

less. Ideally a ventilator mode which allows/assists spon-
taneous efforts should be used. As lobar atelectasis was 
present before the bronchoscopy, a “recruitment maneu-
ver” should be considered.
Assessment for ventilator wean and extubation is a clini-
cal judgment based on a variety of factors. If the patient is 
easy to ventilate and oxygenate, and appears otherwise well 
recovered from the complication, then sedation may be with-
drawn, a physiologic assessment for rapid shallow breathing 
made, and a SBT performed. As the patient has a peripheral 
saturation of only 95% on 100% oxygen, it is more likely he 
will need a period of positive pressure ventilation with PEEP 
before meeting oxygenation requirements for an SBT.
If the patient was not hospitalized before surgery then the 
likely pathogens in his sputum are “community acquired.” 
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The local experience will dictate which antibiotic should 
be considered, in addition to or instead of the usual surgical 
prophylaxis. If the patient is an inpatient or was recently 
hospitalized, then antibiotics appropriate for the hospital 
experience (such as vancomycin for methicillin resistant  
S. aureus) should be considered. Pneumonia, and especially 
ventilator-associated pneumonia (VAP) is associated with a 
high mortality but there are no data regarding the admin-
istration of “prophylactic” antibiotics in a situation such 
as this. It may be more prudent to obtain a lower airway 
sample for culture, stay with the usual perioperative pro-
phylaxis, and initiate appropriate antibiotics if a pulmonary 
infection appears to be developing.
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Key Points

The postoperative use of extracorporeal ventilatory support 
requires an interdisciplinary approach.
For patients developing acute respiratory distress syn-
drome (ARDS) perioperatively with severe hypoxia (paO

2
/

F
I
O

2
 < 80 mmHg), extracorporeal membrane oxygenation 

(ECMO) therapy is appropriate if the organ failure is 
thought to be reversible with therapy and rest during ECMO. 
Recent data showed an outcome benefit for patients with 
ARDS and ECMO therapy as compared to ARDS without 
ECMO therapy.
In the case of ARDS with PaO

2
/F

I
O

2
 > 80 mmHg and severe 

hypercapnia (PaCO
2
 > 70 mmHg), interventional lung assist 

(iLA) therapy might be indicated to allow the institution of 
lung protective ventilation strategies. However, it should 
be taken into consideration that no outcome data are avail-
able for this approach.
ECMO therapy is associated with a risk of intracranial 
hemorrhage. Episodes of hypoxemia before ECMO might 
predispose for hemorrhage. Daily sedation vacation and 
daily-defined sedation scales should be considered in order 
to detect early neurological deficits. Deep sedation is not 
necessary for ECMO.
After initiation of ECMO/iLA therapy, early spontaneous 
breathing is considered desirable as it is known to facilitate 
reduction of airway pressures.

Introduction

Acute lung injury (ALI) including the more hypoxemic sub-
group of acute respiratory distress syndrome (ARDS) is a 
worldwide public health problem in intensive care medicine 
[1, 2]. An American-European Consensus Conference (AECC) 
standardized definitions for ALI and ARDS in 1994 [3], both 
characterized by the acute onset of hypoxemia (ALI: PaO

2
/

fraction of inspired oxygen fraction (F
I
O

2
) < 300, ARDS: paO

2
/

F
I
O

2
 < 200 mmHg) with radiographic infiltrates consistent 

with pulmonary permeability edema that occur in the absence 
of other identifiable causes, e.g., left heart failure [3, 4].

Despite major advances in thoracic surgery, intraoperative 
anesthetic management and perioperative care over the past 
30 years, ALI and ARDS are responsible for the vast major-
ity of respiratory-related deaths after thoracic surgery. There 
has been reported an overall prevalence rate of 2.2–4.2% 
post-thoracotomy ALI/ARDS in patients undergoing lung 
resection [5, 6]. Currently, the reported mortality rates fol-
lowing lung resection range from 4 to 9% after pneumonec-
tomy and from 1 to 3% after lobectomy [6]. The causes of 
both mortality and morbidity following lung resection for 
bronchogenic carcinoma are classified as cardiac, pulmonary 
embolic, and respiratory complications. Respiratory complica-
tions after thoracic surgery include acute respiratory failure, 
noncardiogenic  pulmonary edema, postperfusion lung, ARDS, 
and postpneumonectomy pulmonary edema [7–11]. It was  
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therefore agreed that the term ALI/ARDS should be employed 
to indicate any form of respiratory failure occurring after tho-
racic surgery associated with radiogenic pulmonary infiltrates 
in the absence of left ventricular failure [5].

Furthermore, ruptures or fistulas of the bronchial tree after 
pulmonary surgery, e.g., lobectomy have been reported with 
an incidence of 1.5–28% [12]. Inflammatory diseases seem to 
be an important risk factor for the development of bronchial 
fistulas, especially in mechanically ventilated patients [12]. 
Positive-pressure ventilation results in a considerable risk, in 
patients with bronchopleural fistula, of perpetuating the bron-
chial fistula and compromising surgical repair [13, 14]. Mor-
tality has been reported to be as high as 67% in patients with 
bronchial fistulae receiving mechanical ventilation [12]. There-
fore mechanical ventilation, applying positive airway pressures, 
should be avoided whenever possible, and early extubation is a 
major goal in the perioperative therapy [13, 14].

The pathogenesis of ALI/ARDS implies a multiple-hit 
sequence of various triggering factors, which results in 
endothelial inflammatory response (e.g., oxidative stress and 
surgery-induced inflammation) in addition to injurious ven-
tilatory settings (ventilator-associated lung injury, VALI [15, 
16]). A number of factors have been identified to explain and/
or predict the occurrence of ALI/ARDS following lung resec-
tion. Among others, there were sex, genetic predisposition 
age, impaired lymphatic drainage, perioperative fluid overload 
(>2,000 mL intraoperatively or >3,000 mL postoperatively), 
surgical manipulation of the lung, prolonged one-lung ventila-
tion, preoperative lung function, preoperative radiotherapy, or 
chemotherapy [5, 7, 10, 11].

Knowledge of the perioperative risk factors of major 
 complications and understanding of the mechanisms of post-
thoracotomy ALI/ARDS enable anesthesiologists to imple-
ment “protective” ventilatory lung strategies to avoid VALI. 
However, if these conservative therapeutical strategies are not 
successful, extracorporeal lung protective strategies might be 
indicated. This chapter reviews the background, techniques, 
and therapy algorithm of extracorporeal ventilatory therapy 
in case of ALI/ARDS in the perioperative setting of thoracic 
surgery.

Lung Ventilatory Protective Strategy

Significance of Extracorporeal Ventilatory Therapy

The concept of “lung protective ventilation” includes the use 
of low-tidal volumes, positive expiratory pressure (PEEP) and 
limitation of the maximum inspiratory pressure [13, 15–22]. 
Moreover, a post hoc analysis of the ARDS network study has 
indicated the existence of a clear correlation between posi-
tive inspiratory pressure and mortality: the lower the level of 
maximum inspiratory pressure, the better the patients outcome 
[19]. The reduced oxygenation usually requires high end-expi-
ratory pressure which limits carbon dioxide elimination and 

further contributes to VALI [20]. Therefore, in ALI/ARDS the 
 implementation of such lung-protective concepts is frequently 
limited by a therapeutic dilemma: with the use of lung-protective 
ventilation, the risk of severe hypercapnia increases. Although, 
the effects of the resultant hypercapnia have not yet been con-
clusively clarified, hypercapnia, e.g., results in pulmonary and 
cardiac vasoconstriction, peripheral arterial and cerebral vasodi-
lation, increased cardiac output, delivery from catecholamines, 
reduction of renal perfusion and triggers respiratory drive. These 
adverse pathophysiologic consequences could result in organ 
damage as myocardial insufficiency, renal failure or restriction 
of liver/intestine circulation due to systemic hypercapnia.

In such cases of severe hypoxemia or hypercapnia, the 
management of ALI/ARDS requires specific therapeutic mea-
sures including techniques of extracorporeal lung ventilatory 
support. In patients suffering from severe ARDS with life-
threatening hypoxemia, a pump-driven veno-venous (VV) 
extracorporeal membrane oxygenation (ECMO) has been 
used. Recently, a pumpless extracorporeal lung support sys-
tem was developed using an arterio-venous bypass, into which 
a gas exchange membrane is integrated (pumpless interven-
tional lung assist [iLA]). iLA provides effective CO

2
 elimina-

tion but only a moderate improvement in oxygenation.
The decoupling of ventilation and oxygenation allows for 

several ventilation strategies: All strategies have sufficient 
PEEP level in common to achieve an almost complete recruit-
ment of the lung at a minimal pressure amplitude. Whether 
continuous positive airway pressure (CPAP) with spontane-
ous breathing, bi-level positive airway pressure (BIPAP) 
with a low respiratory frequency and a reduced peak airway 
pressure, or high frequency oscillation ventilation is applied 
should be decided for each individual case [21, 22].

History of Extracorporeal Ventilatory Therapy

Bioengineering, physiology, and pharmacology converge in 
the intensive care unit. Mechanical devices for monitoring 
and treatment are essential for the application of physiologic 
principles and management. Extracorporeal circulation is the 
ultimate example of this complex interaction.

Cardiopulmonary bypass technology was developed to 
provide circulatory and respiratory support during cardiac 
surgery. In 1960s and 1970s, a number of creative physicians 
conceived the possibility of employing this technology to sup-
port patients with life-threatening cardiac or respiratory fail-
ure. The challenge was to provide extracorporeal circulation 
for a period sufficiently long (i.e., days or weeks) to allow 
intrinsic healing of the diseased heart and lungs. The various 
systems that provide long-term extracorporeal life support are 
known collectively as ECMO. When used with extra-thoracic 
cannulation for respiratory support the technique is called 
ECMO. The modern era of ECMO for adults with ARDS was 
pioneered by Bartlett and colleagues in 1972 [23]. Their results 
and those at other institutions showed that ECMO could be 
applied with encouraging survival, exceeding 50% [24–27]. 
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In a recent, multicenter randomized controlled trial, in which 
the conventional ventilation was compared to ECMO therapy 
for severe ARDS (CESAR trial), ECMO demonstrated a sur-
vival benefit at 6 months [28].

iLA was firstly described by Pott and colleagues [29] in 
1951. They investigated an experimental approach to maintain 
pulmonary function by an extracorporeally connected homolo-
gous lung in a large animal model. In addition, Rashkind et al. 
[30] constructed a bubble oxygenator for extracorporeal lung 
support in a child in 1965, creating a shunt between the femo-
ral vein and artery to eliminate CO

2
. Even though this early 

approach failed due to clotting, the new concept of iLA was 
born. Over the last 40 years, experimental and clinical work 
has been performed to improve the field of extracorporeal 
lung assist. In 1999, the iLA as the first pumpless mode for 
CO

2
 removal was developed and applied in a patient [31]. The 

ILA became commercially available in 2001 and was called 
Nova Breath® (Jostra Medizintechnik, Hirlingen, Germany); 
since 2002 it has been called Novalung® (Novalung GmbH, 
Hechingen, Germany) (see Fig. 43.1).

Extracorporeal Membrane Oxygenation 
(ECMO)

Indications

In terms of respiratory failure in adults, the most common indi-
cation for ECMO is due to life-threatening hypoxemia caused 
by pneumonia, severe lung contusion in trauma patients [32, 
33], bronchopleural fistulas after lung resection [14], lung 
transplantation as well as primary graft failure in order to  
prevent ventilator-induced lung injury and to reduce inspira-

tory peek pressures (see Tables 43.1 and 43.2, Figs 43.2 and 
43.3). Respiratory complications remain a major cause of 
morbidity and mortality of lung surgery [34]. While the over-
all incidence of such complications can be as high as 15%, 
bronchopleural fistulas are fortunately uncommon. Most 
cases of bronchopleural fistulas occur early after surgery, 
are difficult to treat and are associated with a high mortal-
ity [35]. Achieving adequate ventilation is often difficult in 
these patients, particularly if single-lung ventilation has to be 
achieved [35]. The use of differential ventilation using a dou-
ble-lumen endotracheal tube and jet ventilation have been the 
traditional options [36]. The use of VV ECMO is an alterna-
tive therapeutic option as bridge for successful surgical repair 
of bronchopleural fistulas and for managing patients with 
 primary graft failure after lung transplantation [35, 36].

Fig. 43.1. The iLA device is shown between a patient’s legs during 
placement with femoral cannulations.. The patient’s body is to the 
right, out of the photograph. The inflow to the device is from the 
femoral artery (near cannula) and the return is via the femoral vein 
(far cannula).

Table 43.1. Treatment algorithm for ALI/ARDS.
Conservative therapy according
Ventilator settings (pressure-controlled or volume-controlled ventilation)

2
O

2
O

Basic treatment approach

2
 > 90%)

application of PEEP as high as 
possible depending on the surgical intervention

Prone position

  In case of pulmonary hypertension (mean pulmonary arterial pres-
sure (PAPm) > 25 mmHg or right ventricular failure (TEE) or PaO

2
/

F
I
O

2
 < 200

  If RESPONSE:  PAPm > −3 mmHg, or  paO
2
/F

I
O

2
 > +15% or  

QsQt > −5%, continuation of NO administration, if NO RESPONSE, 
discontinuation of NO administration

Adapted from Refs. [25, 76, 77]

Table 43.2. Criteria for ECMO indication, fast-entry and weaning.

ECMO indication (first 24 h): PaO
2
/F

I
O

2
 < 80 mmHg + PIP > 35 cmH

2
O

ECMO indication (>24 h after initial treatment)
 PaO

2
/F

I
O

2
 < 80 mmHg + PIP > 32 cmH

2
O

Fast-entry ECMO: PaO
2
/F

I
O

2
 < 50 mmHg + PIP > 35 cmH

2
O > 2 h

Weaning of ECMO/main criteria
 F

I
O

2
 < 0.4

 PaO
2
 > 80 mmHg

Target ventilator settings

2
O, PIP < 30 cmH

2
O, Vt: 4–6 mL/kg

 RR spontaneous ~5 breaths/min

Procedure
 Reducing blood flow 0.5 L/min every 12 h to minimal blood flow  

of 0.5–1.0 L/min
 PaCO

2
 < 60 mmHg, reducing gas flow and F

I
O

2
 over membrane

 ECMO trial off: gas flow 0.5–1 L/min over 15 min, criteria fulfilled: 
discontinue ECMO

Adapted from Refs. [25, 76]
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Fig. 43.2. Treatment algorithm for ALI/ARDS. In case of deterioration of oxygenation or development of severe hypercapnia with right heart 
failure within 2 h after initiation of the conservative treatment, an extracorporeal lung assist device (ECMO/iLA) should be considered in order 
to avoid secondary lung damage (barotrauma, volutrauma, pneumothorax, bronchopleural fistula) due to the ventilatory settings and to prevent 
consecutive organ failure (heart, circulation, renal, liver failure). (Deja et al. [76], with kind permission from Field House publishing.)
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Fig. 43.3. Criteria for ECMO indication, fast-entry and weaning (Deja et al. [76], with kind permission from Field House publishing.)
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However, to institute ECMO, several factors should be taken 
into consideration. The institution of ECMO is appropriate if 
the organ failure is thought to be reversible with therapy and 
rest on ECMO. If underlying lung pathology does not recover, 
ECMO might be instituted as bridging for transplant [37].

Technical Aspects of ECMO

ECMO can be inserted in a VV configuration which provides 
oxygenation (in case of respiratory failure not responding to 
mechanical ventilation) or can be used as veno-arterial (VA) 
configuration (providing both respiratory and cardiac support). 
ECMO implies the diversion of blood from a major systemic 
vessel through a gas exchange device (membrane oxygenator) 
and back to a major blood vessel. The term VV-ECMO refers 
to blood being drained from the venous system and returned 
to the venous system [37].

For VV perfusion, flow is initiated at 10–15 mL/kg/min and 
advanced over 10–15 min to a maximum of 100–150 mL/kg/
min. Flow is then decreased, watching the patient’s pulse oxi-
meter until the optimal flow for oxygenation is observed. This 
would be from 25 to 75% of the cardiac output providing suf-
ficient oxygenation. For low extracorporeal blood flow (about 
3 L/min), two cannulae are sufficient. But in case of increased 
cardiac output, a second oxygenator and blood pump with three 
cannulae are often used to achieve sufficient gas exchange 
[37, 38]. Membrane oxygenators are used in combination 
with a pump to supply up to 5–7 L/min support. Recently, 
new, improved pumps, with coated circuits, have reduced the 
risk of hemolysis caused by centrifugal pumps [39, 40]. More-
over, plasma-leakage-resistant oxygenators have enabled the 
safe use of ECMO for much longer periods of time up to 59 
days without changing the oxygenator [39, 41]. ECMO flow 
depends on volume load and will drop with hypovolaemia or 
cannula malposition, but hypervolemia is not necessary and 

could be harmful by increasing lung edema. Hypovolemia 
usually manifests as negative pressure upstream to the blood 
pump. “Kicking” or “chatter” of the venous tubing as well as 
a drop of the cardiac output visualized low  volume load [37]. 
A slight reduction in flow may be helpful.

In the last two decades, cannulae have improved flow 
dynamics allowing percutaneous insertion with the Seldinger 
technique into femoral and jugular vessels which is the stan-
dard technique of most of the ARDS centers [38]. Percuta-
neous insertion is associated with less bleeding complication 
as well as a lower risk of infection. In order to facilitate this 
high flow, the placement of large catheters is required into the 
circulation. For adults, the intravascular catheters may be 20 
French or larger. The cannulae are usually heparin- or “bio”-
coated in order to reduce the risk of clot formation. In case 
of successful weaning of ECMO, the patient is decannulated 
usually without surgical intervention [38].

The primary advantage to VV ECMO is that it avoids can-
nulation and ligation of a major artery which is associated 
with a greater risk of thromboembolism including air embo-
lism. Furthermore, Hemilla and colleagues demonstrated a 
improved survival to discharge benefit in patients with VV 
ECMO (59.5%), VA changed to VV (73.3%) compared to VA 
ECMO (31.9%) and VV changed to VA (14.8%) [26]. Even 
in case of severe ARDS without right heart failure, the pre-
ferred regimen is VV-ECMO. There are different types of VV-
ECMO depending on the cannulation sites [37]:

A: Jugular to femoral
B: Femoral to femoral
C: Double-lumen in the internal jugular vein. Blood is with-

drawn from the inferior vena cava through one port, circulated 
through the membrane oxygenator and returned to the right 
atrium through a second port in the same double-lumen cath-
eter. This minimizes recirculation (see Fig. 43.4).

Fig. 43.4. Bicaval transesophageal echocardiog-
raphy (TEE) views (left black and white, right 
color-flow doppler) of a double-lumen ECMO 
cannula which has been placed via the right 
internal jugular vein and the superior vena cava 
(bottom right of pictures). The venous inflow to 
the ECMO is from the distal lumen of the can-
nula which is positioned in the inferior vena cava 
(bottom left of the pictures). The oxygenated 
blood is returned by the proximal lumen. The 
return orifice of the proximal lumen is positioned 
with TEE so that the return flow (yellow jet in 
doppler picture) is directed toward the tricuspid 
valve (center of pictures). (Photo courtesy of 
Avalon Laboratories, LLC. Grand Rapids MI).
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From a gas exchange point of view, hypoxia is treated by 
increasing both the ECMO flow rate and F

I
O

2
 of the ECMO 

circuit, not by altering the F
I
O

2
 and PEEP on the ventilator 

[37]. Attempts should be made to wean the F
I
O

2
 on the venti-

lator and maintain a lung protective strategy with low plateau 
pressures, low tidal volumes, and adequate PEEP.

Elimination rate of CO
2
 depends on gas flow over the mem-

brane. Gas flows up to 15 L/min are necessary in patients with-
out CO

2
 elimination by the lungs. CO

2
 control should be made 

via the ECMO gas flow through the membrane, not by altering 
the respiratory rate on the ventilator to avoid further VALI.

Temperature Management on ECMO

Because heat is lost through the evaporation of water as blood 
flows through the artificial lung, it is often necessary to warm 
the patient on ECMO. Although normothermia can be main-
tained through use of external warming devices, it is usually 
more efficient to warm the extracorporeal blood before infu-
sion. In most ECMO centers, heat exchanger are routinely 
used. At times the heat exchanger may also be used to cool 
the patient to a preset temperature in order to effect a decrease 
in oxygen consumption. The heat exchanger should be placed 
in-line after the artificial lung during ECMO in order to opti-
mize the efficiency of the device.

Monitoring for Anticoagulation

ECMO patients require only a low level of systemic anticoag-
ulation to prevent clotting of the cannulae, tubing and oxygen-
ator because current devices are coated with heparin. The level 
of systemic heparinization required is not definitely known, 
although an activated partial thromboplastin time (APTT) of 
50–70 s and a platelet count >80 × 109/L is reasonable [42]. In 
high flow systems of about 4–7 L/min, an APTT above 50 s is 
sufficient to prevent clotting. Regular measurement of clotting 
profile, platelet count, and hemoglobin should be performed 
as least twice per day.

Hemolysis is another well-recognized complication of 
ECMO with an incidence of 5 and 8% and should be routinely 
monitored [42]. This is done by regular (daily) checking of the 
plasma-free hemoglobin and haptoglobin.

In case of heparin-induced thrombocytopenia (HIT), arga-
troban seems to be an adequate alternative for anticoagulation 
during ECMO [43].

Complications Associated with ECMO Therapy

Bleeding Complication and Thrombosis

The most common complications associated with ECMO are 
life-threatening thrombosis and excessive bleeding caused by 
coagulopathy [42–45]. Continuous activation of the contact 
and fibrinolytic systems by the circuit as well as consump-
tion and dilution of factors occurs within minutes of initiation 

of ECMO [46]. Platelets adhere to surface fibrinogen and are 
activated. As a consequence, platelet aggregation and causes 
platelet count drop [47, 48]. Correction by platelet transfusion 
produces only a temporary increase [48]. Prolonged duration 
of ECMO exacerbates these negative effects [48]. Heparin-
coated circuits have been reported to reduce cell trauma [49] 
as well as complement [50] and granulocyte [51] activation. 
However, systemic heparinization is still advisable because of 
the risk of end-organ damage from microthrombus and fibrin 
deposition, although the level of heparinization required is 
still under debate [42]. Macroscopic clots cause a variety of 
thromboembolic events in patients considered adequately 
anticoagulated [52]. Furthermore, Lidegran and colleagues 
[53] reported intracranial lesions (bleeding, infarction) within 
the first 7 days after ECMO initiation in 45/123 (37%) of 
patients.

Cerebral Hemorrhage/Infarction

The use of ECMO in acute respiratory or cardiac failure 
increases survival, but may at the same time cause damage 
to the brain [54]. The major cause of death in ECMO-treated 
patients is not due to irreversible pulmonary or heart failure 
but to cerebral injury caused by intracranial hemorrhage or 
infarction [53, 55].

Changes in cerebral blood flow and the use of heparin may 
contribute to both hemorrhagic and nonhemorrhagic intracra-
nial lesions. ECMO survivors carry a high risk of brain injury 
and subsequent functional deficit [56]. Hypoxia is thought to 
be one of the most important factors in developing cerebral 
injury [57, 58]. The brain responds to hypoxia by increasing 
cerebral oxygen transport and cerebral oxygen extraction. A 
mild degree of hypoxia can be tolerated. However, prolonged 
periods of severe hypoxia may result in a loss of ability of 
the brain to maintain adequate oxygen transport and cerebral 
oxygen metabolism, leading to irreversible brain injury [59]. 
ARDS patients may suffer from hypoxia for hours to days 
before ECMO therapy is initiated [58].

In addition, ECMO therapy itself can cause cerebral injury 
[58]. When patients are cannulated for ECMO, there is a 
period of hypoxia before and during cannulation [58, 60]. The 
cannulation itself, together with creation of solid and gaseous 
microemboli during perfusion, may cause cerebral injury. 
Arterial emboli may occur in connection with retrograde arte-
rial cannulation [60, 61]. Even careful cannulation with the 
Seldinger technique may cause thrombus formation.

Cerebral auto-regulation is an important homeostatic mech-
anism that maintains cerebral blood flow over a wide range 
of cerebral perfusion pressures. Systemic insults and hypoxia 
can disrupt cerebral auto-regulation, leaving the cerebral 
microcirculation vulnerable to changes in systemic blood 
pressure. Hypotension can result in ischemic cerebral damage 
and hypertension can cause cerebral hyperemia and increase 
the risk of cerebral hemorrhage [62]. Loss of auto-regulation 
in an already injured brain, combined with systemic hepa-
rin therapy, can cause cerebral hemorrhage [63]. During VA 
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ECMO, cerebral perfusion is mainly nonpulsatile which may 
lead to diffuse brain edema [64]. The risk is reduced in VV-
ECMO, in which the cerebral perfusion is pulsatile [64].

Pumpless Interventional Lung Assist (iLA)

Indications

There are two major indications for extracorporeal ventila-
tion. It can be applied to give the injured or diseased lung a 
chance to heal (bridge to recovery) or in an end-stage lung 
disease, it might be used as a bridge to lung transplantation 
(see Tables 43.1 and 43.3, Figs 43.2 and 43.5) [65–69].

The use of iLA in addition to lung protective ventilation 
has been reported in one center to have a high survival rate 
(84%) in a series patients with severe post lung-resection 
ARDS [70]. The iLA device has also been used as a “bridge to 
transplant” in patients with pulmonary hypertension [67, 68, 
71]. In this context, the device has been implanted with main 
pulmonary artery and vein cannulations during sternotomy 
(see Fig. 43.6). It has been possible to wean several patients 
with ventilatory and right-heart failure from iLA and positive 
pressure ventilation while waiting for lung transplantation 
(see Fig. 43.7).

The iLA can be used for CO
2
 removal in cases of severe 

hypercapnia and respiratory acidosis in order to avoid the 
injury of mechanical ventilatory support. Bein et al. [65] stud-
ied, in a single-center study, 90 patients with ARDS supported 
with the pumpless iLA and reported a survival rate (wean-
ing of iLA) of 41%. The iLA has been used in patients with 
broncho-pleural fistulas after lung surgery [14], chest trauma 
patients (lung contusion) [66], in patients with blast injury in 
the war zone or as a bridge to lung transplant [67, 68].

However, apart from these small randomized studies and 
case reports, no outcome data are currently available.

Technical Aspects of iLA

The iLA device is a pumpless arterio-venous shunt with car-
bon dioxide elimination as primary function owing to the 
arterial inflow blood. The principle is simple diffusion. Blood 
flows over the exterior surface (1.5 m2) of the device fibers 
and the ventilating gas (O

2
 sweep) flows inside these fibers. 

The iLA consists of a plastic gas exchange module with dif-
fusion membranes made from polymethylpentene (PMP). 
The PMP fibers are woven into a complex configuration of 
hollow fibers. Gas transfer takes place without direct contact 
with blood. In addition, the blood-contacting PMP membrane 
surface is treated with a heparin coating to provide a biocom-
patible and nonthrombogenic surface [31].

The iLA is a low pressure-gradient device designed to 
operate without a mechanical pump. Based on this principle, 
adequate mean arterial blood pressure is mandatory. The 
preferred access sites are the femoral vessels by percutane-
ous cannulation using Seldinger’s technique (see Fig. 43.1). 
Used in this configuration, usually about 20% of the cardiac 
output (1–2 L/min) runs through the iLA, driven by the left 
ventricle, and mixes with the remaining 80% of the cardiac 
output in the venous vasculature. One limitation of this device 
is that patients with primarily an oxygenation disorder may 
not benefit sufficiently from the pumpless iLA mode in terms 
of oxygenation, however carbon dioxide elimination is usu-
ally not a problem.

The blood enters the device through the inlet connector. 
The blood flows into the blood distributing chamber. Any 
microsized air bubbles that may have entered the device are 
removed through the de-airing ports. The blood flows into the 
main chamber where gas exchange takes place. The oxygen 
and CO

2
-depleted blood is returned to the patient via the blood 

outflow [67]. Two de-airing membranes are integrated at the 
top apex on both sides of the device. These de-airing mem-
branes allow gas bubbles but not liquids to cross. In addition, 
they facilitate priming and de-airing of the device and are also 
used to eliminate any air trapped in the device during support. 
An oxygen supply is connected to the gas inflow connector, 
the lower gas outflow connector is open to the atmosphere and 
is the site where gas is exhausted from the device [68, 69].

Complications Associated with iLA Therapy

Ischemic complications of the lower limb were reported to be 
associated with the large cannulation size for the arterial can-
nulation (17 French) initially used for iLA [65]. As smaller 
cannulae (13 and 15 F) have become available, the ischemic 
complication rate has markedly decreased. It is not recom-
mended to use 17 F cannulae for femoral arterial cannulation. 
Advantages of iLA are: avoiding all the complications related to 
a mechanical pump, reduced blood-contact surfaces, and rela-
tively easy clinical management. Disadvantages are the indirect 
control of blood flow which is the result of the arterio-venous 
pressure gradient and the limited oxygen transfer capacity.

Table 43.3. Criteria for iLA indication, weaning iLA.
iLA indication (first 24 h)
 PaCO

2
 > 80 mmHg + PIP > 35 cmH

2
O + pH < 7.2 (respiratory) + PaO

2
/

F
I
O

2
 > 80 mmHg

iLA indication (>24 h after initial treatment)
 PaCO

2
 > 80 mmHg + PIP > 32 cmH

2
O + pH < 7.2 (respiratory) + PaO

2
/

F
I
O

2
 > 80 mmHg

Weaning of iLA/main criteria
 Ramsay sedation score (RASS) 0/−1
 F

I
O

2
 < 0.4

 PaCO
2
 < 60 mmHg

Target ventilator settings

2
O, PIP < 30 cmH

2

breaths/min, RR spontaneous ~5 breaths/min
Procedure
 Reducing O

2
 flow iLA in steps of 11/min

 iLA O
2
-flow <2 L/min: iLA 6 h without gas flow

 iLA trial off: criteria fulfilled: discontinue iLA

Adapted from Ref. [76]
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Fig. 43.5. (Criteria for iLA indication, weaning iLA according to Deja et al. [76], with kind permission from Field House publishing).
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Multimodal Therapeutic Approach

Weaning of Sedation

Daily interruption of sedative drug infusions significantly 
reduced the duration of mechanical ventilation and the length 
of stay in the intensive care unit [72, 73]. This should be 

considered in patients requiring extracorporeal ventilatory 
support. Moreover, it is important with respect to the early 
detection of new neurological deficits caused by cerebral 
infarction or hemorrhage. Therefore, daily assessment of the 
level of sedation is recommended in order to prevent overse-
dation [73].

Early Spontaneous Breathing

Spontaneous breathing as a part of a “lung protective strat-
egy” by decreasing intrapulmonary shunt and intra-thoracic 
pressures, as well as improving organ perfusion should be 
achieved as early as possible [74, 75]. Furthermore, after tho-
racic surgery this is beneficial in protecting surgical bronchial 
reconstruction as well as in preventing of bronchial fistulas 
and bronchial suture dehiscence [14, 35, 65].

Clinical Case Discussion

Case: A 17-year-old male sustained multiple trauma with a 
traumatic tracheal rupture (approximately 8–10 cm length 
on the pars membranacea) and bilateral severe lung contu-
sions after a fall of 7 m height (Figs. 43.8 and 43.9). Tracheal 
rupture as well as mediastinal emphysema was diagnosed on 
the immediate performed CT scan. Chest tubes were inserted 
on both sides due to pneumothoraces. Fiberoptic bronchos-
copy was immediately performed in order to position the 
endotracheal tube as near as possible to the carina. After 
this  intervention, the subcutaneous emphysema decreased. 

Fig. 43.6. Intra-thoracic implantation of interventional lung assist 
cannulae during sternotomy in a patient with pulmonary hyperten-
sion, seen from Anesthesiologist’s perspective. The iLA device can 
be seen between the patient’s legs. The inflow cannula to the device 
is on the left side of the incision, placed into the main pulmonary 
artery. The return cannula, to the right, is into the right upper pul-
monary vein. The surgeon is placing a mediastinal drain between the 
cannulae prior to closing the incision.

Fig. 43.7. A patient with pulmonary hypertension has been weaned 
from ECMO and mechanical ventilation with a trans-thoracic 
implantation of an iLA device. The device can be seen on the side 
of the patient’s bed.

Fig. 43.8. CT scan thorax of a male patient with severe ARDS and 
traumatic tracheal rupture, mediastinal emphysema.
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 However, within a few hours the patient developed severe 
ARDS, due to lung contusion (pressure-controlled ventilation, 
paO

2
/F

I
O

2
 ratio < 200, PEEP: 15, PIP: 35). Tracheal rupture 

affected the whole tracheal wall with protrusion of medi-
astinal structures into the lumen, therefore a surgical repair 
was indicated. The anesthesia team will need to decide if the 
patient will tolerate the proposed procedure and if so, then 
what management strategies can be used to improve the peri-
operative outcome.

Questions

Will the patient tolerate the operative procedure without 
extracorporeal lung assist?
What specific anesthetic considerations are related to 
patient’s disease?
How to plan the anesthesia and operative procedure in an 
interdisciplinary approach?
What postoperative management strategies will improve 
patients’ outcome?
In this situation of severe ARDS (PaO

2
/F

I
O

2
 < 100, PEEP: 

15–17 mmHg, PIP: 35 mmHg), the patient would not toler-
ate the thoracic surgical procedure under one-lung ventila-
tion without the risk of developing severe hypoxemia and 
hypercapnia.
Anesthetic considerations include perioperative difficult 
airway management (placement of a double-lumen tube?), 
intraoperative hypoxia and hypercapnia during one-lung 
ventilation, postoperative airway management to prevent 
tracheal suture dehiscence.

Preoperative Management: Conservative treatment strat-
egy with prone positioning, restrictive volume therapy and 
nitric oxide administration before the surgical interven-
tion was performed. However, oxygenation index did not 
increase with prone positioning. Therefore, intraoperative 
anesthetic management was planned as follows:

Preoperative initiation of VV-ECMO (femoral veins on  –
both side 23 F), 4–5 L/min blood flow
Apneic oxygenation with PEEP: 10 mmHg: or no venti- –
lation with full ECMO blood flow (advantage: optimal 
surgical conditions)
Airway management: tracheostomy with insertion of an  –
uncuffed tracheostomy tube

Postoperative management:

Prone positioning should be considered due to lung dere- –
cruitment after lung surgery if there is a clinically rel-
evant increase in oxygenation (reevaluate every 24 h).
ECMO therapy in patients with ARDS improves out- –
come of some patients.
Early spontaneous breathing reduces ventilation pres- –
sures and prevents tracheal suture dehiscence.
Daily sedation vacation to detect, as early as possible,  –
neurological deficits in patients with ECMO therapy.
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Cardiovascular Adaptations and Complications
Alessia Pedoto and David Amar 

Key Points

Changes in right ventricular anatomy and function can occur 
at several stages of lung resection, starting after induction 
of general anesthesia and positioning, followed by one lung 
ventilation and surgical dissection. Compensatory mecha-
nisms may not occur in patients with advanced COPD who 
are at risk of developing long-term complications. Several 
tests are available during the intraoperative period to evalu-
ate right heart function and their merits are reviewed.
Supraventricular arrhythmias are a common complication 
after thoracic surgery, depending on the side and the extent 
of the dissection. Atrial fibrillation is the most common 
postoperative rhythm disturbance after lung resection. Sev-
eral pathophysiologic mechanisms as well as prophylactic 
and/or therapeutic maneuvers have been proposed. Older 
age and intrapericardial pneumonectomy are among the 
risk factors that strongly correlate with this condition.
Acute coronary syndrome after thoracic surgery is rare but 
is associated with a high risk of death. Patients at risk are 
the ones with preoperative coronary artery disease and 
abnormal exercise testing. There are no clear recommenda-
tions on the role of preoperative cardiac catheterization and 
coronary revascularization.
Cardiac failure can result from either right or left heart dys-
function, and can be transient or long standing. Symptoms 
may be subtle at rest and become evident during exertion. 
Cardiac herniation is a rare complication that may occur 
after intrapericardial pneumonectomy and is associated 
with a high mortality rate. Clinical and electrocardiographic 
signs are very nonspecific, and treatment is surgical.
Mediastinal shift is the result of changes in the postpneu-
monectomy space. A high index of suspicion is needed for 

the diagnosis, which can present with severe hemodynamic 
compromise or respiratory symptoms. Postpneumonectomy 
syndrome may occur in the late postoperative period. It is 
characterized by an extreme mediastinal shift which causes 
dynamic compression of the distal airway and respiratory 
insufficiency. Treatment is surgical.

Introduction

Lung resection, especially if extensive, can cause acute and 
chronic changes in right cardiac anatomy and function. This 
can result from either transient or sustained pressure or volume 
overload [1], and can be worsened by preexisting abnormali-
ties. Any pathology associated with pulmonary hypertension 
and chronic hypoxia (such as end stage COPD or connective 
tissue interstitial lung disease) can cause baseline right ven-
tricular dysfunction (see Table 44.1) [2]. Multiple intraopera-
tive factors, such as induction of general anesthesia, institution 
of one lung ventilation (OLV) and lateral decubitus, followed 
by manipulation of the pulmonary circulation or triggering 
of the inflammatory response, are all known contributors [3]. 
While cardiac adaptations occur with time after lung resec-
tion, cardiac complications, especially arrhythmias, are com-
monly seen in the immediate postoperative period before 
patient discharge.

Cardiac Adaptations

Cardiac adaptation can occur in the immediate intraoperative 
period, after induction of general anesthesia and positioning 
or in the postoperative phase.

Introduction .................................................................................................................. 649

Cardiac Adaptations ..................................................................................................... 649

Cardiac Complications ................................................................................................. 652

Conclusion ................................................................................................................... 656

Clinical Case Discussion .............................................................................................. 656
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Intraoperative Changes in Right Ventricular  
Function and Anatomy Related to One Lung  
Ventilation and Positioning

Pulmonary arterial pressures can increase after induction of 
general anesthesia, as a consequence of positive pressure ven-
tilation, placement of the patient in the lateral decubitus, open-
ing of the chest and initiation of OLV [4]. Mediastinal shift, 
gravity-related changes in pulmonary perfusion and hypoxic 
vasoconstriction can also contribute to higher pulmonary 
arterial pressure. In patients with normal pulmonary vascular 
compliance, an increase in right cardiac output can compen-
sate for the higher afterload without significant changes in 
pulmonary arterial pressures. This may not occur in patients 
with advanced COPD, even in the presence of baseline right 
ventricular hypertrophy [3], theoretically making this popula-
tion at higher risk for intra- and postoperative cardiac com-
plications. Preexisting significant pulmonary hypertension 
can worsen during OLV or clamping of the pulmonary artery. 
Ligation of the main pulmonary artery during pneumonec-
tomy (right more than left), or lung transplantation in patients 
with severe COPD can cause acute right heart overload and 
consequent dilation followed by ischemia or arrhythmias, 
either intra- or postoperatively [5, 6]. A temporary “clamp 
test” of the pulmonary artery can be done intraoperatively to 
evaluate the clinical and echocardiographic response of the 
right heart to acute shifting of blood to the remaining pul-
monary circulation. However, this maneuver rarely changes 

the intraoperative management, since the results may be dif-
ficult to observe or interpret as soon as the clamp is applied. 
If there are any intraoperative concerns of potential hemody-
namic instability or right heart dysfunction, trans-esophageal 
echocardiography (TEE) can be used by itself or combined 
with pulmonary arterial catheter data. While TEE is a valuable 
“real-time” tool to evaluate left ventricular function, its role in 
assessing right ventricular function is less clear. Despite the 
superficial location of the right heart, its irregular and asym-
metric shape makes the motion and volume calculations much 
more difficult and less detailed than the left side [1]. In case of 
high suspicion for perioperative right heart dysfunction, such 
as in patients with a predicted postoperative FEV

1
 less than 

40%, detailed preoperative testing becomes extremely impor-
tant and is highly recommended [7].

Acute and Late Phase Changes in Right  
Ventricular Anatomy After Lung Resection

Intraoperative increases in resting pulmonary arterial pressure 
and pulmonary vascular resistance are usually proportional to 
the extent of the resection, and tend to normalize in the imme-
diate postoperative period. However, right ventricular function 
slowly declines over time, suggesting adaptive or reactive pro-
cesses that can lead to right ventricular hypertrophy [4]. The 
most of the changes in right ventricular ejection fraction are seen 
during exercise and depend on the level of exertion. Compensa-
tory mechanisms are more efficient during moderate exercise, 
while at maximal exertion the right ventricular stroke volume 
becomes fixed at a certain value independently from the increase 
in the workload and the time from surgery [4]. The extent of 
the resection and the compensatory volume expansion of the 
remaining lung can cause changes in the mediastinal anatomy 
with a rotation of the heart in the chest cavity. Left ventricular 
function may be affected as well, with changes in filling and 
contraction. Furthermore, it seems that the degree and efficacy 
of cardiac compensation after lung resection are significantly 
better when surgery is performed on younger patients [4].

Lung surgery is currently the most common therapy for non-
metastatic resectable lung cancer, as part of a multimodality 
treatment with chemotherapy [8] and radiation [9]. Nowadays, 
surgical candidates are much older, due to the improvement in 
surgical and anesthesia techniques, and with more extensive 
comorbidities [10], which contribute to a higher risk of post-
operative changes in cardiac function. Cardiac and pulmonary 
diseases are common factors that may significantly influence 
the postoperative course and increase mortality rates [10]. 
However, severe pulmonary hypertension (mean pulmonary 
arterial pressure > 45 mmHg) [11] is present only in 3.7% of 
this patient population, despite their long smoking history and 
the presence of variable degrees of COPD [12]. Ninety per 
cent of patients with FEV

1
 less than 50% have mean pulmo-

nary arterial pressures of about 20 mmHg, and only 5% may 
have values greater than 35 mmHg [12].

Several studies have been done to evaluate postoperative 
right ventricular function (see Table 44.2 [3]). Most of them 

Table 44.1. Causes of right ventricular failure.

Pressure overload Left heart failure (most common)
Pulmonary embolus (common)
Pulmonary hypertension
Right ventricular outflow tract obstruction
Peripheral pulmonary stenosis
Double chamber right ventricle
Systemic right ventricle

Volume overload Tricuspid regurgitation
Pulmonary regurgitation
Atrial septal defect
Anomalous pulmonary venous return
Sinus of valsalva rupture in the right atrium
Coronary artery fistula in the right atrium or 

right ventricle
Carcinoid syndrome
Rheumatic valvulitis

Ischemia/infarction Right ventricular myocardial ischemia
Intrinsic myocardial  

processes
Cardiomyopathy and heart failure
Arrhythmogenic right ventricular dysplasia
Sepsis

Inflow limitation Tricuspid stenosis
Superior vena cava stenosis

Congenital defects Ebstein’s anomaly
Tetralogy of Fallot
Transposition of the great vessels
Double outlet right ventricle with mitral 

atresia
Pericardial disease Constrictive pericarditis

Adapted from Ref. [2]
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had a small sample size and extremely variable methodology, 
which makes the results difficult to compare. Some agreement 
exists for patients after pneumonectomy, where there is an 
increase in pulmonary arterial systolic pressure and right ven-
tricular diastolic volume or systolic pressure on transthoracic 
echocardiography [3]. These changes occur in the second post-
operative day (POD) and persist after 4 years [3], suggesting 
an evolution of the cardiovascular response over time [4]. The 
increase in diastolic volume as well as in pulmonary arterial 
systolic pressure and the mild tricuspid regurgitation which 
is observed on two-dimensional echocardiography are all 
attributed to an increase in both afterload and catecholamine 
tone after clamping of the pulmonary artery. Despite these 
changes, 30-day mortality rates seem to be unaffected, except 
for one study where changes in right ventricular function were 
associated with respiratory failure and poor FEV

1
. Most of the 

studies showed an increased incidence of tachyarrhythmias 
after pneumonectomy, which was transient in the majority of 
cases and not associated with either heart failure or long-term 
complications [3].

Cardiac Complications

Supraventricular Arrhythmias (Atrial Fibrillation, 
Atrial Flutter and Supraventricular Tachycardia)

Supraventricular tachyarrhythmias occur in approximately 
18% of patients undergoing noncardiac thoracic surgery [13]. 
The most important risk factors are age of 60 years and older 
[14] and intrapericardial pneumonectomy [15]. Other mark-
ers associated with this complication seem to be an elevated 
white blood cell (WBC) count on POD one [16] and an ele-
vated perioperative N-terminal-pro-B-type natriuretic peptide 
[17]. Atrial fibrillation (AF) is the most common rhythm dis-
turbance, followed by supraventricular tachycardia (SVT), 
atrial flutter and premature ventricular contractions (PVCs). 
The diagnosis is usually made on the second POD (with a 
range of 1–7 days), with a good response to pharmacological 
cardioversion [14, 18–20].

Sustained ventricular tachyarrhythmias are quite rare after 
lung resection [13]. Nonsustained ventricular tachycardia 
(more than three consecutive beats) has an incidence of 15% 
and can occur in the first 96 hours after lung resection, espe-
cially in patients with preoperative left bundle branch block 
[21]. It is rarely associated with hemodynamic instability 
requiring treatment at any time. There is no association with 
age, other clinical factors or core temperature upon arrival to 
PACU. On multivariate analysis, an independent association 
seems to exist between nonsustained ventricular tachycardia 
and postoperative atrial fibrillation (POAF). Vagal withdrawal 
or irritation, and/or a surge in sympathetic activity are all 
proposed mechanisms. These findings differ from the cardiac 
surgical literature, where the presence of postoperative ven-
tricular tachycardia often leads to poor outcome [13].

Suggested Risk Factors

POAF can be an isolated complication or associated with 
respiratory or infectious disease [14]. It is typically transient 
and reversible and seems to affect individuals with an elec-
trophysiologic substrate for arrhythmias present before or as 
a result of surgery [22]. Despite the good prognosis, if persis-
tent, POAF is associated with a 1.7% risk of developing cere-
brovascular accidents [13]. Thromboembolic events are often 
responsible and can occur within 24–48 h from the onset of 
the sustained POAF. If sinus rhythm fails to be restored within 
this time frame, anticoagulation should be considered weigh-
ing the risk of postoperative bleeding [13]. The most recent 
American Heart Association (AHA) guidelines on manage-
ment of AF unrelated to surgery provide similar recommen-
dations for which antithrombotic medications one should 
employ in postoperative patients depending on the patient’s 
risk (i.e., presence of a prosthetic valve, etc., prior cerebrovas-
cular accidents or no risk factors) [23].

Several mechanisms have been proposed to explain POAF, 
but no consistent factors other than age have been proven. 
Aging per se has been associated with loss of about 90% of 
normal sinus nodal fibers [24] and remodeling of the atrial 
myocardium, with changes in the sinoatrial and atrioven-
tricular nodal conduction, as well as an increased sensitivity 
to catecholamine activity, especially after surgical trauma in 
the area [13]. Triggering of the inflammatory response with 
activation of the complement and several proinflammatory 
cytokines has also been suggested as a contributing factor for 
POAF in this age population [25]. This thought is supported 
by the finding of a doubling in WBCs count that has been 
observed in patients older than 60 years of age on POD 1, with 
a threefold increase in the odds of developing POAF [16]. Cat-
echolamine-induced leukocytosis via  and 

2
-receptor activa-

tion is a known phenomenon which could in part explain this 
finding. The use of thoracic epidural analgesia as a modality 
to cause sympathectomy and prevent POAF has led to disap-
pointing results [26], maybe due to the high individual vari-
ability of sympathetic blockade. Other suggested contributing 
factors include stretching or inflammation of the pulmonary 
veins, hilar manipulation and mediastinal shift [22]. Aggravat-
ing mechanisms are the use of positive inotropic agents, i.e., 
dopamine, as well as anemia, fever, hypoglycemia, postopera-
tive ischemia and surgical complications [18, 27].

Presenting symptoms of rapid POAF include dyspnea, 
palpitations, dizziness, syncope, respiratory distress and 
hypotension. Pulmonary embolism or myocardial ischemia 
and electrolyte abnormality are most commonly included in 
the differential diagnosis [28]. According to the AHA guide-
lines, trans-thoracic echocardiography should be part of the 
workup for new onset POAF to rule out any structural disease, 
if such information is not already available [29]. Similarly, the 
AHA guidelines do not recommend “ruling out” pulmonary 
embolism, thyrotoxicosis or myocardial ischemia if there are 
no accompanying clinical signs or symptoms [29].
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The presence of postoperative arrhythmias is indirectly 
associated with an increased rate of morbidity. However, in the 
presence of heart failure or prolonged hypotension, arrhyth-
mias can be a direct cause of death [19]. Length of hospital 
stay and costs are increased in patients with arrhythmias, high-
lighting the importance of prevention when possible [14, 30]. 
In most of the cases, POAF resolves prior to hospital discharge 
and the great majority of these patients are completely cured at 
6 weeks from surgery [25]. Patients are considered at risk for 
postoperative supraventricular arrhythmias if they have two or 
more of the risk factors listed in Table 44.3, and if so, they may 
be started on pharmacological prophylaxis either preopera-
tively or in the immediate postoperative period. Several regi-
mens are available to prevent or treat atrial tachyarrhythmias.

Role of Medications Used for Treatment or Prevention

b-Blockers have become popular as preventive medications 
due to their cardioprotective effects. They are used as pro-
phylactic agents with the rationale of counteracting the effects 
of the high sympathetic tone that occurs after surgery, which 
may enhance patient susceptibility to dysrhythmias. -Block-
ers inhibit intracellular calcium influx via a second messenger 
and have a membrane stabilizing effect [31]. Their respiratory 
side effects become particularly important after lung resection 
since they may worsen pulmonary function in the postopera-
tive period. Pulmonary edema has been described as a poten-
tial side effect [32], as well as hypotension and bradycardia. 
Moreover, in patients on chronic -blockers, withdrawal may 
lead to rebound tachycardia and related complications [33]. 
The -blocker length of stay study (BLOS) analyzed the effects 
of -blockers after cardiac surgery used as prophylactic agents 
in patients both naïve and already taking -blockers. The goal 
was to prevent POAF, and possibly decrease the length of 
stay in the hospital and ICU. Despite a small decrease in the 
incidence of POAF in the patients already on a -blocker, an 
increased length of stay was observed in the very same group 
[34]. This was attributed to the development of adverse cardiac 
and pulmonary effects. Recently, the Perioperative Ischemic 
Evaluation (POISE) trial showed that aggressive -blockade 
in patients at risk or with atherosclerotic disease can reduce 

postoperative myocardial infarction and even POAF but at 
the cost of an increase in mortality related to cerebrovascular 
events in patients who had hypotension and decreased cere-
bral perfusion [35]. These findings have been consistent with 
other trials using lower doses of -blockers, which questioned 
the safety of this strategy [36].

Sotalol is a class III antiarrhythmic with significant activ-
ity as a nonselective -blocker and a potassium channel 
blocker. Potassium current blockade prolongs both the action 
potential and the QT interval, predisposing to ventricular 
dysrhythmias such as Torsades de Pointes [33]. This can 
occur at both therapeutic and toxic dosages [31]. Because of 
its renal excretion, the use is contraindicated in patients with 
a creatinine clearance less than 46 mL/min. As with other 

-blockers, sotalol is effective in decreasing POAF, but does 
not reduce hospital length of stay or postoperative morbidity. 
Bradycardia can be significant enough to stop its use [22]. 
According to the American College of Cardiology recommen-
dations, sotalol may be harmful if used to pharmacologically 
cardiovert AF [29]. Unfortunately, most of the data on this 
medication come from the cardiac surgical population [28].

The calcium channel blockers verapamil and diltiazem are 
used both as prophylactic and therapeutic agents for the treat-
ment of POAF. They decrease intracellular calcium entry by 
directly blocking the L-type calcium channel and slowing the 
sino-atrial automaticity and atrio-ventricular nodal conduction 
[31]. This class of drugs seems to reduce pulmonary vascular 
resistance and right ventricular pressure as well, making this 
an attractive option after major lung resection [32]. Hypoten-
sion is one of the major side effects, especially with verapamil, 
and one of the most common reasons to stop these medica-
tions. Calcium channel blockers cause a 40% decrease of post-
operative myocardial infarction rates and a 45% reduction of 
ischemia when used in the cardiac surgical population [32]. 
Diltiazem is superior to digoxin when used to prevent POAF 
after intrapericardial or standard pneumonectomy [24]. How-
ever, both drugs have equal effect on postoperative ventricular 
ectopy, echocardiographic changes in right ventricular func-
tion and hospital length of stay. In the largest study to prevent 
POAF in thoracic surgical patients, diltiazem was safe and 
effective in reducing the rate of POAF of almost 50% [30].

Prophylactic digitalization to prevent POAF is not recom-
mended any longer since there are no proven benefits and 
potential associated side effects [37]. Digoxin does not seem 
to restore normal sinus rhythm in patients with chronic AF, 
and as a single agent it does not adequately control the ven-
tricular response unless given at very high doses [37], or when 
combined with -blockers or calcium channel blockers [38]. 
Better results are seen when used in patients with chronic 
AF and heart failure with systolic dysfunction [37]. Digitalis 
toxicity and the difficulty of assessing proper plasma levels 
remain the main limiting factors for its use [19]. Moreover, 
calcium channel blockers have demonstrated to have bet-
ter results in preventing POAF with fewer side effects [24]. 
Digoxin should be avoided in patients with renal insufficiency, 

Table 44.3. Proposed risk factors for supraventricular 
tachyarrhythmias.
Age >60
Male gender
History of paroxysmal atrial fibrillation
Prolonged P wave duration
Preoperative HR >72 bpm
Elevated BNP level
Increased WBC count on POD 1
Intrapericardial procedure

HR heart rate; bpm beats per minute; BNP brain natriuretic 
peptide; WBC white blood cell count; POD postoperative day
Adapted from Refs. [13, 14, 19, 22]
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electrolyte disturbances (hypokalemia, hypomagnesemia and 
hypercalcemia), acute coronary syndromes and thyroid disor-
ders. The main mechanism of action is by enhancing vagal 
stimulation at the atrioventricular node, thus decreasing ven-
tricular response during atrial arrhythmias [33]. There is also 
an inhibition of the sympathetic response which is unrelated to 
the increase in cardiac output, and a binding of the myocardial 
sodium–potassium ATP-ase channel, blocking its transport 
[38]. The increase in intracellular calcium promotes cardiac 
contractility.

Amiodarone is a multiple sodium–potassium–calcium channel 
blocker and a -adrenergic inhibitor. It is often used to main-
tain sinus rhythm after electrical cardioversion in the gen-
eral population. As a prophylactic agent, it works best when 
administered 1 week prior to cardiac surgery [39]; however, 
the precise mechanism of action is unknown [40]. The sodi-
um–calcium–potassium channel blockade causes an increase 
in the duration of the action potential and the refractory period 
in the cardiac tissue. As a result, hypotension, bradycardia and 
QT prolongation can be significant, especially in patients with 
congestive heart failure and left ventricular dysfunction [27]. 
Other side effects seen with prolonged use include hypo or 
hyperthyroidism, hepatic and neurotoxicity, and prolonga-
tion of warfarin half-life [40]. However, pulmonary toxicity 
remains the main concern of amiodarone therapy after lung 
resection [32]. It can occur at lower dosages than the ones 
used in the general population, and can manifest as chronic 
interstitial pneumonitis, bronchiolitis obliterans, adult respira-
tory distress syndrome (ARDS) or a solitary lung mass [27]. 
In a very small prospective randomized study, Van Mieghem 
et al. [41] examined the role of amiodarone prophylaxis on 
POAF after lung resection, and compared it to verapamil. 
The interim analysis showed no difference between the two 
drugs. However, the study was stopped prematurely due to an 
increased incidence of ARDS in the amiodarone group (7.4% 
in the patients who had a right pneumonectomy vs. 1.6% for 
other types of lung resections), and a higher mortality rate. 
This occurred despite using standard intravenous regimens 
and having therapeutic plasma concentrations. Two mecha-
nisms were proposed: an indirect one, by increasing inflam-
matory mediators, and a direct one, by causing direct damage 
to the cells and subsequent fibrosis. Independently from the 
etiology, they recommended to avoid amiodarone after lung 
resection. By surgically decreasing the amount of lung paren-
chyma available, standard doses of amiodarone can account 
for higher pulmonary concentrations of the drug which may 
reach toxic levels. These results were not confirmed by later 
studies, when amiodarone was used for a short time period 
[13]. A recent prospective randomized study on 130 patients 
undergoing to lung resection showed a decreased incidence of 
AF in the amiodarone group (13.8 vs. 32.3% in the control), 
with no difference in respiratory or cardiac complications 
[42]. The lack of double blinding and the selection bias repre-
sented by a high exclusion rate of cases of intraoperative AF 
are the main limitations for this study. Overall, the  efficacy of 

amiodarone in preventing POAF does not seem to be  different 
from diltiazem [13]. Its main indication still remains as a 
 second tier drug for POAF refractory to rate control drugs or 
as a therapeutic agent for POAF coupled with preexcitation 
conduction abnormalities, such as Wolff–Parkinson–White 
syndrome [29].

Magnesium is indicated in the case of hypomagnesemia. The 
data on the use of magnesium are mainly from the cardiac 
surgical literature and are conflicting. One randomized con-
trolled study done on 200 patients undergoing cardiopulmo-
nary bypass surgery showed a decreased incidence of POAF 
when magnesium sulfate was administered for prophylaxis 
[43]. However, several other trials in similar surgical popu-
lation have given conflicting results on the benefits of mag-
nesium and POAF prophylaxis, with the only agreement to 
maintain magnesium levels within normal values [33]. Except 
in patients with acute renal failure, magnesium has a relatively 
safe profile.

Statins (3-hydroxy-3-methylglutaratyl coenzyme-A reductase 
inhibitors) have been shown to suppress electrical remodeling 
and prevent POAF in animal models [27]. They are powerful 
lipid lowering drugs highly effective in preventing coronary 
artery disease [23]. Studies conducted in hypercholesterolemic 
patients on statins undergoing coronary artery bypass graft-
ing (CABG) showed a decrease in postoperative major cardiac 
events [44]. This effect was potentiated by simultaneously tak-
ing -blockers [45]. The main benefits of statins seem to occur 
when these drugs are started in the preoperative period. When 
administered one week prior to on pump CABG, they decreased 
the incidence of POAF, as well as hospital length stay [22, 45]. 
After major lung resection, patients already on statins prior 
to surgery showed a threefold decrease in the probability of 
developing POAF [46]. One possible explanation seems to be 
related to their antiinflammatory or antioxidant mechanism, 
and observational studies conducted in patients undergoing 
major lung resection have observed an increase in C-reactive 
protein and interleukin 6 in the postoperative period [47].

Angiotensin-converting enzyme inhibitors (ACEIs) and 
angiotensin receptor blockers (ARBs) have been suggested 
to reduce the incidence of POAF in patients with coexisting 
heart failure and systolic left ventricular dysfunction, but not 
in cases associated with systemic hypertension [48]. They 
may also play a role in maintaining sinus rhythm after elec-
trical cardioversion. The data in the literature have focused 
mainly on the role of these drugs on the outcome in patients 
with chronic AF. The prophylactic use of ACEIs/ARBs to 
prevent POAF remains quite controversial, with both posi-
tive [22] and negative [49] findings. Inhibition of the renin–
angiotensin–aldosterone system seems to attenuate left atrial 
dilatation, atrial fibrosis and to contribute in slowing con-
duction in animal studies, all factors that can trigger and 
maintain reentry circuits. These effects seem to be potenti-
ated in patients with chronic heart failure when -blockers 
are added [22].
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Role of Postoperative Chemical and Electrical  
Cardioversion

Chemical and electrical cardioversion: Pharmacological car-
dioversion seems to be the most effective when started within 
7 days from the onset of AF [29]. Drugs that can chemi-
cally cardiovert AF with variable success include flecainide, 
propafenone and ibutilide [13]. Ibutilide has been shown to 
have modest success in converting acute AF after cardiac 
surgery, and it may be associated with polymorphic ven-
tricular tachycardia, especially in the presence of electrolyte 
abnormality [29]. Single oral doses of flecainide (300 mg) or 
propafenone (600 mg) seem to be safe, cardioverting, respec-
tively, 91 and 76% of the cases within 8 hours from the onset of 
AF. In order to be eligible to receive these drugs, patients must 
be free from cardiac structural disease, such as left ventricu-
lar hypertrophy, mitral valve disease, coronary artery disease 
or heart failure [50]. The potential side effects for both drugs 
include ventricular tachycardia, heart failure and conversion 
to atrial flutter with rapid ventricular response [29].

Electrical cardioversion is used to treat AF in case of hemo-
dynamic instability, with a success rate of 67–94% [27]. 
Biphasic waveforms are more successful than monophasic, 
using a current around 100–200 J and in a synchronized mode. 
Higher energy can be used for patients with high body mass 
index, prolonged AF or left atrial enlargement. Bradycardia 
(more common in patients on antiarrhythmics prior to car-
dioversion), ventricular tachyarrhythmias (in case of shock 
applied during repolarization), hypotension, pulmonary edema 
(probably due to myocardial stunning) and embolism are all 
potential complications. Electrolytes should be checked and 
normalized before cardioversion. In the case of digitalis toxic-
ity and hypokalemia, cardioversion should be avoided due to 
the high incidence of ventricular fibrillation. In this setting, 
low currents and prophylactic lidocaine should be used. Since 
bradycardia can be profound up to the point of asystole, pac-
ing capabilities should be also readily available [27].

Acute Coronary Syndrome

Myocardial ischemia may occur transiently after lung resec-
tion and be present as an electrocardiographic finding in 3.8% 
of patients, while infarction can occur in 0.2–0.9% of the 
cases [8, 51, 52]. The diagnosis of symptomatic perioperative 
myocardial infarct is associated with a 30–50% risk of death 
[23]. The incidence is increased in the presence of preopera-
tive coronary artery disease and abnormal exercise testing. 
Patients are at the highest risk during the first three PODs, 
when a high degree of monitoring is suggested.

There are no definite recommendations for preoperative 
invasive testing or interventions. Most of the decision making 
should be based on the clinical presentation [53]. In patients 
at high risk (such as the ones with unstable angina, uncom-
pensated chronic heart failure, arrhythmias and severe valvular 
disease) cardiac catheterization is highly recommended and 

followed by coronary artery revascularization, if necessary 
[28]. There are no prospective randomized studies on prophy-
lactic CABG prior to elective surgery and whether this is supe-
rior to percutaneous revascularization (PCI). If patients require 
revascularization, elective surgery needs to be postponed, with 
the dilemma of how long to wait, especially in the case of can-
cer, where there is potential disease progression [54]. Cardiac 
stents, especially the drug eluting ones, represent a signifi-
cant problem due to the prolonged need for anticoagulation. 
Stopping dual antiplatelet therapy (aspirin and clopidogrel) is 
associated with a quite high risk of stent thrombosis, while con-
tinuing it leads to an increased risk of intra- and postoperative 
bleeding and precludes the possibility of using regional anes-
thetic techniques [55]. The duration of the anticoagulation is 
usually based upon the type of stent: 4–6 weeks for bare metal 
stents and 12–24 months for drug eluting ones [23]. The risk 
of stent thrombosis is higher for drug eluting stents, especially 
if the stent is long, at a bifurcation, if the revascularization is 
incomplete, or the patient has history of diabetes or heart failure 
[56]. A nonrandomized observational prospective study done 
in noncardiac surgery patients who had cardiac stents placed 
within a year from surgery found a 44.7% rate of postopera-
tive cardiac complications and a 4.7% mortality rate [57]. The 
dual antiplatelet therapy was stopped on average 3 days prior 
to surgery and substituted with intravenous unfractionated hep-
arin or subcutaneous enoxaparin. Most of the complications 
occurred within the first 35 days from the stent placement and 
were cardiac in nature. Bleeding was not a significant variable. 
Despite the absence of randomization and the lack of informa-
tion about the type of stent used, this study stresses several 
important points. Once the antiplatelet treatment is stopped, 
low molecular weight heparin should be used (heparin alone 
is insufficient); all non life saving procedures should be post-
poned at least for 6–12 weeks from the stent placement, and 
aspirin should be continued as long as possible prior to surgery 
[55, 57]. Prophylactic revascularization (CABG vs. PCI) does 
not seem to add further benefits over optimal medical treatment 
in patients with cardiac risk undergoing elective major vascular 
surgery [54]. Long-term survival as well as myocardial infarc-
tion, death and hospital length of stay seems to be unchanged. 
However, CABG is associated with less postoperative myo-
cardial infarctions and decreased hospital length of stay when 
compared to PCI, probably because of better revasculariza-
tion [58]. According to the American College of Cardiology, 
revascularization should be reserved for patients with unstable 
angina or advanced coronary artery disease [23]. In case the 
stents need to be placed before surgery, bare metal stents are 
preferred due to their lower risk of thrombosis. In both cases, 
elective surgery needs to be appropriately delayed to prevent 
graft or stent thrombosis.

Heart Failure and Cardiac Herniation

Heart failure can occur after major lung resection as a result 
of right or left sided dysfunction. Right heart failure can result 
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from changes either in contractility or afterload. Unfortunately, 
most of the studies looking at changes in right ventricular func-
tion after lung resection were small, and found minor and tran-
sient differences when compared to the preoperative period. 
An increase in right ventricular end-diastolic volume has been 
observed as a reversible finding during the first two PODs 
[28], as well as a mild increase in pulmonary arterial pressures 
and pulmonary vascular resistance [59]. While postoperative 
changes in pulmonary arterial pressures, central venous pres-
sures and pulmonary vascular resistance seem to be subtle at 
rest, they may become significant during exercise. Changes in 
right ventricular function are usually able to compensate for 
the former, but they may fail for the latter, leading to pulmo-
nary hypertension [28]. When trans-thoracic echocardiogra-
phy has been used to evaluate right ventricular function after 
pneumonectomy, it has shown only a mild increase in pulmo-
nary arterial pressure which is not associated with ventricular 
dysfunction [60]. Other possible causes of right ventricular 
failure, although rare, include pulmonary embolism and car-
diac herniation. Left side heart failure is usually a consequence 
of right heart dysfunction, either by decreasing left ventricu-
lar preload or shifting the interventricular septum [28]. Acute 
ischemia and valvular disease may also be contributing factors. 
Cardiac herniation, a rare complication after pneumonectomy, 
may be responsible for both right and left heart failure. It occurs 
more commonly after intrapericardial pneumonectomy, right 
more than left, and leads to a 50% mortality rate [28]. Hernia-
tion can be secondary to an incomplete surgical closure of the 
pericardium or the breakdown of a pericardial patch [61]. One 
main contributing factor includes an increase in intrathoracic 
pressure, such as with coughing. Changes in position, with the 
operative side being dependent, positive pressure ventilation, 
rapid lung reexpansion or suction on the chest tube are all other 
possible causes. Symptoms depend on the side of the hernia-
tion. Right-sided cases present with superior vena cava syn-
drome, due to kinking of the superior vena cava and decreased 
right ventricular filling, with subsequent hypotension, tachy-
cardia and shock. Left-sided cases present with arrhythmias 
and ischemia, causing myocardial infarction, hypotension and 
ventricular fibrillation if left untreated [62]. This appears to 
be related to less cardiac rotation, with subsequent pericardial 
compression on the myocardium. Clinical presentation and 
electrocardiographic findings are fairly nonspecific in suggest-
ing the diagnosis, stressing the role of chest radiography and a 
high index of suspicion. Treatment is surgical, with reposition-
ing of the heart and placement of a patch. In order to minimize 
hemodynamic instability, the patient should be kept on the 
 lateral decubitus with the operative side up [61].

Mediastinal Shift and Postpneumonectomy  
Syndrome

Mediastinal shift can occur intraoperatively or in the postop-
erative period as a result of changes in the postpneumonec-
tomy space. At the end of surgery, once the chest is closed, 
some surgeons evacuate the air and fluid that fills the empty 

space aiming to bring the mediastinum back to midline. 
Excessive fluid drainage can lead to ipsilateral mediastinal 
shift and contralateral lung expansion, with decreased venous 
return and significant hypotension [63]. A high index of clini-
cal suspicion, careful monitoring of the hemodynamics and 
communication with the surgical team are needed at this point 
of the operation to avoid hemodynamic collapse. When exces-
sive fluid accumulates in this space, contralateral mediastinal 
shift occurs, leading to compression of the remaining lung and 
secondary respiratory insufficiency. This is seen more often 
in the postoperative period, and the use of intracavitary pres-
sures monitoring can guide the drainage of the excess fluid 
if needed [63]. CT scan studies have shown obliteration of 
the postpneumonectomy space with fluid over time, eleva-
tion of the hemidiaphragm and expansion of the contralateral 
lung [64]. In the case of extreme mediastinal shift, dynamic 
compression of the distal airway can occur, leading to the so-
called “postpneumonectomy syndrome” [65, 66]. This is a rare 
and late complication, which can occur at a median of 7 years 
from surgery. It is more common in females, children and with 
right-sided procedures (even though it has been described for 
left cases as well). It manifests with exertional respiratory 
insufficiency, stridor and recurrent infections. Respiratory 
symptoms are caused by dynamic compression of the distal 
trachea and mainstem bronchus and treatment involves the 
use of airway stents or thoracotomy and repositioning of the 
mediastinum via saline filled prosthesis (see also Chap. 41).

Conclusion

In the last few decades, a significant improvement in the sur-
gical and anesthetic techniques has made pneumonectomy 
and major lung resection safer. The introduction of epidural 
analgesia, minimally invasive surgical techniques and the 
introduction of short acting anesthetics have all contributed 
to decrease the incidence of postoperative complications. Fast 
track strategies and careful selection of patients undergoing to 
lung resection procedures have also played an important role 
in postoperative and long-term outcome. Better utilization of 
step down and acute postoperative care units have decreased 
the rate of ICU admissions, saving costs. Since the average 
age of patients requiring lung resection is increasing, anesthe-
siologists and surgeons will be facing more complex cases, 
due to the presence of multiple comorbidities. Careful pre-
operative work up, customizing the type of surgery as well 
as planning for in hospital and post discharge rehabilitation 
options will prove to be essential for decreasing even further 
the possible complications and improving the overall care.

Clinical Case Discussion

A 65-year-old-man with squamous cell cancer of the right 
upper lobe underwent a right intrapericardial pneumonec-
tomy. Surgery was 150 min and uneventful. Estimated blood 
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loss was 700 cc, and 700 cc of ringer’s lactate was used during 
the case. Urinary output was 100 cc. The patient was extu-
bated in the operating room at the end of the case. A thoracic 
epidural was used intraoperatively, and the patient was com-
fortable in PACU. As part of the postoperative blood work, 
troponin levels were checked and the first set was 1.66 (1.07 
and 0.52 the second and the third one). ST segment elevations 
transiently occurred on POD 1 in correspondence to a fourth 
troponin of 1.55.

On POD 2, subcutaneous emphysema was noted on the 
right chest wall, neck and eye (see Fig. 44.1). While walk-
ing, he had an episode of desaturation and tachycardia. Chest 
X-ray is shown. Electrocardiogram showed rapid SVT, with 
hypotension (HR = 128, BP = 88/45). The patient was trans-
ferred to the ICU where he was intubated. He slowly became 
hemodynamically unstable, requiring multiple pressors.

CXR on POD 2

Questions

What are common cardiac complications after lung resection?

Arrhythmias (atrial fibrillation, atrial flutter and SVT).
Ischemia and acute coronary syndrome.
Heart failure and cardiac herniation.
Mediastinal shift and postpneumonectomy syndrome.

Specifically:

Arrhythmias: Who is at risk (suggested pathophysiology, 
role of WBC and inflammatory response, BNP levels)? 
What we can do to prevent it (rate or rhythm control? Pre-
operative medications?)? How do we treat postoperatively 
(medications vs. cardioversion)? Risks/side effects of the 
treatment.

Acute coronary syndrome: What are known risk factors? 
Preoperative stenting vs. medical treatment for patients 
with a positive stress test. Is myocardial ischemia prevent-
able (role of preoperative statins/beta blockers)? What is 
the treatment? How does it affect mortality?
Cardiomegaly/cardiac failure: Who is at risk (role of the 
extent of dissection, preoperative risk factors)? How does 
it affect mortality?
Mediastinal shift: Why does this happen (extent of dissec-
tion)? How common is cardiac herniation? Pathophysiol-
ogy and diagnosis.
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Key Points

Chest drains can usually be removed postthoracotomy when 
the air leak has stopped and drainage is <300 mL/day.
The majority of thoracic surgical patients are at high risk 
for postoperative venous thromboembolism.
Postthoracotomy blood loss via the chest drains requires 
reexploration if it meets or exceeds 1 L in 1 h or 200 mL/h 
for 4 h.
The risk of postthoracotomy hemorrhage is increased in 
patients with a previous thoracotomy and following decor-
tication or surgery for infectious causes.
Lobar torsion most often occurs in the right middle lobe 
following a right upper lobectomy.

General Principles of Postoperative Care

In thoracic surgery, perhaps more than in any other surgical 
field, “an ounce of prevention is worth a pound of cure.” To 
obtain best results in perioperative care after pulmonary pro-
cedures this care begins before the procedure and does not end 
until long after the patient leaves the hospital.

Preoperative Preparation

Preoperative Teaching

To achieve the best participation in a patient’s postoperative 
care, the patient and family should be as fully informed as 
possible. When both patient and family know what to expect, 
they are better prepared to deal with the problems as they arise. 

The surgeon should have frank and open discussions with the 
patient and family concerning the anticipated outcome and 
expected postoperative problems, along with the usual mea-
sures to combat those problems. Such discussions help the 
patient and family understand that the postoperative course may 
not be smooth and that aggressive measures may be required 
to achieve ultimate recovery. According to Wright et al., the 
most common problems delaying discharge from the hospi-
tal include inadequate pain control, prolonged air leak, severe 
nausea, fever, debility, and arrhythmias [1] (Table 45.1).

Preoperative Pulmonary Exercise and Training

The role of pulmonary rehabilitation is more controversial. In 
1979, Gracey et al. [2] studied 157 patients who were about to 
undergo a major operation. They administered a standard pul-
monary preparation program used at that time and found that 
complications were significantly reduced but also that postop-
erative pulmonary complications were related to the extent of 
the operation. In 1999, Debigare et al. [3] studied preparation 
for lung volume reduction procedures for severe emphysema. 
Because many patients traveled a great distance, the investigators 
devised a home exercise training program that included incen-
tive spirometry, muscle exercises, and aerobic training. It began 
with detailed teaching and follow-up and was ensured through 
weekly phone calls and a diary filled out by each patient. As a 
result, there was a significant increase in the 6-minute walk test, 
quality-of-life perception, peak work rate, peak oxygen con-
sumption, endurance time, and muscle strength; it was therefore 
concluded that such training was beneficial when time permits a 
delay in the timing of the operation. This time delay may how-
ever not always be an option in patients with malignancy.
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Smoking

Smoking cessation has always been considered an important 
issue in preparation for an operation. However, the evidence 
shows that the effects of cigarette smoking linger long after ces-
sation and that inordinately long preoperative delays would be 
necessary to achieve any significant improvement. The Lung 
Health Study Research Group has published many reports 
concerning the effects of smoking cessation. Anthonisen et al. 
[4] reported the results of one of the aforementioned group’s 
studies involving individuals with documented early chronic 
obstructive pulmonary disease (COPD) who stopped smok-
ing; they experienced improvement of lung function, with the 
greatest benefit being noted in the first year. No conclusions 
can be drawn concerning the early effects of smoking cessa-
tion, because the investigators first observation point was 3 
months after intervention. Despite the lack of firm evidence, 
it is still recommended that patients quit smoking for as long 
as possible prior to operation. Some data suggest that cessa-
tion of smoking could potentially lead to higher postopera-
tive complications. This is based on the fact that patients have 
increased secretions early after cessation [5]. However, in 
2005, Barrera [6] studied smokers undergoing thoracotomy 
at Memorial Sloan-Kettering Cancer Center. They found no 
difference in pulmonary complications among recent quitters 
vs. continuing smokers. Only patients with >60 packs per year 
and those with a significantly reduced diffusion capacity had 

a higher risk for postoperative pneumonia in that series. The 
investigators concluded that it was safe to quit at any time 
before operation.

Medication

Preoperative medications should be continued up to the time 
of operation. The only exceptions are anticoagulant medica-
tions. Patients on warfarin (Coumadin), therapeutic doses of 
low-molecular-weight heparin, or clopidogrel (Plavix) should 
stop their medications long enough prior to the procedure. It 
is our practice to recommend patients to stay on aspirin at 
the time of their surgery to decrease the risk of postoperative 
cardiac complications. The use of aspirin has not been associ-
ated with increased risk of bleeding in our experience. There 
is also no evidence that the addition of preoperative short-term 
bronchodilators changes operative outcomes.

Postoperative Management

Chest Drainage System

Surgeons have several different options for draining the chest. 
Most surgeons still place two #28 Fr chest tubes, one anteri-
orly and one posteriorly in the chest. The tubes are attached 
to a drainage system that permits one-way drainage only, 
with a portion of the device set up to collect fluid (Fig. 45.1). 
These devices use a variety of valves or liquid to establish a 
one-way system. All of the collection systems are designed 
to provide suction on the tubes if the surgeon desires. In the 
past, all chest tubes were placed on suction at −20 cm H

2
O. 

In recent years, the advisability of the ubiquitous use of suc-
tion has been questioned. Several investigators, like Cerfolio, 
and Wain and their respective coworkers, contend that if the 
lung is fully expanded with the tube on no suction, the patient 
will do well. Hence there is currently more individual pref-
erence concerning chest tube suction. In our institution suc-
tion at −20 cm H

2
O is preferred at least for 24 h and a chest 

Fig. 45.1. Chest tube drainage system with 
high- and low-pressure relief valves.

Table 45.1. Common reasons for delay in discharge.
Cause Percentage

Inadequate pain control 28
Prolonged air leak 19
Severe nausea 17
Fever 16
Debility 12
Atrial arrhythmia  7

Adapted from Wright et al. [1]
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X-ray showing a fully expanded lung the next day. Exceptions 
are patients with significant emphysema or pneumonectomy 
or after volume reduction surgery. When pleural apposition 
is not realistically achievable, suction can potentially prolong 
the air leak in these patients.

A special consideration with respect to chest drainage is after 
pneumonectomy. Traditional water seal devices allow egress 
of air out from the pleural cavity but not for its return. This 
can lead to progressive mediastinal shift after pneumonectomy. 
There are several possible solutions. A chest drain need not be 
left at all, if the risk of bleeding is minimal. The mediastinum 
can be balanced by removing a few hundred milliliters of air as 
the thoracotomy is being closed, by means of a red rubber cath-
eter. In addition, a needle thoracocentesis can be performed in 
the recovery room after the postoperative chest radiograph is 
reviewed. If bleeding is sufficient to require drainage, a bal-
anced pneumonectomy chest drainage system is available. This 
device allows air both in and out, to keep the pleural space 
within a preset range. Alternatively, a traditional system may 
be used but clamped and only intermittently opened, although 
this approach is vulnerable to missteps by inexperienced staff.

Regardless of types of chest tubes and the use of suction, 
the drainage tubes must be assessed at least daily for patency, 
function, air leakage, and drainage. Inspection of the tube 
and drainage system for clots or blockages assures patency. 
Obstructions are removed by “milking” or “stripping” the tub-
ing. This is accomplished by occluding the tubing and pulling 
it away from the patient to produce a local suction effect. If 
this does not work, a balloon-tipped catheter may be passed 
up the tubing to remove the clot, or a suction catheter may 
be used for the same purpose. A functioning tube is the one 
that shows variation in the fluid within it when the patient 
breathes quietly. This may be observed while talking with the 
patient at the bedside. Good respiratory variation indicates 
proper  functioning of the tube. Limited changes in the level of 
the fluid in those drainage systems with a water column may 
indicate partial blockage. The tubing should be placed so that 
it does not coil, leaving low points to collect fluid. Such col-
lections impede fluid flow and may cause positive pressure to 
build up in the tubing and back up into the patient. Air leakage 
is assessed by observing the water-seal chamber on the drain-
age device. Air leakage should be assessed on and off suction 
at quiet respiration. The patient is then asked to cough and 
the chamber is observed. Several grading systems have been 
devised. In general, air leaks should be characterized by the 
force necessary to produce the air leak and the amount of the 
air leak. The smallest leak is an intermittent one produced on 
inspiration only, and the largest one is a continuous air leak. 
Newer devices being evaluated currently display the amount 
of air leak digitally. Drainage should be measured twice daily, 
at least, so that an estimate can be made concerning whether 
the rate of fluid drainage is increasing or decreasing. Nurses 
usually record the drainage in 12-h shifts and provide a total 
daily drainage. In addition, the character of the drainage 
should be noted. Change in the character of the fluid from 

sanguinous to serous is usually a good sign. Change from 
serous to purulent indicates potential empyema and a change 
to “milky” secretion a chylothorax. In planning the removal 
of a chest tube, the drainage must decrease to levels accept-
able to the surgeon. Although exact numbers are not scien-
tifically demonstrated, the amount is usually 200–300 mL/
day or less. Chest tubes and drainage systems are intended 
to keep the lung expanded and prevent the development of a 
space. Once air leakage ceases and drainage has decreased to 
acceptable levels, the system has performed its function and 
should be removed. In an age of cost containment, this could 
be anytime after the operation, and usually is 2–4 days after 
a lobectomy.

We routinely use a preplaced U stitch to approximate the 
wound edges after chest tube removal. The chest tube is 
removed quickly during a breath hold at the end of expiration. 
The wound borders are brought together, and a wound dress-
ing is applied. A chest radiograph must be obtained after to 
evaluate for adequate pulmonary reexpansion

Intravenous Fluids

Lung manipulation and collapse may impair pulmonary lym-
phatic drainage and increase extravascular lung water due to 
disruption of the alveolar-capillary membrane. Because of this, 
patients undergoing pulmonary resections should not receive 
excessive fluid replacement, and standard fluid management 
used in other types of surgical patients needs to be moderated. 
Excessive fluids can result in pulmonary edema, decreased 
alveolar gas permeability, decreased pulmonary compliance, 
atelectasis, and hypoxia.

An adult should receive not less than 1,000 mL of fluids per 
day. If there are no previous deficits or current complications, 
the typical amount of liquid ingested by an adult is 2–3.5 L/day. 
Two liters per day should maintain an adequate diuretic range 
(1,000 mL) and cover requirements for Na+, K+, and Cl−. In spe-
cial circumstances, such as after pneumonectomy or lung vol-
ume reduction surgery, more extreme fluid restriction (<1.5 L) 
may be advised. Attention needs to be given to how much fluid 
is provided with medications. Urine output and serum creati-
nine must be monitored very carefully, and medications need 
to be reviewed to reduce or eliminate other nephrotoxins, such 
as nonsteroidal antiinflammatory agents (NSAIDs) or angio-
tensin-converting enzyme inhibitors.

Postoperative Nutrition

The majority of patients start enteral nutrition in the evening 
of the day of surgery or the next day, unless they are hemody-
namically unstable. Most patients tolerate limited postopera-
tive nutrition for a week. Often overlooked is the early use of 
laxatives and stool softeners, which should be started on the 
first day with oral diet. Reduction of narcotics as tolerated, 
adequate oral hydration, and early ambulation help to over-
come constipation.
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Respiratory Care

Oxygen is administered as needed during the postoperative 
period. Chest physiotherapy has been demonstrated to be 
effective in preventing postoperative pulmonary complica-
tions and is considered routine postoperative care for patients 
undergoing thoracotomy. Many patients with hypoxemia ben-
efit more from physiotherapy to increase functional residual 
capacity and PaO

2
 than from further increases in the fraction of 

inspired oxygen (FiO
2
). Excessive oxygen administration has 

potential drawbacks despite the short-term margin of safety 
it can provide. Increased alveolar oxygen tension promotes 
atelectasis as the oxygen is rapidly absorbed. Drying of secre-
tions, even by humidified gases, can increase difficulty with 
coughing and clearance of mucus. Patients with COPD may 
have chronic carbon dioxide retention. Supplemental oxygen 
will tend to exacerbate hypercapnia in these patients. There-
fore, in patients who have an elevated PaCO

2
 preoperatively, 

oxygen saturation is maintained at 90% or less, preserving the 
hypoxic drive to breathe.

Early application of continuous positive airway pressure 
(CPAP) may prevent the need for intubation and mechanical 
ventilation in patients with hypoxemia by reducing atelectasis 
and, therefore, improving oxygenation. Clearing of secretions 
is very important after thoracic operations, especially after 
tracheal resections. In our institution we liberally use bron-
choscopy and have a small bronchoscopy suite available on 
the thoracic surgery ward 24 h/day. Patients can be cleared of 

secretions daily if their cough is ineffective. Alternatively a 
mini-tracheostomy can be placed via the cricothyroid mem-
brane for tracheobronchial toilette, depending on institutional 
preference and experience.

Prevention of Venous Thromboembolism

Measures to prevent postoperative venous thromboembolism 
should be implemented in high-risk patients undergoing tho-
racic surgical procedures. The best method of prophylaxis is 
low-dose fractionated or unfractionated heparin. Pneumatic 
compression device are also used in some patients, although 
their role has never been formally demonstrated in random-
ized control trials. Risk for venous thromboembolic disease 
may be stratified according to patient and procedural factors. 
The majority of patients undergoing thoracic operation fit the 
high-risk category, as defined in Table 45.2. These patients 
have a calf thrombosis rate of 20–40%, a pulmonary embolus 
rate of 2–4%, and a fatality rate of 0.4–1.0%. In 2006, Mason 
et al. found a 7.4% incidence of postoperative venous throm-
boembolism among patients undergoing pneumonectomy 
for malignancy [7]. In 2007, the American Society of Clini-
cal Oncology guidelines recommended that patients with 
cancer who will have a thoracotomy or laparoscopy lasting 
>30 min should receive pharmacologic thromboprophylaxis 
with either fractionated or unfractionated heparin. Prophy-
laxis should begin preoperatively or as early as possible in the 

Table 45.2. Classification of risk levels for postoperative thromboembolism.

Thromboembolic event (%)

Risk level
Calf vein  
thrombosis

Proximal vein  
thrombosis

Clinical pulmonary 
embolism

Fatal pulmonary 
embolism

Successful  
prevention strategies

Low 2 0.4 0.2 0.0002 No specific prophylaxis, 
early mobilization Uncomplicated minor surgery in patients 

aged <40 years with no clinical risk factors
Moderate 10–20 2–4 1–2 0.1–0.4 LDUH (q12h), LMWH 

( 3,400 U daily), 
GCS or IPC

 Any surgery in patients aged 40–60 years 
with no additional risk factors; major 
surgery in patients aged <40 years with no 
additional risk factors; minor surgery in 
patients with risk factors

High 20–40 4–8 2–4 0.4–1.0 LDUH (q8h), LMWH 
(>3,400 U daily),  
or IPC

 Major surgery in patients aged >60 years 
without additional risk factors or patients 
aged 40–60 years with additional risk fac-
tors; patients with myocardial infarction; 
medical patients with risk factors

Highest 40–80 10–20 4–10 0.2–5.0 LMWH (>3,400 U 
daily), fonda-
parinux, oral VKAs 
(INR, 2–3), or IPC/
GCS + LDUH/LMWH

 Major surgery in patients aged >40 years with 
prior venous thrombo-embolism, malig-
nant disease, or hypercoagulable state; 
patients with elective major lower extrem-
ity orthopedic surgery, hip fracture, stroke, 
multiple trauma, or spinal cord injury

LDUH low-dose unfractionated heparin; LMWH low-molecular-weight heparin; GCS graduated compression stockings; IPC intermittent pneumatic com-
pression; VKA vitamin K antagonist
Adapted from Geerts et al. [32]
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postoperative period. A combined regimen of pharmacologic 
and mechanical prophylaxis may improve efficacy among the 
patients at highest risk.

General Complications of Thoracotomy

Pneumonia

Although the incidence is low, between 2.2 and 6%, pneumonia 
postthoracotomy contributes to significant morbidity. Risk fac-
tors include preoperative hospital stay, immuno- compromised 
status, procedure (pneumonectomy > lobectomy), pulmonary 
reserve, smoking, and atelectasis. Atelectasis is a common 
complication after pulmonary surgery, fortunately most is 
plate-like or linear, hence subsegmental, and has little conse-
quence in a patient with adequate pulmonary reserve. How-
ever, segmental or lobar atelectasis may cause significant 
problems. Risk factors include poor cough, usually a result 
of poor pain control, impaired pulmonary function, chest wall 
instability, and/or sleeve resection.

Prevention is the best treatment. Chest physiotherapy with 
vibratory percussion, frequent spirometry exercises, and 
ambulation is key for prevention. Adequate pain control is 
also of paramount importance to prevent pneumonia. When-
ever pneumonia is suspected sputum cultures or BAL, if a 
bronchoscopy is performed, should be obtained and broad-
spectrum antibiotic therapy should be started. Clinical signs 
of pneumonia are a productive cough, fever, and/or an eleva-
tion in the white blood cell count. Radiographic findings often 
lag behind, especially in dehydrated patients.

Atrial Fibrillation

Arrhythmias are one of the most frequent complications after 
thoracic surgery. They require immediate management and 
often prolong the hospital stay. Because atrial arrhythmias are 
more common (ventricular arrhythmias are rare after thoraco-
tomy) their management is specifically discussed here. The 
incidence of atrial tachyarrhythmias ranges from 3.8 to 37% 
after thoracic surgery, with atrial fibrillation (AF) being the 
most common arrhythmia [8]. It is commonly associated with 
respiratory complications. In a study by Bobbio et al. in 2007, 
there was a 30% incidence of AF in patients with either spu-
tum retention, atelectasis, or pneumonia [9].

Many studies have been performed on the prevention of 
supraventricular tachyarrhythmias in patients undergoing 
lung resection. In a prospective randomized double-blind 
trial, Jakobsen et al. showed that administration of oral 
metoprolol initiated preoperatively and continued postopera-
tively decreased the incidence of AF from 40 to 6.7% [10]. 
In another trial, administration of magnesium sulfate starting 
the day of operative resection also resulted in a decrease in 
the incidence of AF from 26.7 to 10.7% [11]. Prophylactic 
oral amiodarone, when given before cardiac surgery, was 

shown to be cost-effective and safe and might be a  reasonable 
 preventive strategy in thoracic or other noncardiac surgi-
cal patients [12]. The use of amiodarone has however been 
associated with acute lung injury in rare cases and must be 
used with caution after lung resection. There are currently no 
consensus guidelines for prevention of AF that is specific to 
thoracic surgical patients.

Dunning et al. on behalf of the European Association for 
Cardiothoracic Surgery Audit and Guidelines Committee 
published guidelines and suggested a treatment algorithm for 
postsurgical AF [13]. Once the diagnosis of an atrial tachyar-
rhythmia has been established, the first priority is to assess 
the patient’s hemodynamic stability. In addition, one should 
maintain oxygenation, assess fluid balance, and assess the 
serum potassium. If the patient experiences syncope or if the 
blood pressure is less than 80 mmHg systolic, the options are 
chemical conversion, typically with amiodarone IV or syn-
chronous electrical cardioversion. For electrical conversion, 
the first shock is typically delivered at 200 J, with subsequent 
shocks at 300 and 360 J, respectively.

If the patient is hemodynamically stable, one should achieve 
control over the ventricular rate to allow better ventricular fill-
ing and an optimal ejection fraction. In our institution, once 
the electrolytes (potassium, magnesium, and calcium) are cor-
rected metoprolol would be the first choice except in patients 
with COPD and asthma. In this case our first choice is dilti-
azem. Amiodarone is usually a second choice in patients who 
are hemodynamically stable because of its potential pulmo-
nary toxicity. Once rate control has been achieved, the medi-
cation may be changed to equivalent doses of oral medication 
over the next 24 h. Myocardial ischemia should be ruled out 
by electrocardiography. The natural history of postoperative 
atrial tachyarrhythmias is self-termination. Therefore, usually 
nothing more than a day or two of rate control is required. 
If the patient spontaneously converts to normal sinus rhythm 
over the next 24 h, the medication can be discontinued and no 
further treatment is required.

If, however, the patient remains in a rate-controlled fibril-
lation or flutter beyond 24 h, cardioversion can be attempted 
after echocardiography is performed to exclude the pres-
ence of intracardiac thrombus. Amiodarone has become the 
most popular drug for cardioversion, particularly since it is 
relatively safe in patients with depressed ventricular func-
tion. If the patient converts to sinus rhythm, the oral antiar-
rhythmic drug should be continued for at least 30 days after 
surgery.

If the arrhythmia persists for more than 48 h, the patient 
should be anticoagulated with heparin and then maintained 
on warfarin. Typically, if patients are discharged from the 
hospital in rate-controlled AF with adequate anticoagula-
tion, they will spontaneously convert to sinus rhythm as 
outpatients. If, however, they remain in AF beyond 30 post-
operative days, they should be offered outpatient electrical 
cardioversion provided that they have remained therapeuti-
cally anticoagulated.
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Pleural Space Problems

It is important to have the remaining lung fully expanded to fill 
the chest cavity following thoracotomy. If this, for any reason, 
fails to happen, the space between the lung and the chest wall 
will fill with fluid. This might be the seed for an empyema.  
A postoperative space problem may occur when atelectasis of 
the underlying lung occurs or when an air leak from the lung 
leads to a persistent air space.

Air Leak

Not all patients have an air leak after pulmonary resection. In 
fact, many patients having a thoracoscopic wedge resection 
have no air leak. However, many patients having a lobectomy, 
segmentectomy, or a complicated wedge resection will leave 
the operating room with a leak. The STS Thoracic Surgery 
Database defined prolonged air leak as lasting >5 days. By 
August 2008, the database had recorded a total of 15,178 
lobectomies. Of these patients, 9.6% had prolonged leaks. 
This complication was the second in frequency only after 
arrhythmia.

Factors increasing the incidence of a prolonged air leak 
include emphysema, bilobectomy compared to lobectomy, 
poor chest tube placement, and neglecting operative tech-
niques that help prevent air leaks. These techniques include 
pleural tents, fissureless surgery, buttressed stapled lines, and 
checking for air leaks before closing.

However, if significant air leaks occur postoperatively, man-
agement varies. The old dictum of “no space, no problem” is 
a good one to keep in mind. When this is the case, the patient 
rarely requires intervention. When the lung does not fill the 
entire cavity and there is a significant air leak, a bronchopleu-
ral fistula (BPF) should be taken into consideration.

A BPF is defined as a communication between a bronchus 
and the pleural space and therefore different from an alveo-
lopleural fistula. The latter usually seals spontaneously with 
time, which is not the case for a BPF. Most commonly a BPF 
occurs following a right lower bi-lobectomy. This may be due 
to the lack of coverage of the bronchial stump by the remain-
ing upper lobe because of the posterior inferior position of the 
stump. In other types of lobectomy the bronchial stump is well 
covered by the remaining lobes. Technical factors are respon-
sible for fistulas occurring in the early postsurgical period. 
The most frequent errors are inappropriate suturing/stapleing 
and ischemia produced by excessive dissection of the bron-
chus prior to closure. Prevention is the easiest way to manage 
BPF. Local tissue pedicle flaps such as pleura, azygos vein, 
pericardial fat, and intercostal muscle can be used to cover 
pneumonectomy or bi-lobectomy stumps. Treatment options 
for BPF are briefly discussed in the chapter empyema.

For patients with complete lung expansion and a pro-
longed air leak, the first question is whether the lung will stay 
expanded without suction and if the chest tube output is con-
sidered small. If both of these criteria are met, the chest tube 

can be connected to a Heimlich valve or a similar device and 
the patient can be discharged with a close follow-up as an out-
patient. This is a good strategy in patients having lung volume 
reduction surgery, a decidedly sick population with significant 
underlying lung disease [14]. Alternatively, there is the pos-
sibility of chest tube removal, even with a small air leak. Such 
a maneuver should be preceded by a trial of tube clamping for 
up to 6 h prior to removal. If the patient develops pulmonary 
symptoms, such as shortness of breath or hypoxia, or develops 
a pneumothorax, the tube can be unclamped and the proce-
dure repeated another day. If the patient remains asymptom-
atic and no pneumothorax develops, the tube may be removed. 
A period of observation for 6–24 h is recommended prior to 
discharge. A last resort is to consider chemical pleurodesis. 
The instillation of sclerosing materials into the pleural space 
through the thoracostomy tube promotes symphysis of visceral 
and parietal pleura and may produce leak closure. Instillation 
of Doxycycline or talc has been described to treat a significant 
postoperative air leak [15].

Empyema

Empyema complicating lung resections is an uncommon but 
morbid and too often deadly sequela, particularly after pneu-
monectomy. Postsurgical empyema accounts for 20% of all 
cases of empyema. It most frequently follows a pneumo-
nectomy, occurring in 2–7% of patients with a higher inci-
dence for right pneumonectomy and it may occur in 1–3% 
of patients after lobectomy [16]. The incidence of empyema 
after pulmonary resection varies with the indications for the 
resection (inflammatory or neoplastic disease), with or with-
out preoperative radiation.

Although empyema may occur at any time postoperatively, 
even years later, most empyema develop in the early postop-
erative period. The pleural space may be contaminated at the 
time of pulmonary resection with the development of a bron-
chopleural or esophago-pleural fistula or from blood-borne 
sources. After pulmonary resection that is less than a pneu-
monectomy, an empyema occurs more often when the pleural 
space is incompletely filled by the remaining lung. Risk fac-
tors for empyema are summarized in Table 45.3.

Symptoms and signs vary, but the possibility of an empy-
ema must be considered in any patient with clinical fea-
tures of infection after pulmonary resection. Expectoration 

Table 45.3. Factors that increase the risk of development of post-
surgical empyema.
Delay in diagnosis
Improper choice of antibiotics
Loculation or encapsulation by a dense inflammatory reaction
Presence of a bronchopleural fistula
Foreign body in the pleural space
Chronic infection
Entrapment of lung by thick visceral peel
Inadequate previous drainage or premature removal of a chest tube
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of  sero-sanguineous liquid and purulent discharge from the 
wound or the drain sites is almost always diagnostic. On radi-
ography of the chest, usually a pleural opacity is seen, with 
or without a fluid level, when resection has been less than 
a pneumonectomy. After pneumonectomy, a decrease in the 
fluid level early postoperatively, or the appearance of a 
new fluid level when the pneumonectomy site was uniformly 
opaque, strongly suggests an infected pleural space with BPF 
(see Chap. 33, Fig. 33.17b). The pleural space should be 
immediately drained to prevent any contamination of the con-
tra-lateral lung through the BPF and a bronchoscopy should 
be performed to determine the size and location of the defect 
in the bronchial stump. The timing of surgical intervention 
and the type of operative procedure undertaken to treat the 
BPF are tailored to the individual patient.

General treatment principles of postresectional empy-
ema with or without a BPF include surgical drainage by 
closed chest tube insertion and institution of appropriate 

antibiotic therapy. Once adequate drainage has been estab-
lished and the  remaining lung fills the chest without sig-
nificant space and there is no underlying BPF, the course 
of management can be determined, usually within 10–14 
days. If the patient has a persistent space without a BPF, the 
management depends on the size of the space.

Smaller spaces can be sterilized by irrigation with the 
appropriate antibiotic solution or fibrinolytic agents. Once the 
daily amount of drainage is <100 mL/day and no further col-
lapse of the remaining lung develops if the tube is opened 
to atmospheric pressure, the tube can simply be removed, or 
closed drainage can be changed to open drainage by cutting it 
close to the chest wall (Fig. 45.2). The tube is then shortened 
at the rate of about 1 in. per week or until granulation tissue 
and fibrosis lead to its spontaneous expulsion from the pleural 
space. In certain cases, if the residual space is seen as too big 
a single-stage muscle flap closure of the remaining cavity can 
be performed. Larger spaces should be managed with an open 

Fig. 45.2. Algorithm for management of 
postre sectional empyema.
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drainage, therefore we usually perform a modified Eloesser 
flap (see Chap. 33, Fig. 33.2).

If a BPF is present, the fistula should be closed by a 
 myoplasty or omentoplasty followed by a single-stage muscle 
flap closure of the remaining space. In situations where the 
patient remains medically unstable after chest tube insertion or 
does not qualify for other medical reasons for the above-men-
tioned surgical procedure, the closed chest tube thoracostomy 
can be converted to open drainage with a Clagett window.

A postpneumonectomy empyema is associated with a BPF 
in approximately 40% of patients [17]. Significant factors 
contributing to the development of a BPF after pneumo-
nectomy are induction chemo/radiotherapy, a right pneu-
monectomy, heavily calcified bronchial stump, positive 
surgical margin with cancer, and the need for  postoperative 

mechanical ventilation [18]. This can happen early in the 
postoperative course, usually by days 7–10, but can also 
manifest months after surgery. Initial goals in treatment are 
the prevention of contamination of the contra-lateral lung by 
closed tube  drainage of the infected pleural cavity, taking in 
consideration that the mediastinum takes about 14 days until 
it is stable post pneumonectomy, institution of antibiotics, 
and a bronchoscopy (Fig. 45.3).

If no BPF is present a modified Clagett’s procedure is per-
formed. A second small chest tube is inserted into the second 
intercostal space, and a continuous inflow–outflow irrigation 
system is established through the pleural cavity. The irrigant 
is based on antibiotic sensitivities to the pleural drainage. This 
method achieves sterilization of the space in approximately 
50% of patients. If the method is successful and the return 

Fig. 45.3. Diagnosis and initial management of postpneumonectomy broncho-pleural fistula (BPF). (a) A chest X-ray 7 days after right 
pneumonectomy with the fluid level in the right chest almost reaching the carina. At this time the patient presented with a new onset of 
coughing. (b) A CT scan showed air in the mediastinum close to the bronchial stump (arrow) and subcutaneous emphysema (arrow), 
suspicious for a BPF. (c) A bronchoscopy confirmed the diagnosis of a BPF (arrow). (d) As initial treatment, a chest tube was inserted 
to drain the chest cavity and protect the left lung.
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irrigant is negative by culture on 3 consecutive days after 
2 weeks of irrigation, the chest tubes can be removed and pleu-
ral fluid is allowed to reaccumulate to fill the remaining space. 
If this method fails a Clagett window can be performed.

If a patient with postpneumonectomy empyema has a BPF, 
reinforcement of the bronchial stump with a healthy tissue flap 
(pericardial fat, intercostal muscle, etc.) should be achieved. If 
the fistula closes, one can attempt the aforementioned modi-
fied Clagett’s sterilization of the cavity. In the patient in whom 
the BPF persists, the fistula and space are then managed by 
transposition of muscle flaps into the empyema space; this 
can be any extrathoracic muscle such as serratus anterior, 
latissimus dorsi, pectoralis major, or omentum. If the patient 
remains critical ill and unstable a Clagett window is ideal for 
long-term open drainage and irrigation. After the cavity is 
clean with granulating tissue, it can be closed.

Postpneumonectomy BPFs can cause major airway problems, 
especially in patients with respiratory failure. In case mechani-
cal ventilation has to be used, the ventilation of the remaining 
lung may well be impossible due to loss of tidal volume through 
the fistula. Following a right pneumonectomy the endotracheal 
tube should be positioned distally in the left main bronchus 
with the cuff inflated. On the right side this can be a much 
greater problem since cuff inflation in the right main bronchus 
usually produces obstruction of the right upper lobe bronchus. 
High-frequency oscillatory ventilation (HFOV) may be useful 
in this circumstance. An algorithm of the surgical management 
of postresectional empyema is shown in Fig. 45.2.

Nerve Injury

Injury to the recurrent laryngeal nerve can occur during right- 
or left-sided thoracic surgery procedures. The left nerve is 
far more in danger to be injured than is the right. Its position 
under the aortic arch makes it susceptible to injury during any 
procedure in this area. The nerve is, on occasion, “sacrificed” 
intentionally, if radical resection for a tumor known to involve 
the vagus nerve is required. The incidence ranges somewhere 
between 4 and 45% according to the type of procedure per-
formed [19].

The patients with injury to the recurrent laryngeal nerve 
generally present in the postoperative phase with a weak 
and whispery voice, although cord edema in the very early 
postextubation period may mask the hoarseness. However, 
patients with palsy or paresis of the recurrent nerve have 
symptoms lasting well beyond the postoperative period. 
Those with paresis may describe a normal voice in the morn-
ing that becomes weaker over the course of the day. This may 
result in a weak cough or aspiration after drinking, leading 
to poor pulmonary physiotherapy and recurrent pneumonia. 
At laryngoscopy, adduction of the affected vocal cord will be 
absent or sluggish. Treatment involves determining the extent 
of injury and whether the injury is transient or permanent.  
A thorough evaluation of the significance of the cord should 
be done by fiberoptic evaluation of swallowing and sensation. 

To assist with pulmonary physiotherapy and decrease the risk 
of  aspiration, medialization laryngoplasty may be suggested. 
This can be done with the aid of autologous fat, Gelfoam, col-
lagen, or polytetrafluoroethylene (PTFE). These are usually 
temporary solutions. A permanent solution involves medial-
ization of the vocal cord by thyroplasty [20].

Injury to the phrenic nerve can occur in both open and 
 thoracoscopic pulmonary resections. The most common 
causes are adherence of the lung to the pericardium or injuries 
occurring during performance of resection of anterior medi-
astinal tumors, resection of superior sulcus tumors, repair of 
thoracic outlet syndrome, or right-sided mediastinal lymph 
node dissection. Such injuries may be temporary or perma-
nent. In a spontaneously breathing patient the diagnosis can 
be easily made by a chest radiographs demonstrating eleva-
tion of the affected hemidiaphragm. If the patient requires 
postoperative ventilation this radiographic finding might not 
be present due to positive pressure ventilation keeping the dia-
phragm in a fairly normal position. Depending on the severity 
of their underlying pulmonary disease, these patients may be 
difficult to wean from the ventilator. Phrenic nerve palsy can 
contribute to significant postoperative morbidity and symp-
toms according to the underlying pulmonary status of the 
patient. Diaphragmatic plication is indicated for symptomatic 
relief of dyspnea [21].

Postoperative Hemorrhage

The incidence of significant postoperative bleeding after a 
pulmonary resection requiring at least four units of packed 
red blood cells was identified to be 2.9% after lobectomy 
and 3.0% after pneumonectomy [22]. Chest tube output 
exceeding 1,000 mL over 1 h or persistent bleeding over 
200 mL/h for 4–6 h after a pulmonary resection mandates 
reexploration, assuming that the coagulation parameters are 
corrected. Bleeding may stem from mediastinal or bronchial 
vessels (23%), intercostal vessels (17%), or a pulmonary ves-
sel (17%); in the majority of cases (41%), no source of the 
hemorrhage is identified [23]. Such troublesome postopera-
tive bleeding is particularly prone to occur if there has been a 
previous thoracotomy, a decortication of parietal and visceral 
“peel” due to empyema or resections for inflammatory dis-
ease such as old tuberculosis or aspergillosis. With multiple 
bleeding sites present on the chest wall it might be necessary 
for the surgeon to pack the pleural space for a period of time 
prior to closure of the thoracotomy. This may be particularly 
useful when the remaining lung fails to fill the pleural space 
or after pneumonectomy.

Chylothorax

A chylothorax is diagnosed when a “milky” effusion is drained 
through the chest tube once the patient is on enteral intake. 
However, if the patient has been fasting after resection, the 
characteristic creamy color of the effusion may not be noted. 
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In this case a persistent high chest tube output for unknown 
reason makes this diagnosis suspicious. The incidence of chy-
lothorax after pulmonary resection is between 0.04 and 2% 
[24]. Etiologies include aggressive mediastinal lymph node 
dissection with incomplete ligation of lymphatic channels or 
direct injury to the thoracic duct [25]. The diagnosis is made 
by sending the pleural fluid for analysis. A triglyceride level 
>110 mg/dL, a lymphocyte count >90%, and the presence of 
chylomicrons help to confirm the diagnosis [26].

A trial of conservative management is initially recom-
mended, with the objective of adequately draining the pleu-
ral space, reexpanding the remaining lung, and keeping the 
patient fasting. The patient should be strictly NPO and be 
fed by parenteral nutrition. Occasionally medium-chain trig-
lyceride (MCT) diet has been successfully used to stop the 
leak. Waiting for 7 days is normally advocated. It is generally 
agreed that a continuous chyle leak in excess of 1 L/day in 
a patient with complete cessation of oral intake is an indica-
tion for reoperation. Attempts at direct repair of the lymphatic 
injury often fail because of the difficulty of identifying and 
suturing the injury. Operative ligation of the thoracic duct low 
in the right chest is appropriate, and the success of thoracic 
duct ligation is 91%. Other options have been described for 
management of chylothorax after pulmonary resection. Pleu-
roperitoneal shunt has resulted in the resolution of chylotho-
rax in some series [27]. Another option, rarely used because 
of the technical difficulty, includes the use of a pleural-venous 
shunt or percutaneous catheterization of the thoracic duct and 
embolization [28].

Torsion of a Residual Lobe

Lobes of the lung are usually held in their position by the 
other lobes, the inferior pulmonary ligament and incomplete 
fissures. After lobectomy these structures no longer exist. In 
particular, the middle lobe and lingula are most susceptible for 
torsion following a right upper lobectomy or a lingula spar-
ing left upper lobectomy, respectively. Lobar torsion typically 
presents early in the postoperative period with fever, tachycar-
dia, and loss of breath sounds on the affected side. Often the 
clinical picture is not impressive. Chest X-ray can demonstrate 
atelectasis of the torsed lobe. Bronchoscopy should be done 
urgently to make the diagnosis, followed by urgent surgical 
exploration. The bronchoscopy will show a fish-mouth orifice 
to the lobe, which easily admits the bronchoscope. If the tor-
sion is discovered early enough, the lobe may be preserved 
by untwisting the hilum. Most often, however, lobectomy 
is required. The incidence of lobar torsion after pulmonary 
resection is between 0.09 and 0.3% [29]. Lobar torsion of the 
middle lobe after a right upper lobectomy accounted for 70% 
of the cases in the literature. To prevent this complication, fix-
ation of the middle lobe with the lower lobe may be performed 
in situations where the oblique fissure is complete.

Postpneumonectomy Syndrome

In a small number of patients undergoing pneumonectomy, 
mediastinal shift and rotation toward the empty hemithorax may 
cause pulmonary symptoms. This typically occurs in children or 
young adults. Along with the shift of the mediastinal contents, 
there is over-distention and herniation of the remaining lung. This 
results in dynamic airway compression of the left main bronchus 
between the left pulmonary artery and aorta after a right pneu-
monectomy or compression of the right main bronchus between 
the right pulmonary artery and the thoracic spine after left pneu-
monectomy. The overall incidence is not clear. Patients typically 
present with dyspnea, stridor, and recurring pneumonia, which 
may occur weeks to years after pneumonectomy. Diagnosis is 
made from chest radiographs, computed tomography scans, and 
bronchoscopy under conscious sedation demonstrating dynamic 
obstruction of the bronchus. Repositioning of the mediastinum 
and placement of a saline-filled tissue expander in the postpneu-
monectomy space is the treatment of choice [30].

Cardiac Herniation

Cardiac herniation rarely occurs but can be fatal in certain cir-
cumstances and therefore requires a high degree of suspicion. 
If the pericardium is opened widely or removed the heart is 
held in place by the lungs on both sides. If a major portion of 
the lung is removed the heart finds a space in which it may 
herniate. On the right side herniation can be life-threatening in 
a matter of minutes because both vena cavae would be stran-
gulated by a 180° rotation of the heart into the right pleural 
space. On the left side the heart is freely suspended by the 
major vessels and risk of inflow- and outflow occlusion is not 
present. A greater problem is a moderate size defect in the 
pericardium through which the heart can herniate and subse-
quently become compromised by postoperative edema.

To avoid these scenarios a simple closure of the pericardial 
defect can be performed for smaller lesions, while larger defects 
should be closed with a fenestrated mesh [31]. Simple suture 
closure of larger defects may lead to cardiac tamponade.

The diagnosis of cardiac herniation might not be easy to 
make, especially for left-sided herniation. Symptoms include 
the sudden onset of low cardiac output and signs of central 
venous obstruction. If time is available, a chest radiograph 
will be diagnostic. Management of these patients includes 
emergent operative intervention with reduction of the car-
diac hernia and patch closure of the defect using PTFE. Since 
PTFE is watertight, fenestrations must be created.

Clinical Case Discussion

A 70-year-old female has a right completion pneumonec-
tomy and partial excision of the right chest wall for nons-
mall cell lung cancer. Thirty years before the patient had a 
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right upper lobectomy for tuberculosis. The patient is 52 kg 
and 160 cm, FEV 1 = 64%, DLCO = 60%, V/Q scan perfu-
sion L:R is 65:35, good exercise tolerance, Hb is 124 g/dL, 
and other laboratory examinations including transthoracic 
echo-cardiography are normal. The anesthetic is with a com-
bined T4–5 thoracic epidural and general anesthesia. The 
operative duration is 4 h. The blood loss is 500 mL. The 
patient receives 1 L of ringers lactate and 500 mL of syn-
thetic isotonic colloid intravenously during the case. One R 
chest drain is placed and connected to an underwater-seal 
drainage system without suction. The patient is extubated in 
the operating room awake and comfortable and transferred 
to the recovery room in stable condition: heart rate 90/min, 
BP 100/50, CVP 4 mmHg, and urine output 30 mL/h. The 
thoracic epidural infusion is bupivacaine 0.1% with 15 g/
mL hydromorphone at 5 cc/h.

After 2 h in the recovery room the patient’s HR has gradu-
ally increased to 110, the BP has decreased to 90/50, CVP 
remains 4 mmHg, and the urine output has fallen to 15 mL/h. 
Repeat Hb is 103 g/dL. The chest tube is fluctuating normally 
with respiration and there has been no significant drainage 
from the right chest. The patient receives repeat boluses of 
500 mL ringers lactate ×2 intravenously. One hour later the 
hemodynamics have not improved, she has a demonstrable 
sensory block from T2–10 without motor block. The thoracic 
epidural infusion is decreased to 2 mL/h. One hour later the 
patient is complaining of 5 out of 10 incisional pain and there 
is no demonstrable sensory or motor block. The HR is 115/min. 
BP 78/50, CVP 4, Hb 98 g/dL and urine output 10 mL/kg. 
Arterial blood gases are normal. What is the most appropriate 
next step?

1. Transfuse 500 mL of colloid.
2. Discontinue the epidural and begin intravenous PCA opioid 

analgesia.
3. Repeat the chest X-ray.
4. Obtain an ECG.
5. Obtain CT contrast pulmonary angiography.
6. Return to the operating room for cardiac herniation.

The most important postpneumonectomy complication 
to rule out in this context is cardiac herniation (see also 
Chap. 41) since it is so treatable and so lethal if not treated 
promptly. Cardiac herniation after a right pneumonectomy 
is most likely to present as a sudden onset of severe life-
threatening hypotension. That is not the presentation in this 
case so there is time to confirm the diagnosis. The repeat 
cheat X-ray 4 h postop. is shown in Fig. 45.4. An unre-
lieved negative pressure has developed in the right-chest 
due to the one-way valve effect of the underwater-seal chest 
drain. The mediastinal shift to the right created symptoms 
equivalent to a herniation with compromise of the venous 
return to the right-heart. The tip of the CVP catheter was 
at the SVC-right atrial junction and thus was downstream 

from the venous inflow obstruction and accurately reflected 
the decreased filling pressures of the right-heart, but not 
the systemic venous volume. The mediastinum was “bal-
anced” by injecting 500 mL of air into the right chest tube 
which was then clamped (Fig 45.5). The patient’s hemo-
dynamics rapidly returned to normal, the epidural infusion 
was increased to control the pain and the chest drain was 
removed the next day.

The presence of a functioning, normally fluctuating, chest 
drain in this patient makes the possibility of a tension pneu-
mothorax or massive hemorrhage into the operative hemith-
orax very unlikely. Epidural local anesthetic overdosing is 
unlikely with the regression of the sensory block. Myocar-
dial ischemia and pulmonary embolus must be considered in 
the differential diagnosis of postoperative hypotension, but 
are not specific complications related to pneumonectomy. 
The different options for chest drain management after a 
pneumonectomy are explained in section “Chest Drainage 
System.”

Fig. 45.4. Chest X-ray of a 70-year-old female 4 h postop. after a 
right completion pneumonectomy and partial excision of the chest 
wall. The chest drain was connected to an under-water seal drain-
age system which allowed the development of an excessive negative 
intrathoracic pressure causing a complete shift of the mediastinum 
to the right lateral chest wall and compromise of the venous return 
to the heart.
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Pain Management After Thoracic Surgery
Stephen H. Pennefather and James McKevith 

Key Points

Thoracic surgery can cause significant pain and suffering. 
Appropriate analgesia is important both for humanitarian 
reasons and to allow early mobilisation and pulmonary 
rehabilitation. Poor pain relief can increase pulmonary com-
plications and mortality.
Pain after thoracic surgery is generated from multiple struc-
tures and is transmitted via a number of afferent pathways. 
Factors that affect pain post-operatively can be divided into 
patient factors, analgesic technique and surgical approach.
Paravertebral catheters and thoracic epidural analgesia are 
widely used for thoracotomies and both have advantages 
and disadvantages. The optimal solutions for thoracic epi-
durals contain a low dose local anaesthetics combined with 
a lipophylic opioid. Paravertebrals with higher doses of 
local anaesthetic are more efficacious. Further direct com-
parisons between the two techniques are required to estab-
lish the role of each option.
Opioid tolerant patients pose a particular challenge. Mainte-
nance opioid should be continued peri-operatively to avoid 
withdrawal symptoms. A regional technique, supplemented 
with non-opioid analgesics is advised.

Introduction

A posterolateral thoracotomy is amongst the most painful 
incisions and thus unsurprisingly patients can, and sometimes 
do, suffer considerable pain in the post-operative period if 
analgesia is not managed appropriately. Poorly treated post-
thoracotomy pain greatly reduces patient satisfaction, their 
quality of life and sometimes the quality of life of their loved 
ones. Under-treated pain can also reduce the patient’s ability 
to co-operate with post-operative physiotherapy and remo-
bilisation. The effectiveness of post-thoracotomy pain control 
can perhaps best be determined by assessing the patient’s abil-
ity to participate in post-operative physiotherapy and other 
rehabilitation regimens. Effective pain control can facilitate 
a reduction in post-operative complications, particularly post-
operative pulmonary complications. Over the years a large 
number of drugs, combinations of drugs and techniques to 
deliver these drugs have been developed and used to con-
trol post-thoracotomy pain. Unfortunately, no technique has 
emerged that is safe, effective and applicable to all patients. 
Until the early 1980s, systemic opioids formed the mainstay 
of post-thoracotomy analgesia in the West. Thoracic epidurals 
were introduced into clinical practice for post-thoracotomy 
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analgesia in the mid-1970s [1, 2] and had become the gold 
standard of post-thoracotomy analgesia by the mid-1990s [3]. 
Somatic paravertebral blocks are now gaining acceptance as 
an alternative method for providing post-thoracotomy anal-
gesia. A number of factors have led to the increased use of 
somatic paravertebral blocks. The risks associated with the 
peri-operative use of epidural analgesia are becoming clearer 
and are perhaps greater than previously thought [4, 5]. More 
patients are presenting for thoracic surgery on multiple anti-
platelet agents sometimes with intra-coronary stents in situ. 
While dual antiplatelet therapy is known to be a contraindica-
tion to thoracic epidural analgesia [6] the risk of discontinuing 
antiplatelet agents peri-operatively is now quantifiable [7–9].  

Few randomised studies have compared outcomes after 
 thoracic epidural analgesia or paravertebral block. The limited 
results available, however, suggest that paravertebral blocks 
may be are more effective at reducing respiratory complica-
tions then thoracic epidural analgesia and after the first few 
hours provide equivalent analgesia [10, 11] (see Figs. 46.1 
and 46.2).

Well-informed patients may experience less pain [12] so 
whenever possible patients should receive a full explanation of 
the proposed analgesic technique and its likely effects including 
its limitations, potential side effects and incidence of compli-
cations. The relative merits of the alternative strategies should 
also be discussed. How much to tell patients about potential 

Fig. 46.1. A meta-analysis of trials comparing 
paravertebral block with thoracic epidural anal-
gesia on postoperative pulmonary complications 
(reproduced from Davies et al. [11] by permis-
sion of Oxford University Press).

Fig. 46.2. A meta-analysis of trials comparing paravertebral block with thoracic epidural analgesia on visual analogue pain scores (repro-
duced from Davies et al. [11] by permission of Oxford University Press).
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complications remains controversial. There is, however, a 
trend towards more openness. The understanding of informed 
consent has shifted with time. In the United Kingdom, at least, 
the standard is no longer what a body of reasonable practitio-
ners would do but what a reasonable patient would expect. In 
2001, the position was summarised “as part of the process of 
obtaining consent, except when they have indicated otherwise, 
patients should be given sufficient information about what is to 
take place, the risks, uncertainties, and possible negative con-
sequences of the proposed treatments, about any alternatives 
and about the likely outcome, to enable them to make a choice 
about how to proceed” [13]. This change in the standard has 
resulted in a change in practice. Most anaesthetists now, for 
example, take specific consent for thoracic epidural analgesia 
[14]. Acute post-thoracotomy pain management aims to reduce 
the patient’s pain as much as possible but to do so safely. In 
practice most patients undergoing thoracic surgery can be 
safely and effectively managed by thoracic epidural analgesia, 
paravertebral blocks or systemic opioids supplemented when 
appropriate by other systemic analgesics.

Pathophysiology of Post-thoracotomy Pain

The pathogenesis of post-thoracotomy pain is complex. Noci-
ceptive receptors are stimulated by the skin incision, divi-
sion and retraction of the muscles, retraction and sometimes 
fracture of ribs. In addition, ligaments may be stretched, 
 costochondral joints dislocated and intercostal nerves injured, 
causing further pain. The incised pleura are frequently irri-
tated by partial surgical stripping, chest drains and residual 
pleural blood; the resulting inflammatory responses activate 
further nociceptors. The central transmission of these multiple 
nociceptive signals amplifies pain transmission and increases 
pain perception through central sensitisation (see Fig. 46.3).

Without adequate treatment post-thoracotomy pain can be 
very severe and has been rated as near the top of a league of 
iatrogenic causes [15]. The surgical wound is subject to con-
tinuous movement as the patient breathes and ventilation is 
adversely affected. Inspiration stretches the injured  structures 
initiating a reflex contraction of the expiratory muscles. Splint-
ing of the injured hemi-thorax occurs to limit the distraction 
of the injured structures. Similarly, the usually passive expira-
tion becomes active. Functional residual capacity falls usu-
ally to below the closing capacity and airway closure occurs. 
This can result in atelectasis, shunting and hypoxaemia. Deep 
inspiration is limited by pain, forced expiratory flow is thus 
reduced and effective coughing impaired. Sputum clearance 
is often adversely affected. Effective analgesia can reverse 
some of these changes and improve pulmonary function post-
thoracotomy. There are, however, many other causes for the 
deterioration in pulmonary function that occurs post-thora-
cotomy. To date it has not been possible to determine with 
any accuracy the relative importance of pain in the aetiology 
of the changes in pulmonary function seen post-thoracotomy 
(see Table 46.1).

There are a number of mechanisms for transmitting the 
pain, generated post-thoracotomy, to the sensorium: Stimuli 
from the chest wall, costal and peripheral diaphragmatic 
pleura are transmitted via the intercostal nerves. Stimuli from 
the pericardium and mediastinuim are transmitted via the 
phrenic nerve. In addition, the vagus nerve contains somatic 
and visceral afferent nerve fibres and blockade of the vagus 
nerve has been advocated during thoracic surgery [16]. The 
sympathetic nerves may play a role in transmitting pain from 
the lung and mediastinum. It has been suggested that stretch-
ing of the brachial plexuses and distraction of the shoulder 
contributes to the pain in some patients [17].

Recent work has improved the understanding of mecha-
nisms of post-thoracotomy pain. The phrenic nerve supplies 
sensory branches to the mediastinal pleura, to the fibrous 
pericardium, the parietal layer of the serous pericardium and 
diaphragmatic dome pleura. While well-managed thoracic 
epidurals provide excellent post-thoracotomy analgesia in the 
somatic dermatomes most patients still experience ipsilateral 
shoulder pain [18, 19]. In patient’s receiving thoracic epidural 

Fig. 46.3. Direct injury to ribs and neurovascular intercostals bundle 
along with injuries to anterior and posterior intercostals articulations 
during a thoracotomy (this figure was published in Landreneau et al. 
[276]. © Elsevier [1994]).

Table 46.1. Causes for deterioration in pulmonary function 
post-thoracotomy.

Reproduced with permission from Pennefather and Russell [279]
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analgesia, the intra-operative blocking of the phrenic nerve at 
the level of the pericardial fat pad with local anaesthetic pre-
vents ipsilateral shoulder pain in most, but not all patients [19]. 
Branches of the phrenic nerve to the pericardium or mediasti-
num arising proximal to the pericardial fat pad may account 
for the shoulder pain in some of the remaining patients. Sup-
porting this hypothesis is the observation that patients in the 
above study who had undergone an intra-pericardial pneumo-
nectomy and received a phrenic nerve block still experienced 
shoulder pain. An accessory phrenic is an alternative expla-
nation. The ability of a combined phrenic nerve block and 
thoracic epidural to almost eliminate early post-thoracotomy 
pain [19] suggests that the contribution of the vagus nerve to 
post-thoracotomy pain may be minimal. In contrast, human 
vagal nerve stimulation can suppress pain [20]. Blocking the 
vagus nerve might actually increase post-thoracotomy pain by 
reducing vagally mediated central inhibition of pain.

Factors Influencing Pain After  
Thoracic Surgery

Pre-operative Preparedness

Well-informed patients may experience less pain [12] so when-
ever possible patients should receive a full explanation of the 
proposed analgesic technique and its likely effects including 
its limitations, potential side effects and complications.

Opioid Tolerance

Continuous opioid exposure results in a rightward shift of the 
dose–response curve to opioids resulting in patients requiring 
increased amounts of opioid to obtain the same pharmaco-
logical effect. It is a predictable pharmacological adaptation 
[21]. The degree of opioid tolerance is related to the dosage, 
duration and type of opioid administered. Opioid tolerance 
probably occurs because of decreased opioid receptor sen-
sitivity and density [22], up-regulation of cyclic adenosine 
monophosphate [23] and neural adaptation [24]. Activation of 
N-methyl-d-aspartate (NMDA) receptors plays an important 
role in the development of opioid tolerance [25]. Opioid toler-
ant patients are relatively pain intolerant [26] and may have 
greater difficulty in coping with acute pain [27].

Pre-emptive Analgesia

The concept of pre-emptive analgesia was first suggested 
by Crile [28] although modern clinical interest is largely the 
result of basic science research done by Woolf [29]. Pre-
 emptive analgesia is anti-nociceptive treatment started before 
the noxious stimulus that aims to prevent the establishment of 
altered central processing of sensory input that amplifies post-
operative pain [30]. Pre-emptive analgesia aims to decrease 

acute post-operative pain, even after the analgesic effects of 
the pre-emptive drugs have worn off, and to inhibit the devel-
opment of chronic post-operative pain. Potential candidates 
for patients undergoing a thoracotomy include pre-incisional 
thoracic epidurals, paravertebral blocks, NMDA antagonists, 
gabapentin and systemic opioids. Although the results of clin-
ical studies to support the concept of initiating the pain treat-
ment prior to the injury are conflicting there is widespread 
belief in the concept amongst clinicians. A 2002 systematic 
review of pre-emptive analgesia for post-operative pain relief 
found no evidence of benefit for the pre-emptive adminis-
tration of systemic opioids, non-steroidal anti-inflammatory 
drugs (NSAIDs) or ketamine and little evidence of benefit 
with continuous epidural analgesia [31]. A 2005 systemic 
review on the impact of pre-emptive epidural analgesia on 
pain after thoracotomy concluded that pre-emptive thoracic 
epidural analgesia was associated with a reduction in acute 
pain but no reduction in chronic post-thoracotomy pain [32].

Sex

A considerable amount of work has been undertaken in an 
attempt to determine the influence of the sex of the patient 
on the pain experienced after surgery. Female patients report 
pain to be more severe, frequent and diffuse than male 
patients with similar disease processes [33]. A meta-analysis 
of the influence of sex differences in the perception of noxious 
experimental stimuli, found that females were less tolerant of 
noxious stimuli than males [34]. The difference in pain per-
ception between males and females decreases with age [35], 
has not been found by all investigators and is usually only 
moderately large. Social gender roles have a significant influ-
ence on pain tolerance levels [36], are sometimes difficult to 
differentiate from the sex of the patient and may account for 
some of the differences in pain tolerance between the sexes. 
Coping strategies also influence patient’s pain tolerance; 
catastrophizing is associated with an increased sensitivity to 
experimental pain [37]. Women are more likely to catastroph-
ize and this may help account for the differences in pain toler-
ance between the sexes [38]. Anaesthetists should be aware of 
the different responses male and female patients have to pain 
but as yet no specific recommendation with respect to treat-
ment can be made.

Age

A recent systematic review found young age to be a signifi-
cant predictor of post-operative pain [39]. The pharmacoki-
netics of analgesic drugs can be affected by ageing and the 
elderly are considered to be more sensitive to systemic opioids 
[40]. Similarly, there is a positive correlation between age and 
thoracic epidural spread with elderly patients requiring about 
40% less epidural solution [41, 42]. It has also been suggested 
that age blunts peripheral nociceptive function decreasing 
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pain in some contexts [43] although this is not the experience 
of at least one ageing author.

Psychological Factors

Pain is a sensory and emotional experience and thus is influ-
enced by psychological factors. It has been suggested that anxi-
ety lowers pain thresholds [44]. Pre-operative anxiety has been 
shown to be a predictor of more severe post-operative pain in 
studies of patients undergoing a variety of surgeries including 
thoracic surgery [39, 45
with the patient and the development of rapport will facilitate 
reducing the anxiety by reassurance and, if appropriate, anxi-
olytics [39]. A depressive mood pre-operatively [46] and neu-
roticism [47] have also been found to be predictors of more 
severe post-operative pain. There may be a relationship between 
pre-operative depression and the development of chronic pain 
[48]. Cognitive factors can also influence pain perception. 
Catastrophizing, a multidimensional construct with elements 
of rumination, magnification and helplessness, has emerged as 
one of the most reliable predictors of heightened pain experi-
ence [37]. Cognitive behavioural strategies may have a role in 
managing patients who catastrophize about pain [39].

Surgical Approach

Sternotomy

The sternum is usually internally fixed with steel wire after a 
sternotomy. Bone movement during respiration is thus mini-
mal and the post-operative pain usually only moderate. How-
ever, wide or inexpert distraction of the sternum may fracture 
the sternum, strain or even disrupt the anterior or posterior 
intercostal articulations with the potential to considerably 
increase the post-operative pain experienced.

Video-Assisted Thoracoscopic Surgery

With video-assisted thoracoscopic (VAT) surgery the extent of 
the surgical incision is limited and early post-operative pain 
can be reduced [49]. These benefits may be reduced by the use 
of larger-diameter instruments and/or the twisting of surgical 
instruments against the ribs causing injury to the intercostal 
nerves and bruising or even fracturing of the ribs.

Open Thoracotomy

Posterolateral Incision

Posterolateral incision is the classic approach to a thoracotomy 
as it provides good surgical access and can easily be extended 
if required. It does, however, involve the cutting of some of 
the major chest wall muscles and is considered one of the most 
painful surgical incisions. There is some evidence that internal 
fixation of divided ribs reduces post-operative pain [50].

Muscle-Sparing Incision

Many surgeons now use one or more of the many  muscle-sparing 
incisions that have been described. A popular approach is the 
axillary muscle-sparing incision, the skin incision for which 
extends vertically downwards from the axilla with obvious 
cosmetic advantages. Although muscle sparing incisions were 
initially reported to produce less peri-operative pain [51–53] 
most studies have not found this reduction in peri-operative 
pain [54, 55]. Muscle-sparing incisions may result in less 
chronic post-thoracotomy pain [56]. Wider rib retraction is 
frequently required for muscle sparing thoracotomies to com-
pensate for the reduced field of view [55]. Wider retraction 
may increase the risk of rib fractures, distraction of the poste-
rior costovertebral joints and damage to the intercostal nerves, 
all of which can increase post-thoracotomy pain.

Anterior Incision

Anterior incisions are used to provide access for some cardiac 
and anterior mediastinal procedures. Exposure for lung sur-
gery is, however, limited particularly on the left because of the 
heart. Rib resections are frequently performed with this inci-
sion to improve surgical access. Post-operative pain depends 
in part on the extent of the excision and the extent of surgical 
retraction but is similar to that after a posterolateral thoraco-
tomy. Intercostal nerve blocks are particularly effective with 
this approach because the incision does not involve any part 
of the chest supplied by the posterior cutaneous nerves which 
arise from the dorsal rami and are not blocked by an intercos-
tal nerve block (see intercostal nerve blocks).

Transverse Sternothoracotomy

Transverse sternothoracotomy (clamshell) incisions (see 
Fig. 46.4) provides excellent surgical exposure of both chest 
cavities and the mediastinum and were in the past used for car-
diac surgery. This incision results in significant post-operative 
pain and its use is now largely limited to lung transplantation, 
complex cardiopulmonary surgery and complex mediastinal 
tumours [57]. Post-operative pain control can be challenging 
with this incision.

Analgesic Drugs and Techniques

Systemic Opioids

Systemic opioids were used in the past as the mainstay of post-
thoracotomy analgesia; however, the pain control achieved 
was often poor. It is now appreciated that for open thoracoto-
mies systemic opioids are best administered as part of a multi-
modal strategy including nerve blocks. Titration of systemic 
opioids post-thoracotomy is needed if the balance between 
the beneficial effects (analgesia, enabling passive expiration, 
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prevention of splinting) and detrimental effects (sedation and 
suppression of ventilation, coughing and sighing) is to be 
achieved. In comparison to IM opioids, IV-PCA systems pro-
vide superior analgesia [58] and improve patient satisfaction 
[59]. In part this is because IV-PCA systems accommodate the 
many-fold, between patient variation, in post-operative opioid 
requirement [60], the halving of opioid requirements approxi-
mately every 24 h post-operatively [61] and the small group 
of patients that experience minimal post-surgery pain [15].  
A meta-analysis published in 1998 found that compared to sys-
temic opioids, epidural local anaesthetic significantly reduced 
the incidence of pulmonary complications after surgery [62]. 
This finding was not, however, supported by a systematic 
review published in 2008 [10]. Perhaps this was because of 
improvements in the administration of systemic opioids in 
later studies included in the second review. Recent studies 
suggest acute exposure to opioids can lead to the development 
of acute opioid tolerance [63].

Non-opioid Analgesic Drugs

Non-steroidal Anti-inflammatory Drugs

Prostaglandins have a role in pain perception. NSAIDs block 
the synthesis of prostaglandins by inhibiting the enzyme cyclo-
oxygenase. NSAIDs reduce the inflammatory response to sur-
gical trauma, have a peripheral non-prostaglandin analgesic 
effect [64] and act centrally [65] in part by inhibiting prosta-
glandin synthesis in the spinal cord [66]. The side effects of 
NSAIDs are well known and include gastrointestinal mucosal 
damage [67], renal tubular and platelet dysfunction [68]. The 
amount, if any, of NSAID mediated increased bleeding after 
thoracotomy has not been established, although studies after 
tonsillectomy suggest that the increased bleeding is probably 
minimal [69]. Renal failure is a particular risk for elderly 
patients undergoing major surgery [70, 71], patients with 

 pre-existing renal failure and hypovolaemic patients. These 
risk factors are often present in patients scheduled for thoracic 
surgery. There is a concern that NSAID-mediated reductions 
in inflammation may reduce the efficacy of a surgically per-
formed pleurodesis. For more than 25 years, NSAIDs have 
been used to control post-thoracotomy pain [72]. NSAIDs 
have been shown to significantly improve pain control in 
patients receiving systemic opioids post-thoracotomy [73, 
74]. NSAIDs have not been shown to significantly reduce pain 
scores in patients receiving thoracic epidural analgesia post-
thoracotomy [75]. NSAIDs may be effective in controlling the 
ipsilateral shoulder pain post-thoracotomy in patients receiv-
ing thoracic epidural analgesia [18, 76], although research in 
this area has been limited.

COX-2 Inhibitors

Different isoenzymes of the cyclo-oxygenase enzyme exist 
including COX-1 and COX-2 [77]. The COX-1 isoenzyme 
has physiological functions while the COX-2 isoenzyme is 
induced during inflammation. NSAIDs vary in their selectiv-
ity for inhibiting these cyclo-oxygenase isoenzymes. Some 
are selective cyclo-oxygenase 2 inhibitors and are termed 
COX-2 inhibitors. These agents have a lower risk of causing 
serious upper gastrointestinal side effects and cause less plate-
let inhibition than the non-selective NSAIDs. There is some 
evidence that COX-2 inhibitors may limit the development of 
acute opioid tolerance [78]. There are concerns about the det-
rimental effects of COX-2 inhibitors (and NSAIDs) on bone 
growth [79, 80]. In 2004/2005, two COX-2 inhibitors (rofe-
coxib and valdecoxib) were withdrawn because of concerns 
that there was an increased risk of cardiovascular thrombotic 
complications when these agents were taken daily for long 
periods. Subsequent studies support this finding as being a 
COX-2 (and non-selective NSAID) class effect [81, 82]. Cau-
tion is required if these drugs are to be administered regularly  

Fig. 46.4. Schematic view of a clamshell inci-
sion (this figure was published in Macchiarini 
et al. [57]. © Elsevier [1999]).
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over long periods. The safety of COX-2 inhibitors in the  
 peri-operative setting is controversial. For patients undergoing 

of cardiovascular thrombotic events in patients receiving the 
selective COX-2 inhibitors parecoxib/valdecoxib [83, 84].  
A study of a variety of non-cardiac surgical procedures includ-
ing thoracic surgery did not show an increased incidence of 
cardiovascular thrombotic events in patients receiving the 
selective COX-2 inhibitors parecoxib/valdecoxib [85]. The 
level of cardiovascular risk associated with the short-term 
peri-operative use of COX-2 and NSAIDs remains controver-
sial. For individual patients, their cardiovascular risk factors 
and the risks of alternative drugs or analgesic techniques need 
to be considered. The cardiovascular risk between agents var-
ies, for example the NSAID naproxen has a lower cardiovas-
cular risk profile than diclofenac [86].

Acetaminophen

Acetaminophen, perhaps the safest of the non-opioid anal-
gesic agents, acts centrally by inhibiting prostaglandin syn-
thesis [87] and possibly via the serotoninergic system [88]. 
Acetaminophen may also have peripheral anti-inflammatory 
actions [89]. A recent meta-analysis found that after major sur-
gery adding acetaminophen to morphine PCA reduced the mor-
phine consumption by 20% but did not decrease the incidence 
of morphine-related adverse effects [90] (see Fig. 46.5).

There is some evidence that the effects of acetaminophen 
and NSAIDs are additive [91, 92]. Regular rectal acetamin-
ophen has been shown to reduce the severity of ipsilateral 
post-thoracotomy shoulder pain [93]. When administered 
rectally the dosage should exceed the oral dose by 50%, and 
account should be taken of its slower onset [94]. Propaceto-
mol, a prodrug that is hydrolysed to acetaminophen by plasma 
esterases, can be administered intravenously. Propacetomol 
has been shown to decrease morphine consumption after 
spinal [95] and cardiac surgery [96] although a reduction in 
morphine consumption after cardiac surgery was not shown 
in an earlier study, possibly because of the methodology [97]. 

Unlike NSAIDs and COX-2 inhibitors, acetaminophen at 
clinical doses has few contraindications or side effects. It is 
considered safe for patients at risk of renal failure [94]. Acet-
aminophen is frequently administered post-thoracotomy [3].

NMDA Antagonists

Ketamine, an anaesthetic with analgesic properties, is a non-
competitive antagonist of the phencyclidine site of the NMDA 
receptor. Ketamine is now infrequently used for the induction 
or maintenance of anaesthesia because of its side effects par-
ticularly the psychomimetic effects. There is now, however, 
renewed interest in the use of small doses of ketamine as an 
adjuvant to post-operative analgesia. Activation of spinal 
NMDA receptors plays an important role in the development 
of central neuron sensitisation causing the behavioural mani-
festations of pain [98]. NMDA receptor antagonists enhance 
opioid-induced analgesia and can limit the development of 
opioid tolerance [98, 99]. Small doses of ketamine have been 
shown to have opioid sparing effects after abdominal surgery 
[100]. In a double-blind study of patients who had under-
gone thoracic surgery adding ketamine to morphine deliv-
ered via an IV-PCA system reduced morphine consumption 
and improved the early post-operative FEV

1
 [101]. In another 

study, adding a low dose intravenous infusion of ketamine to 
thoracic epidural analgesia improved early post-thoracotomy 
analgesia [102]. The post-operative use of ketamine should be 
considered for some patients, for example patients chronically 
receiving high dose opioids.

Gabapentin

anticonvulsant drug that is effective in treating neuropathic 
pain [103] and post-herpetic neuralgia [104
act through a number of mechanisms. The most likely site of 
its anti-nociceptor effect is thought to be by binding to the 

2
 

subunit of voltage-dependent calcium channels [105]. The 
absorption of gabapentin is dose dependent. In the United 

Fig. 46.5. Effect of acetaminophen on postoperative morphine consumption during the first 24 h after major surgery (reproduced from Remy 
et al. [90] by permission of Oxford University Press).
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Kingdom, gabapentin has a product licence for the treatment 
of neuropathic pain. Because of its mechanism of action and 
effectiveness in neuropathic states its effectiveness in prevent-
ing chronic post-surgical pain has been investigated. There is 
as yet no clinical evidence that it reduces chronic post-surgical 
pain [106]. The use of gabapentin for acute peri-operative pain 
is “off-label”. There is good evidence that gabapentin reduces 
early postoperative pain scores and reduces the opioid con-
sumption in the first 24 h for patients undergoing a variety of 
surgical procedures [107
a single pre-operative oral dose ranging from 300 to 1,200 mg 
and as multiple peri-operative doses. No additional pain reduc-
tion or opioid sparing effect was detected when multiple peri-
operative doses were administered and therefore for practical 
purposes a single pre-operative dose of 1,200 mg or less is rec-
ommended [106 108], 
and the doses of other premedication drugs used should be 
adjusted accordingly. In a placebo-controlled study, gabapen-
tin did not decrease ipsilateral shoulder pain in patients receiv-
ing thoracic epidural analgesia [109]. Pre-operative gabapentin 
use should be considered in patients in whom difficulties in 
controlling post-thoracotomy pain are anticipated, for example 
patients undergoing thoracotomy in whom local anaesthetic 
blocks are not scheduled, and opioid tolerant patients.

Glucocorticoids

-
ing analgesic, anti-emetic, anti-pyretic and anti-inflammatory 
effects. Reduced prostaglandin production by the inhibition 
of phospholipase and COX-2 isoenzymes is believed to be the 
major pathway for the analgesic effect. Dexamethasone has 
been shown to produce a dose-dependent opioid sparing effect 
[110] in a general surgical setting, and has been particularly 
effective in reducing pain scores with dynamic movement 
[111, 112]. The onset of analgesia is slower than traditional 
analgesics but appears to last longer and has been reported 
to last for up to 7 days [113]. These effects have been pro-
duced with a single dose of dexamethasone within the range 
of 10–40 mg with few reported serious side effects. Risks of 
glucocorticoid use include gastric irritation, impaired wound 
healing, impaired glucose homeostasis and sodium retention. 
The optimal dose that balances the advantages against these, 
and other, risks has yet to be defined and further research, par-
ticularly in the setting of thoracic surgery is required. If diffi-
culties with post-thoracotomy pain control are anticipated and 
there are no contraindications to glucocorticoid use, selected 
patients may benefit from a single 10–16 mg dose of dexam-
ethasone as part of a multimodal analgesia regime.

Non-pharmacologic Techniques

Transcutaneous Nerve Stimulation

Transcutaneous nerve stimulation (TENS) was developed to 
utilise the gate theory to reduce pain [114]. A meta-analysis 
published in 1996 of the effectiveness of TENS in acute 

post-operative pain found little evidence for effectiveness 
in adequately randomised studies [115]. In contrast, TENS 
was considered by the original authors to be effective in 
most of the non-randomised studies analysed [115]. Seven 
studies have examined the effectiveness of adding TENS to 
post- thoracotomy analgesia regimens [116–122]. Some stud-
ies were not adequately randomised [117] and others inad-
equately blinded [116]. When appropriately analysed, most 
of the remaining studies did not show a significant benefit 
[118–120]. Although not recommended, TENS may possibly 
be of some benefit after VAT surgery [120].

Cryoanalgesia

While the chest is open the intercostal nerves can be blocked 
for up to 6 months by the application of a cryoprobe. The 
analgesia is inferior to thoracic epidural fentanyl [123] and 
the technique is associated with an increased incidence of 
chronic post-thoracotomy pain [124]. Cryoanalgesia is now 
rarely used to provide post-thoracotomy analgesia and cannot 
be recommended.

Specific Techniques

Continuous Wound Infiltration Catheters

Randomised studies have shown that delivering local anaes-
thetic into the wound via catheters placed prior to closure 
can reduce post-operative opioid use [125] and may reduce 
wound oedema [126]. For patients receiving continuous para-
vertebral infusions, the potential for local anaesthetic toxic-
ity usually makes this technique inappropriate. For patients 
receiving thoracic epidural analgesia, this technique is usually 
unnecessary. It should, however, be considered for patients 
not scheduled to receive local anaesthetic infusions by other 
routes for post-operative pain control.

Intercostal Nerve Blocks

The spinal nerves divide into a dorsal and ventral ramus. The 
upper eleven thoracic ventral rami form the intercostal nerve 
which runs forward between the ribs in the intercostal spaces. 
Each intercostal nerve gives off a lateral cutaneous branch that 
pierces the intercostal muscles proximal to the posterior axil-
lary line to supply the lateral aspect of the chest wall. It is 
important therefore the intercostal nerves are blocked proxi-
mal to the posterior axillary line to ensure that the lateral cuta-
neous branches and thus the lateral aspect of the chest wall 
are blocked. The thoracic dorsal rami pass backwards close to 
the vertebrae to supply the cutaneous innervation to the back. 
The dorsal rami are not blocked by an intercostal nerve block. 
This limits the effectiveness of intercostal nerve blocks for 
posterolateral thoracotomies (see Fig. 46.6).

The intercostal nerves can easily be blocked under direct 
vision while the chest is open but because of the relatively 
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short half-life of most local anaesthetics repeated percutaneous 
blocks are usually required. The intercostal nerves consis-
tently lie in a plane deep to the internal intercostals muscle 
although there is considerable variability in the position of 
intercostal nerves within the intercostal spaces [127]. Small 
(5 mL) bolus of local anaesthetic deposited in the correct 
plane will block the appropriate intercostal nerve. Larger 
doses may also block adjacent intercostal nerves by spreading 
medially to the paravertebral space or directly to the adjacent 
spaces (see Fig. 46.7). The systemic uptake of local anaes-
thetic from the highly vascular intercostal space is rapid and 
the dose of local anaesthetic administered by this route needs 
to be appropriately limited. Intercostal nerve blocks signifi-
cantly reduce post-operative pain and analgesic requirements 
post- thoracotomy [128–130].

Interpleural Blocks

In healthy human adults, the two layers of the pleura have a 
surface area of about 0.2 m2, are separated by a distance of 
10–20 m and contain approximately 10 mL of pleural fluid 
[131]. The deposition of local anaesthetic between the parietal 
and visceral pleura with the aim of producing an ipsilateral 
somatic block of multiple thoaracic dermatomes constitutes an 
interpleural block and was originally described by Kvalheim 

and Reiestad [132]. Unfortunately, the terminology used in the 
literature to describe this block can be confusing, some authors 
use the term intrapleural block [133] and others pleural block 
[134]. The issue is further confused when the term interpleural 
block is used to describe a paravertebral block [135]. Although 
studies have consistently shown interpleural blocks to be effec-
tive for pain relief after cholecystectomy [135] most studies of 
patients undergoing a thoracotomy have shown interpleural 
blocks to be ineffective [136–139]. The wide spread of local 
anaesthetic within the normally small (10 mL) pleural space is 
aided by surface tension forces and this probably accounts for 
the effectiveness of interpleural blocks after cholecystectomy. 
After thoracotomy the volume of the pleural space is much 
larger and contains blood and air. The effect of surface tension 
forces is reduced and the spread of local anaesthetics is lim-
ited and principally via gravity. Dilution of the administered local 
anaesthetic by interpleural blood [140] and the loss of local 
anaesthetic into the chest drains [139–141] further reduce 
the efficacy of this technique. A possible role for interpleu-
ral bupivacaine, administered post-thoracotomy via the basal 
chest drain, to reduce local diaphragmatic irritation from the 
basal chest drain was explored in a double-blind study. Inter-
pleural local anaesthetic administered by this route was found 
to be ineffective [142]. Systemic absorption of interpleurally 
administered local anaesthetic can be considerable and high 

Fig. 46.6. Anatomy of intercostal nerve and space (reproduced with permission from Dravid and Paul [131]. © Blackwell Publishing Limited 
[2007]).
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plasma levels of local anaesthetics have been reported [138]. 
Interpleural blocks are not recommended for post-thoracotomy 
analgesia in adults [10].

Paravertebral Blocks

Paravertebral blocks were introduced into clinical practice 
in 1906 [143] and were then largely abandoned before being 
reintroduced in 1979 [144]. There has now been substan-
tial experience in the use of thoracic paravertebral block for 
thoracic surgery and their safety has been established. Con-
tinuous thoracic paravertebral blocks can provide excellent 
post-thoracotomy analgesia and a number of studies have 
shown that the analgesia is comparable to that provided by 
thoracic epidurals but with fewer complications [11]. Not all 
clinicians, however, are able to get reliably good analgesia 
with paravertebral blocks. Paravertebral block failures may 
occur for a number of reasons including failure to place or 
maintain the catheter in the paravertebral space, failure to 
contain the local anaesthetic solution within the paravertebral 
space and failure to deposit local anaesthetic at the appropri-
ate level or extend the block over sufficient dermatomes to 
provide adequate analgesia. Although it is possible to blindly 
place catheters percutaneously into the paravertebral space it 

is often more appropriate for the surgeon to insert the catheter 
into the paravertebral space under direct vision while the chest 
is open. Direct placement facilitates advancement of the cath-
eter along the paravertebral space to create a narrow longitu-
dinal pocket that will block sufficient dermatomes to provide 
adequate analgesia.

Anatomy

The paravertebral space is a potential space. At the thoracic 
level the paravertebral space is a wedge-shaped area bounded 
posteriorly by the costo-transverse ligaments, transverse pro-
cesses and necks of the ribs (see Fig. 46.8). Medially it is 
bound by the vertebral bodies, discs and intervertebral foram-
ina. The anterior border of the space is formed by the parietal 
pleura. Lateral to the tips of the transverse processes the para-
vertebral space is continuous with the intercostal neurovascu-
lar space (see Fig. 46.9).

The paravertebral space is contiguous with the para-
vertebral spaces above and below. The caudal boundary 
is formed by the psoas major muscle [145], the cranial 
boundary is, however, not well defined [146]. The thoracic 
paravertebral space is divided into an anterior subpleural 
paravertebral compartment and a posterior subendotho-
racic paravertebral compartment by the endothoracic fascia 
which is the deep fascia of the thorax [146] (see Fig. 46.10). 
Contained within the paravertebral space are the dorsal and 
ventral rami of the spinal nerves, the grey and white rami 
communicans and the sympathetic chain. The intercostal 
nerves (ventral ramus) are devoid of a fascial sheath within 
the paravertebral space making them highly susceptible to 
local anaesthetic block at this site [147].

Methods of Performing Paravertebral Blocks

The relatively short duration action of clinically avail-
able local anaesthetics makes single bolus paravertebral 
blocks inappropriate for most post-thoracotomy patients. 
 Paravertebral blocks are best established with a bolus of 
local anaesthetic and maintained with a constant infusion of local 
anaesthetic via a catheter placed in the paravertebral space. 
Ultra long-acting local anaesthetic agents are being devel-
oped and placement of these agents in the paravertebral space 
may in the future make single bolus paravertebral blocks 
practical and thereby reduce the risks of local anaesthetic 
toxicity and block failure because of catheter displacement. 
Biodegradable bupivacaine-containing polymer microcap-
sules can produce prolonged local anaesthesia [148], adding 
a glucocorticoid prolongs the effect further [149]. In sheep 
the granulomatous reactions that occurred around the bupi-
vacaine microcapsules can be prevented by adding dexam-
ethasone [150]. Bupivacaine–dexamethasone microcapsules 
have been shown to produce an intercostal nerve block of 
up to 4 days duration in humans [151]. Bupivacaine has also 

Fig. 46.7. Intercostal nerve block. Showing spread of local anaes-
thetic to adjacent spaces (arrows) (reproduced with permission from 
Dravid and Paul [131]. © Blackwell Publishing Limited [2007]).
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been incorporated into liposomes [152]. Liposomal bupiva-
caine has a prolonged action in animals [153] and has been 
used to provide post-operative epidural analgesia in humans 
[154]. Recently, an absorbable local anaesthetic matrix has 
been used in rats [155].

Percutaneous Methods

A number of different techniques for the percutaneous 
 placement of paravertebral catheters have been described. 
Perhaps the most widely used technique is the one described 

Fig. 46.8. Posterior relations of the thoracic paravertebral space (reproduced from Murphy [135] by permission of Oxford University Press).

Fig. 46.9. Transverse section at the level of the intervertebral foramen showing the paravertebral spaces (reproduced with permission from 
Eason and Wyatt [144]. © Blackwell Publishing Limited [1979]).
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by Eason and Wyatt [144]. For the Earson technique, a Tuohy 
needle is inserted 3 cm lateral to the cranial edge of a spinous 
process at the appropriate level. The needle is then advanced 
perpendicular to the skin until contact is made with the under-
lying transverse process. If contact with bone is not made at the 
expected depth the needle is withdrawn and then re-advanced 
slowly, while fanning it in the sagittal plane, until contact with 
bone is made. The needle is then walked off the cranial edge 
of the transverse process and advanced slowly until a loss of 
resistance, less complete than that in the epidural space, is 
encountered, usually after a further 1 cm. This is frequently 
preceded by a subtle click as the costotransverse ligament is 
penetrated. In adults after aspiration, to confirm the needle is 
extravascular, approximately 20 mL of an appropriate local 
anaesthetic (e.g. 0.25% levobupivacaine) is administered to 
open up the paravertebral space before threading an epidural 
catheter into the paravertebral space. Consideration may be 
given to adding a small quantity of dye to the local anaesthetic 
administered, so correct placement of the block can be con-
firmed visually at subsequent thoracoscopy or thoracotomy.

An alternative technique whereby the paravertebral space 
is approached from an intercostal space has recently been 
described [156]. A Tuohy needle is positioned posteriorly over 
a rib at the appropriate level about 8 cm lateral to the head of 
that rib and advanced until contact is made with the rib. The 
needle is then orientated so the bevel is pointing medially and 
the tip is angulated 45° cephalad and 60° medial to the sagittal 
plane. The needle tip is then walked off the inferior border of 
the rib while maintaining this orientation and advanced a few 
millimetres until loss of resistance confirms that the intercostal 
neurovascular space has been entered. After aspirating to con-
firm the needle is extravascular approximately 5 mL of 0.25% 
levobupivacaine is injected to open up the intercostal neuro-
vascular space. An epidural catheter is then inserted into the 

Tuohy needle and advanced into the intercostal neurovascular 
space. The orientation of the needle directs the catheter along 
the intercostal neurovascular space towards the paravertebral 
space. The catheter is inserted about 8 cm into the intercostals 
space so the tip lies in the paravertebral space [156]. Percuta-
neous thoracic paravertebral blocks are technically simple to 
perform but have a failure rate of up to 10%. The use of ultra-
sound guidance may result in reduced failure rates. Failure 
rates can also be reduced by direct surgical placement.

Open Methods

Direct placement techniques may require some surgical pre-
planning. The posterior extent of the incision needs to be 
limited to allow sufficient room for the paravertebral. In par-
ticular it is important to preserve enough pleura posterior to 
the surgical incision. Direct placement techniques are usually 
undertaken at the end of surgery immediately prior to closure 
to reduce the risk of inadvertent catheter dislodgement. The 
direct placement of catheter into the paravertebral space at the 
end of surgery was first popularised by Sabanathan  et al. [157]. 
They described a technique whereby a catheter is inserted via a 
Tuohy needle. The catheter is inserted percutaneously medial 
to the posterior edge of the thoracotomy incision to emerge 
between the angle of the ribs into the chest cavity. The pari-
etal pleura two spaces above and below the incision is peeled 
back medially to expose the intercostal nerves taking care not 
to perforate the pleura. The catheter is then positioned to lie 
against the angles of the exposed ribs before the parietal pleura 
is reattached to the posterior aspect of the wound. The authors 
later reported an improvement in their technique [158]. After 
reflecting back the parietal pleura to the vertebral bodies as 
before, a small incision is made in the endothoracic fascia and 
the catheter is passed into the subendothoracic paravertebral 

Fig. 46.10. Saggital section through the para-
vertebral space showing a needle that has been 
walked off the transverse process (reproduced 
from Karmakar [146] with permission).
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compartment and advanced cranially for a few centimetres, 
aided if necessary by blunt dissection. The hole in the endotho-
racic fascia is then closed by a suture (see Fig. 46.11).

Another technique used in the author’s institution is for the 
surgeon to insert a Tuohy needle percutaneous, under direct 
vision, into the paravertebral space one or two segments cau-
dal to the thoracotomy incision. A catheter is then introduced 
through the Tuohy needle and advanced 10 cm or more crani-
ally in the paravertebral space. This requires careful manipu-
lation of the Tuohy needle and catheter to ensure it advances 
in the correct direction and damage to the overlying pleura is 
avoided. The other end of the catheter can then be tunnelled 
subcutaneously to limit the risk of inadvertent dislodgement. 
For patients undergoing video-assisted surgery, video-assisted 
surgical placement of a catheter is possible [159].

Management of Paravertebrals

The appropriate management of paravertebrals (drug choice, 
rate, adjuvant and administration technique) has not yet been 
established and further work is required to optimise the 
efficacy and safety of this technique. A review and meta-
regression analysis [160] found that a higher bupivacaine 

dose (890–990 mg per 24 h) predicted lower pain scores and 
faster recovery of pulmonary function compared to lower dose 
(325–472.5 mg) without a significant difference in the rate 
of local anaesthetic toxicity. Continuous infusions were asso-
ciated with significantly lower pain scores than intermittent 
boluses while the addition of adjuvants, fentanyl or clonidine, 
did not improve the analgesia. The use of safer local anaes-
thetic, such as levobupivacaine, vigilance for signs and symp-
toms of local toxicity (confusion), the addition of adrenaline 
to the solution and reducing the infusion rate for elderly or 
frail patients may all be appropriate steps to reduce the inci-
dence of toxicity with the use of paravertebrals. A typical dos-
ing regime for an adult patient might be 0.3 mL kg−1 initial 
bolus of 0.25% levobupivacaine followed by a 0.1 mL kg−1 h−1 
infusion of 0.25% levobupivacaine (see Table 46.2).

Limitations and Complications  
of Paravertebral Blocks

To provide effective analgesia in the affected somatic der-
matomes, post-thoracotomy paravertebral blocks may need 
to cover up to ten segments. It usually takes a number of 
hours for the local anaesthetic to spread sufficiently along the 
paravertebral space and as a result the early post-operative 
analgesia may be poor unless supplemented initially by other 
analgesic agents or techniques. Complications that have been 
reported include inadvertent pleural puncture, pulmonary 
haemorrhage, inadvertent dural puncture, hypotension, nerve 
injury and central nervous system local anaesthetic toxicity. 
The incidence of these complications is low but the avail-
able published data does not enable an exact incidence to be 
quoted to patients [146]. Many of the potential complications 
of paravertebrals can be greatly reduced, if not eliminated, by 
using an open method of insertion. However, the large volume 
of local anaesthetic required and rapid uptake of local anaes-
thesia from the vessel-rich paravertebral space mean that local 
anaesthetic toxicity is a concern. Mean plasma concentrations 
have been shown to exceed the threshold for central nervous 
system toxicity 48 h after commencing a 0.1 mL kg−1 h−1 infu-
sion of 0.5% bupivacaine [161]. In a separate study of patients 
receiving paravertebral 0.5% bupivacaine at this rate, 7% of 
patients developed temporary confusion attributed to bupi-
vacaine accumulation [162]. Until recently, there has been 
no specific treatment available for local anaesthetic toxicity. 
There is now a growing body of evidence from animal stud-
ies and case reports that lipid emulsion given intravenously 
improves outcome. It is therefore recommended that lipid 
emulsion is available wherever patients receive large doses 
of local anaesthetic such as for a paravertebral block. The 
management of local anaesthetic toxicity induced cardiovas-
cular collapse should involve CPR as per standard protocols 
followed by the consideration to administer a lipid emulsion 
[163, 164]. To put the risks in perspective, no fatality directly 
related to thoracic paravertebral block had been reported by 
2001 [146].

Fig. 46.11. A technique for performing paravertebral blocks. The 
endothoracic fascia (stippled) is exposed by raising the parietal 
pleura from the posterior chest wall. A catheter is inserted deep to the 
endothoracic fascia through a small hole created in the fascia (this 
figure was published Berrisford and Sabanathan [158]. © Elsevier 
[1990]).
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Advantages of Paravertebral Analgesia

Paravertebral block is a relatively simple technique that is easy 
to learn, has few contraindications and has a low incidence 
of complications. The open technique enables paravertebral 
blocks to be safely initiated in anaesthetised patients. This 
makes the technique particularly appropriate for patients in 
whom a VAT procedure is converted to an open thoracotomy. 
Impaired coagulation is a relative contraindication to the per-
cutaneous insertion of paravertebrals. However, for patients 
with impaired coagulation open placement is relatively safe 
and can be recommended. Hypotension, urinary retention, 
nausea and vomiting are less frequent post-operatively with 
paravertebrals than with thoracic epidurals [11]. In the author’s 
institution, paravertebrals are associated with earlier mobilisa-
tion and shorter hospital stays than thoracic epidurals.

Intrathecal Analgesia

The lumbar administration of subarachnoid opioids is an 
infrequently used technique that may have a wider role in 

providing post-thoracotomy analgesia. The use of intrathecal 
morphine to provide operative analgesia was first described 
in 1979 [165]. Since then a number of studies have reported 
the use of intrathecal opioids for post-thoracotomy analgesia 
[166–172]. The onset time of intrathecal opioids depends in 
part on their lipid solubility [173]. With intrathecal sufenta-
nyl the onset of analgesia is very rapid whereas morphine 
has a slower onset but longer duration of action. Combina-
tions of morphine and sufentanyl have been used to provide 
post-thoracotomy analgesia. In one study, morphine 200 g 
was combined with sufentanyl 20 g [166] in another study 
morphine 500 g was combined with sufentanyl 50 g [167] 
both studies reported good early analgesia. Side effects of 
intrathecal opioids include nausea, vomiting, pruritus, uri-
nary retention and delayed respiratory depression. The lum-
bar epidural space is easy to locate making it an attractive 
technique in patients with, for example fixed spinal defor-
mities. The combination of low-dose intrathecal morphine 
and a paravertebral block via a directly placed catheter  
has been suggested as an alternative to epidural analgesia 
post-thoracotomy [174].

Table 46.2. Adult analgesic regimes.
Technique Dose Comment

Paravertebrals
Lower dose regime
 Loading dose 0.3 mL kg−1 0.25% Levobupivacaine Higher dose regime produces improved  

analgesia and pulmonary function [160] Maintenance 0.1 mL kg−1 h−1 0.25% Levobupivacaine
High dose regime
 Loading dose 20 mL 0.5% Levobupivacaine
 Maintenance 0.1 mL kg−1 h−1 0.5% Levobupivacaine

Intrathecal opioids Morphine 200 g + sufentanil 20 g [166]  
or morphine 500 g + sufentanil 50 g [167]

Thoracic epidural
Levobupivacaine 0.1% Titrate to effect
or
Ropivacaine 0.15% Reduce rate by 40% for elderly
with
 Fentanyl 4–5 g mL−1 or
 Sufentanil 1 g mL−1 or
 Hydromorphine 10–25 g mL−1 [280]
Bolus 7 mL
Infusion 7 mL h−1

Intercostal nerve blocks
Injection sites T3–T7 0.25% Levobupivacaine with epinephrine 

1:200,000 3–5 mL per site
Use repeated doses or continuous infusion [10]. 

Associated with rapid absorption of local  
anaesthetic

Ketamine
For intravenous supplementation  

of epidural analgesia
0.05 mg kg−1 h−1 [102]

Without epidural analgesia
 Bolus 0.5 mg kg−1 [274]
 Infusion 4 g kg−1 min−1 Continued for few days [274]
Gabapentin 300–1,200 mg Orally 1–2 h pre-operatively [106] No benefit from multiple post operative doses [106]
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Fig. 46.12. The thoracic vertebra. The steepest caudal inclination of 
the spinous processes is in the midthoracic region (this figure was 
published in Ramamurthy [277]. © Elsevier [1996]).

1Editors note: It has been my personal experience that the paramedian 
approach has greatly improved my success rate for mid-thoracic epidurals, 
T3–T8, deliberately walking the Tuohy needle medially and up the lamina.

Epidural Analgesia

Epidural injections via the sacral hiatus in dogs were described 
in 1901 [175]. The interspinous approach for  epidural anaes-
thesia in clinical surgery was demonstrated in 1921 [176] 
and an article in 1933 by Dogliotti popularised epidural 
 anaesthesia [177].

Post-thoracotomy thoracic epidural analgesia was intro-
duced into clinical practice in the mid-1970s for high risk pro-
cedures [1, 2], by the mid-1980s it was being used by some 
for routine surgery [178] and by the 1990s it had become the 
mainstay of post-thoracotomy analgesia in many high volume 
Western units [3]. The widespread use of thoracic epidural for 
routine post-thoracotomy analgesia occurred because it pro-
vides effective, reliable post-thoracotomy analgesia, had been 
shown in a meta-analysis to reduce post-thoracotomy pulmo-
nary complication [62] and was believed by many to improve 
the outcome after thoracic surgery.

Lumbar Epidural Analgesia

Lumbar epidural insertion is an easier and more familiar tech-
nique for most anaesthesiologists and also because of the 
absence of an underlying spinal cord lumbar epidurals are 
probably safer than thoracic epidurals. Lumbar epidural hydro-
philic opioids are effective and were once used by a number 
of units to provide post-thoracotomy analgesia. Their wide-
spread use declined when a meta-analysis showed that, unlike 
epidural local anaesthetics, epidural opioids did not reduce 
the incidence of post-operative pulmonary complications 
[62]. Late respiratory depression is also a potential problem 
with epidural hydrophilic opioids. Because of synergistic anti- 
nociceptive interactions, mixtures of local anaesthetics and 
opioids are now routinely used to provide post-thoracotomy 
analgesia [14]. Epidural mixtures of segmentally acting lipo-
philic opioids and local anaesthetics are best administered at 
the dermatomal level of the surgical incision. For thoracic 
procedures, this equates to a thoracic epidural. If the mixture 
is administered by a lumbar epidural away from the incision 
larger volumes are required, greater hemodynamic instability 
results and achieving good analgesia is more difficult. Lumbar 
epidurals are not now generally used for providing post-thora-
cotomy analgesia; however, in the occasional patient in whom 
attempts at placing a thoracic epidural are unsuccessful, a lum-
bar epidural may be appropriate. It is also a technique worth 
considering in the rare circumstance in which it is considered 
appropriate to insert an epidural in an anaesthetised patient.

Thoracic Epidural Analgesia

Technique of Insertion

After inserting a venous cannula and positioning the patient 
in either the lateral or sitting position, depending largely on 
operator preference, a wide area of the back is prepped with 
alcoholic chlorhexidine or an alternative antiseptic solution.  

At least two applications are recommended. The initial 
 application should be with a sponge or similar material to 
abrade the superficial layers of the skin. Care should be taken 
to ensure that epidural drugs and equipment are not contami-
nated by the antiseptic used as all antiseptics are potentially 
neurotoxic. Similarly, the antiseptic solution used should be 
allowed to dry before commencing epidural insertion. The 
vertebral spinous processes are at their most oblique in the 
midthoracic region. At this level the tip of the spinous process 
is a landmark for the intervertebral space below the next ver-
tebrae (see Fig. 46.12).

For the midline approach, a local anaesthetic wheal is raised 
over the appropriate vertebral interspace. A Tuohy needle is 
then inserted immediately above the palpable tip of the lower 
spinous process and advanced at the oblique cephalad angle 
determined by the obliquity of the spinous processes at this 
particular level. The angle of insertion may need adjustment 
if contact is made with a spinous process. For the paramedian 
approach, a local anaesthetic wheal is raised about 1 cm lateral 
to the palpable tip of the appropriate spinous process. A Tuohy 
needle is then inserted through this wheal perpendicular to all 
the planes. When contact is made with bone (lamina) the nee-
dle is withdrawn to the skin and angulated about 45° cephalad 
and 10° medial before being reinserted to the original depth1. 
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The needle is then gradually advanced into the epidural space. 
If contact is again made with the lamina it may be necessary to 
walk the needle up the lamina to find the epidural space. After 
the tip of the Touhy needle has been in contact with bone it is 
advisable to ensure that the needle remains patent by gently 
re-inserting the trocar before re-advancing the needle.

It is known that during insertion epidural catheters do not 
follow a predictable course in the epidural space [179]. The 
optimal length of epidural catheter to leave in the epidural 
space is thus a balance between insufficient length resulting 
in catheter migration out of the space and excessive length 
resulting in technical failure because of malpositioning of the 
catheter tip. In a prospective analysis of post-operative epidu-
ral failure by computed tomography epidurolography during 
which 4 cm of epidural catheter was left in the epidural space 
25% of the epidurals failed. The major cause of epidural failure 
was dislodgement of the epidural catheter out of the epidural 
space [180]. Four centimetre of catheter is probably insuffi-
cient for thoracic epidurals that are to remain in situ for a few 
days, 5–6 cm may be more appropriate [181]. Migration of the  
catheter out of the epidural space can be reduced by appro-
priate fixation with adhesive dressings, tunnelling or suturing. 
We recommend suturing of the catheter to the skin.

Epidural Solutions

High concentrations of unsupplemented thoracic epidural local 
anaesthetics can provide effective post-thoracotomy analgesia 
but the incidence of hypotension is high [182], while lower 
concentrations are less effective. Because the synergistic anti-
nociceptive interactions of epidural local anaesthetics and opi-
oids [183] enable the amount of each drug to be minimised 
reducing the incidence and severity of the associated side 
effects, mixtures of local anaesthetics and opioids are now 
routinely used to provide post-thoracotomy analgesia [14]. 
Although there is probably no epidural mixture that is optimal 
for all patients, a mixture of 5 g mL−1 of fentanyl in 0.1% 
bupivacaine is close to the optimal [184–186]. The newer 
local anaesthetic agents (levobupivacaine and ropivacaine) 
are less toxic than bupivacaine and although relatively small 
amounts are administered epidurally, we now use 5 g mL−1 
of fentanyl in 0.1% levobupivacaine. The analgesic effects of 
epidural opioid and local anaesthetic mixtures are improved 
by epinephrine. Vasoconstriction of epidural vessels with 
reduced systemic uptake of epidural opioids is thought to be 
the major cause of this potentiation. The -2 adrenergic action 
of epinephrine in the substantia gelatinosa may also contribute 
to the improved analgesia [187]. Potential cord ischemia as a 
result of excessive vasoconstrictive has limited the use of epi-
dural epinephrine. Clonidine, another -2 adrenergic agonist, 
when combined with epidural opioids, reduces opioid require-
ments and opioid-related side effects [188]. In a study using 
an optimisation model to find the best epidural combination of 
fentanyl, bupivacaine and clonidine to administer after laparo-
tomy, the addition of clonidine did not significantly improve  

analgesia [184]. Epidural clonidine is not widely used to 
 provide post-thoracotomy analgesia [14], although the addi-
tion of clonidine should be considered for patients who are par-
ticularly sensitive to the systemic effects of epidural opioids.

The extent of the sensory block after the administration of 
epidural anaesthetics varies considerably between individu-
als. A number of factors are known to affect the spread of the 
sensory block during thoracic epidural analgesia including the 
level at which the epidural is sited. For high thoracic epidurals 
the direction of spread is mainly caudal, for low thoracic epi-
durals the spread is mainly cranial and for midthoracic epidur-
als the spread is almost equally distributed [41, 189]. The total 
extent of the spread, however, is not significantly different at 
these three sites [41, 189]. While administering an epidural 
solution via a high thoracic epidural it may be appropriate to 
avoid neck flexion to further limit the potentially harmful cra-
nial spread of the epidural solution [190]. Although widely 
believed and apparently logical, there is little evidence that 
the extent of thoracic epidural spread is related to the height 
of the patient [41]. Similarly, for adult patients weight does 
not appear to correlate with the extent of thoracic epidural 
spread [41]. There is, however, a positive correlation between 
the patient’s age and the thoracic epidural spread, with elderly 
patients requiring about 40% less epidural solution [41, 42]. 
For younger patients, we usually administer a ~7 mL epidural 
bolus of a mixture containing 5 g mL−1 of fentanyl in 0.1% 
levobupivacaine via a midthoracic catheter and then infuse the 
epidural solution at ~7 mL h−1. For elderly patients, we reduce 
the bolus and infusion rate by about 40% (see Table 46.2 and 
Fig. 46.13)2.

Fig. 46.13. Relationship between age and epidural dose requirements 
of 2% mepivacaine in thoracic epidural analgesia. D Dermatome 
(reproduced from Hirabayashi and Shimizu [42] by permission of 
Oxford University Press).

2Editors note: Several alternative protocols for thoracic epidural infusions are 
described in the addendum at the end of this chapter.
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Benefits of Thoracic Epidural Analgesia

Thoracic epidurals provide excellent early post-thoracotomy 
analgesia and are widely regarded as the “gold standard” for 
post-thoracotomy pain relief.

Improved Post-operative Diaphragmatic Dysfunction
Prolonged diaphragmatic dysfunction has been shown to 
occur after thoracic [191] and upper abdominal [192] surgery. 
Diaphragmatic contractility is not impaired [193, 194] and the 
diaphragmatic dysfunction is thought to be secondary to reflex 
inhibition of the phrenic nerve as a result of stimulation of 
afferents in the viscera, diaphragm and chest wall [193]. Pain 
is not considered to be a major mediator of this dysfunction 
[195]. Thoracic epidural local anaesthetics have been shown 
to improve diaphragmatic function after upper abdominal sur-
gery [196]. Epidural opioids are not effective [192]. Thoracic 
epidural local anaesthetics have not been shown to improve 
the impaired diaphragmatic segmental shortening after thora-
cotomy but other ventilatory parameters did improve. How-
ever, as epidural local anaesthetics can alter other respiratory 
muscle functions the improvement in diaphragmatic function 
may have been masked [191]. Thoracic epidural analgesia may 
directly affect functional residual capacity post-thoracotomy 
as an increase in functional residual capacity occurs in healthy 
humans receiving thoracic epidural analgesia [197].

Reduced Cardiovascular Complications
Cardiovascular complications contribute significantly to post-
thoracotomy morbidity and mortality. Thoracic epidural local 
anaesthetics can block the sympathetic nerve fibres to the heart 
(T1–T5) and have been used to treat refractory angina [198, 
199]. Thoracic epidural analgesia can also dilate constricted 
coronary arteries and improve the hemodynamic stability of 
patients undergoing thoracic surgery. These changes have the 
potential to reduce myocardial ischaemia. A meta-analysis of 
patients undergoing various surgeries has confirmed this poten-
tial and shows that epidural analgesia reduces post-operative 
myocardial infarctions by 40%; thoracic epidural analgesia 
is superior to lumbar epidural analgesia in this respect [200]. 
There is some evidence that thoracic epidural local anaes-
thetics reduce the incidence of supraventricular arrhythmias 
[201], which occur in 20–30% of post-thoracotomy patients  
[202, 203] and are associated with an increased mortality 
[204, 205].

Thoracic Epidurals and Outcome

The mortality from lung cancer surgery has decreased over the 
last few decades and this reduction in post-thoracotomy mortal-
ity has been attributed, in part, to improvements in post-operative 
analgesia. There are a number of possible mechanisms whereby 
thoracic epidural analgesia may reduce respiratory complica-
tions post-thoracotomy. These include better preservation of 
functional residual capacity, improved mucociliary clearance, 
reduction of inhibitory effects on the diaphragm, less pain, nau-
sea and sedation and better collaboration with physiotherapy. 

Although transferable evidence and early analysis found that 
when compared with systemic analgesia, thoracic epidural 
analgesia reduced post-operative pulmonary complications 
[62], later quantitative analyses have not shown this reduction  
[10]. Similarly, although thoracic epidurals may decrease 
peri-operative myocardial infarctions [200] and reduce the 
incidence of thrombo-embolic events [206, 207] there are 
no prospective studies showing thoracic epidurals improve 
survival after thoracotomy. A meta-analysis of randomised 
controlled studies did show reduced mortality with neuroaxial 
blocks after surgery but much of this effect was after orthopae-
dic surgery [208]. In contrast, a large prospective randomised 
study of patients undergoing major abdominal surgery did not 
show epidural analgesia to be associated with reduced mortal-
ity [209]. A large prospective study is required to determine if 
post-thoracotomy outcome is improved with thoracic epidural 
analgesia.

Limitations and Adverse Effects

The reported rates of epidural failure vary. Although success-
ful catheter placement rates of 99% and subsequent technical 
failure rates of <1% have been reported [210], some audits 
have reported a 30–50% failure rate [211] and a recent meta-
analysis reported a 15% thoracic epidural failure rate [11]. 
Thoracic epidurals are considered technically more difficult 
to insert than lumbar epidurals; however, the dural perfora-
tion rate has been found to be lower during thoracic epidural 
insertion (0.9%) than during lumbar epidural insertion (3.4%) 
[210]. Respiratory depression is a concern with epidural opi-
oids particularly hydrophilic opioids. The incidence is related 
to the type and dose of the epidural opioids used. A Swed-
ish study also found that age >70 year and the administration 
of additional opioids by other routes were risk factors for the 
development of respiratory depression [212]. However, the 
reported incidence of respiratory depression with fentanyl local 
anaesthetic epidurals of 0.3% [213] is no higher than the inci-
dence of respiratory depression when opioids are administered 
by other routes. Drug errors whereby the wrong drug is admin-
istered epidurally have been reported [214] but fortunately are 
rare and should be reduced further by using dedicated epidural 
delivery systems. The reported incidence of serious compli-
cations has varied although an estimate of 0.0007% is often 
quoted. The Third National Audit Project, the largest prospec-
tive study of complications after central neuraxial blocks, has 
helped clarify the incidence of serious complications associ-
ated with epidurals [4, 5]. This confirmed that overall (peri-
operative, obstetric, paediatric and chronic pain) central nerve 
blocks were associated with a very low (0.007%) incidence 
of major complications. The incidence of major complication 
after epidurals inserted peri-operatively was, however, much 
higher at 0.02%. The most frequent complications were epi-
dural haematomas [5]. This incidence of major complications 
after peri-operative epidurals is almost the same as that inci-
dence reported in an earlier Swedish study [215].
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Neuroaxial Block and Coagulation

Due to the rarity of spinal epidural hematomata case reports, 
expert opinion, not scientific evidence from controlled trials, 
provides the mainstay of recommendations for epidural anal-
gesia in patients receiving antithrombotic medications. This is 
particularly true for thromboprophylaxis [216]. The risk of an 
epidural inserted for post-thoracotomy analgesia resulting in 
a permanent injury or death is approximately 0.02%. Epidural 
haematomas account for most of this morbidity [4, 5]. Anti-
coagulants and antiplatelet agents can further increase the risk 
of vertebral canal haematoma [217, 218] and may increase 
the risk of epidural abscesses by causing small haematomas 
that become secondarily infected. All patients receiving tho-
racic epidural analgesia and patients who have undergone 
unsuccessful attempts at epidural catheter placement should 
be monitored regularly for symptoms and signs of vertebral 
canal haematoma, specifically back pain, motor or sensory 
changes and urinary retention (if not catheterised). Of these, 
motor block is the most reliable sign and most sensitive prog-
nostic indicator [219]. Vertebral canal haematoma occurring 
in the peri-operative period have a poor outcome.

Oral Anticoagulants (Warfarin)
When thoracic epidural analgesia is planned warfarin should be 
discontinued at least 4–5 days pre-operatively. The INR should 
be within normal limits prior to placing the epidural catheter to 
ensure adequate levels of active vitamin K-dependent clotting 
factors. Haemostasis may not be adequate even with an INR of 
1.3 [6]. Warfarin therapy should not be reinstituted until after 
removal of the epidural catheter and the INR should be <1.5 
prior to catheter removal.

Antiplatelet Medications
There is considerable variability in patient responses to 
antiplatelet agents. The increased risk in individual patients 
may therefore be difficult to quantify, although female sex, 
advanced age and a history of easily bruising can signify an 
increased risk. The role of near-patient testing of platelet func-
tion prior to neuraxial block needs to be established.

NSAIDs (Including Aspirin)
NSAIDs appear not to increase the risk of vertebral canal hae-
matoma in patients undergoing neuroaxial blockade [6, 220, 
221]. Concurrent administration of other haemostasis alter-
ing medications does, however, appear to increase the risk of 
bleeding [6], especially in the case of aspirin. This includes 
heparin for post-operative thromboprophylaxis [216, 218]. 
Thus, if feasible, aspirin should be discontinued 5–7 days 
prior to surgery if central neuraxial blockade and heparin-
based DVT prophylaxis is planned.

Thienopyridine Derivatives
These include clopidogrel and ticlopidine. They are potent anti-
platelet agents causing irreversible inhibition of ADP-induced 
platelet aggregation and platelet–fibrinogen binding inhibition. 
Clopidogrel should be discontinued at least 7 days and ticlopi-
dine at least 10–14 days prior to neuraxial blockade [6].

Herbal (Alternative) Medication [6, 216]
Up to 50% of surgical patients may be taking herbal medi-
cations pre-operatively although many do not volunteer this 
information. Although herbal drugs by themselves probably 

have raised concern because they are associated with throm-
bocytopenia, inhibition of platelet aggregation and interaction 
with vitamin K antagonists. There may be a small increased 
risk of an epidural haematoma if patients receive heparin for 
thromboembolism prophylaxis. It is probably wise to actively 
seek a history of such herbal therapy usage and discontinue it 
7 days pre-operatively.

Coronary Stents
An increasing number of patients with coronary artery stents 
in situ and receiving antiplatelet drugs are presenting for tho-
racic surgery. After insertion patients receiving bare metal stents 
require aspirin and clopidogrel for at least 4 weeks. Patients 
receiving drug eluting stents require aspirin and clopidogrel for 
at least 12 months. All patients with stents in situ require aspirin 
for life [7, 9, 222]. Dual-antiplatelet therapy is a contraindication 
to epidural analgesia [6]. Although discontinuing clopidogrel 

7 days pre-operatively while continuing aspirin may make 
thoracic epidural feasible, the premature discontinuation of 
one antiplatelet agent markedly increases the risk of acute peri- 
operative stent thrombosis with significant cardiac morbidity 
and mortality [7–9]. Aspirin therapy should rarely be interrupted 
[9]. The planned duration of post-operative epidural analgesia 
is also relevant as antiplatelet therapy should be recommenced 
as soon as possible post-procedure as delays may expose the 
patient to an unacceptable risk of stent thrombosis [7].

Thromboprophylaxis
Subcutaneous unfractionated heparin is effective in reduc-
ing the incidence of thromboembolic complications [6, 223]. 
As there have been only five case reports of vertebral canal 
haematomata associated with neuraxial blockade in patients 
receiving subcutaneous unfractionated heparin published in 
the literature [224–226] subcutaneous heparin in patients with 
thoracic epidurals in situ appears safe [227]. If subcutaneous 
heparin is continued for greater than 4–5 days a platelet count 
is recommended prior to removal of the epidural catheter as 
heparin-induced thrombocytopenia may occur. Low molecu-
lar weight heparins have different biochemical and pharmaco-
logical properties to unfractionated heparin including anti-Xa 
activity [6]. The half life of anticoagulant activity following 
the administration of a dose of subcutaneous low molecular 
weight heparin is considerably longer than that following a 
subcutaneous dose of unfractionated heparin, allowing once 
daily dosage. In the late 1990s, there were reports of more than 
40 cases of vertebral canal hematomata in patients following 
neuraxial blockade in the United States. This may have been 
the result of the North American guidelines recommending 
twice daily dosage, meaning there was effectively no “safe” 
time in which to perform a block or remove an epidural cathe-
ter. Similar clusters of cases of hematomata were not reported 
in Europe despite extensive experience of regional blockade 
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concurrent with low molecular weight heparin thrombopro-
phylaxis [228, 229]. This is thought to represent the once daily 
dosage employed in Europe. However, despite this neuraxial 
blockade in the presence of low molecular weight heparin 
thromboprophylaxis is more risky than with unfractionated 
heparin, especially for epidural catheter techniques [6].

Urinary Retention

Urinary retention is a well-known complication of epidural 
opioids use [230]. The mechanisms for this include inhibi-
tion of the sacral parasympathetic outflow and inhibition 
of the pontine micturition centre [231]. Epidural morphine-
mediated reduction in detrusor muscle function is antagonised 
by naloxone [232] and in post-hysterectomy patients naloxone 
can reverse bladder dysfunction without reversing epidural 
morphine analgesia [233]. However, when given to post-
thoracotomy patients receiving thoracic fentanyl bupivacaine 
epidural analgesia, naloxone reversed the analgesic effects of 
the epidural without reducing the need for urinary catheterisa-
tion [234] and is not recommended for this purpose.

The excellent early analgesia provided by thoracic epidural 
analgesia enables most patients to resume their normal diet and 
oral medications a few hours post-thoracotomy. The rate-lim-
iting step for the absorption of most orally administered drugs 

anaesthesia and surgery [235–237]. Epidural opioids can result 
in gastric hypomobility. Branches of the T6–T10 sympathetic 
nerves innervate the stomach [238] and sympathetic blockade 

-
ing has been shown to be normal in patients receiving bupi-
vacaine epidural analgesia post-cholecystectomy [237]. For 
post-thoracotomy patients receiving a fentanyl bupivacaine, 
thoracic epidural gastric emptying is delayed for >48 h [239]. 
This delayed gastric emptying may lead to reflux or regurgita-
tion and altered effects of orally administered drugs.

Hypotension

Hypotension is a common clinical occurrence during thoracic 
epidural analgesia. It is important to appreciate the differ-
ences between hypotension due to a lumbar vs. mid-thoracic 
epidural sympathetic blockade. With lumbar neuraxial block-
ade, hypotension is primarily due to systemic vasodilation, 
decreasing cardiac preload and afterload. The hypotension due 
to thoracic epidural blockade occurs for these two previous 
reasons and also due to blockade of the cardiac sympathetic 
supply, T2–T4, which interferes with the heart’s ability to 
increase contractility. Unlike treatment of hypotension during 
lumbar blockade, hypotension during thoracic epidural block-
ade will have a limited response to increases of preload and 
afterload and therefore requires treatment with a -adrenergic 
or mixed agonist (e.g. ephedrine, dopamine, etc.) to increase 
cardiac contractility and restore cardiac output [240].

Shoulder Pain

Ipsilateral shoulder pain is common in patients receiving 
effective thoracic epidural analgesia and occurs occasion-
ally in patients receiving paravertebral blocks, but is rare in 
patients not receiving nerve blocks for post-thoracotomy anal-
gesia. The reported incidence of ipsilateral shoulder pain in 
patients receiving thoracic epidural analgesia varies from 42 
to 86% [18, 19, 109, 142, 241]. This shoulder pain is often 
described by patients as an ache, usually of moderate to severe 
intensity, and lasts for a few days. Early explanations of this 
shoulder pain were that it was related to the transection of a 
major bronchus although no mechanism was suggested [18]. 
Other early explanations included stretching of the brachial 
plexus or the shoulder joint as a result of the intra-operative 
positioning and distraction of the posterior thoracic ligaments 
by surgical retractors [17]. Recent studies have helped explain 
the pathogenesis of this pain. A double-blind study of patients 
who had developed ipsilateral post-thoracotomy shoulder pain 
in which patients were given either bupivacaine or saline to 
block the suprascapular nerve found that blocking the supras-
capular nerve did not affect the incidence of pain [241]. This 
makes intra-operative shoulder distraction an unlikely cause 
of ipsilateral post-thoracotomy shoulder pain. A placebo-
controlled study of the administration of bupivacaine through 
the basal drain found that bupivacaine was not effective in 
reducing ipsilateral post-thoracotomy shoulder pain [142]. 
Irritation of the diaphragmatic pleura by a basal chest drain 
is therefore unlikely to be a significant cause of ipsilateral 
post-thoracotomy shoulder pain. A placebo-controlled study 
in which the periphrenic fat pad, at the level of the diaphragm, 
was infiltrated with either lidocaine or saline intraoperatively 
reduced the early incidence of ipsilateral post-thoracotomy 
shoulder pain from 85 to 33% [19] (see Fig. 46.14).

This marked reduction in the incidence of ipsilateral post-
thoracotomy shoulder pain with phrenic nerve infiltration was 
confirmed in a later study [242]. The phrenic nerve must there-
fore be importantly involved in the pathogenesis of ipsilateral 
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Fig. 46.14. Diagram to illustrate the site of the periphrenic nerve 
fat sheath for phrenic nerve blocks (modified with permission from 

278] and Scawn et al. [19]).
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post-thoracotomy shoulder pain. The phrenic nerve supplies 
sensory branches to the mediastinal pleura, the fibrous peri-
cardium, the parietal layer of the serous pericardium and the 
pleura related to the central part of the diaphragm. In most 
patients, the likely explanation of ipsilateral post-thoracotomy 
shoulder pain is irritation of the pericardium, mediastinal and 
diaphragmatic pleural surfaces resulting in pain referred to the 
shoulder via the phrenic nerve. In a few patients with ipsi-
lateral post-thoracotomy shoulder pain and an apical chest 
drain extending to the apex of the chest cavity, withdrawal 
of the chest drain by a few centimetres relieves the pain. This 
implies that irritation of the apical pleura by the chest drain is 
another cause of ipsilateral post-thoracotomy shoulder pain.

Recent studies have helped guide the treatment of ipsilateral 
post-thoracotomy shoulder pain. The pain is resistant to epi-
dural boluses [76] and intravenous opioids [19]. Pre-operative  
gabapentin [109] is similarly ineffective. Effective treat-
ment options for ipsilateral post-thoracotomy shoulder pain 
include acetaminophen [93], non-steroidal anti-inflammatory 
agents [18, 76], direct intra-operative phrenic nerve blocks 
[19, 242] and indirect post-operative phrenic nerve blocks 
[243, 244]. Rectal acetaminophen is safe and moderately effec-
tive [93] although personal experience suggests intravenous 
acetaminophen to be more effective. The use of acetamino-
phen orally, rectally or intravenously to treat ipsilateral post- 
thoracotomy shoulder pain is recommended. Non-steroidal 
anti-inflammatory agents are effective in controlling ipsilateral 
post-thoracotomy shoulder pain [18, 76] and personal experi-
ence suggests that they are more effective than acetamino-
phen. The well-known side effects of NSAIDs are, however, 
a particular concern in the often old and debilitated patients 
who have undergone thoracic surgery and the risks should be 
assessed before their use. Intra-operative phrenic nerve blocks 
are effective. The short duration of effect with lidocaine [19] 
can be extended by the use of ropivacaine [242] but patient 
selection is important as the resultant unilateral diaphragmatic 
paresis can further impair ventilation. Phrenic nerve blocks 
should be considered for patients in whom post-operative pul-
monary function is not a concern and for patients undergo-
ing a pneumonectomy. In post-pneumonectomy patients, the 
unilateral loss of diaphragmatic function has limited effects 
on ventilation and may have an additional benefit of helping 
to reduce the pneumonectomy space. Post-operative intersca-
lene brachial plexus blocks have been shown to be effective 
in treating ipsilateral post-thoracotomy shoulder pain in case 
reports [243] and in a prospective study [244]. The phrenic 
nerve block that is a side effect of interscalene brachial plexus 
block [245] almost certainly explains the blocks effectiveness. 
Because of the potential complications associated with this 
block we recommend that interscalene brachial plexus blocks 
be considered only in patients with severe ipsilateral post-
thoracotomy shoulder pain and adequate pulmonary reserve. 
Although a stellate ganglion block may be effective in treating 
ipsilateral post-thoracotomy shoulder pain [246], its use for 
this purpose is not recommended.

Techniques for Specific Procedures

Sternotomy

A sternotomy can be used to provide access for a range of 
 surgical procedures including the resection of anterior medi-
astinal tumours. At closure the divided sternum is usually inter-
nally fixed with wire. This fixation restricts bone movement 
and limits pain. Adequate post-sternotomy analgesia can usu-
ally be achieved with a morphine IV-PCA system supplemented 
when appropriate by non-opioid analgesics. Local anaesthetic 
wound infiltration can reduce opioid consumption [247] and 
should be considered. Continuous wound infiltration via deep 
and/or subcutaneous catheters may be more effective but evi-
dence of effectiveness is limited, with some studies showing 
no benefit [248]. Thoracic epidurals can provide very effec-
tive post-sternotomy analgesia. The catheter should be sited at 
a higher level (T3/T4) than for a thoracotomy (T6/T7) and any 
parasthesia of the medial surface of the arms detected early, to 
enable a timely reduction in the epidural infusion rate to limit 
the risk of bilateral phrenic nerve (C4–C5) blocks. Thoracic 
epidural analgesia should be considered for patients with poor 
lung function undergoing bilateral pulmonary procedures via 
a sternotomy (e.g. volume reduction surgery). A parasternal  
local anaesthetic block can reduce opioid requirements [249] 
and should be considered in patients with poor lung function 
in whom epidural anaesthesia is contraindicated.

Video-Assisted Surgery

The limited incision may limit post-operative pain. The appro-
priate analgesia depends in part on the nature of the surgery 
undertaken. Thoracic epidural analgesia is usually provided 
for patients undergoing VAT lung volume reduction surgery 
and may be advantageous in patients undergoing minimally 
invasive oesophagectomies [250]. Paravertebral blocks and/or 
an IV-PCA system may be appropriate for patients undergoing 
VAT lung resections. Minimal analgesia may be required after 
VAT pleural biopsies or sympathectomies.

Open Thoracotomy

A large number of pain management techniques have been 
described for open thoracotomy patients. These have included 
the administration of local anaesthetics, opioids and other 
drugs to provide intercostal nerve blocks [128–130], interpleu-
ral blocks [136–139], paravertebral blocks [162, 251, 252], 
lumbar epidural analgesia [253–255], thoracic epidural anal-
gesia [1, 2, 178, 185, 186], intrathecal analgesia [166–172] and 
systemic analgesia [10]. In addition, the non-pharmacological 
techniques of cryoanalgesia [123, 124] and TENS [116–122]  

ficult to achieve without regional anaesthesia (or multiple 
nerve blocks) and it is recommended that a regional anaes-
thetic technique be used alone, or in combination with  
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systemic analgesics, to provide post-thoracotomy analgesia. 
As apart from paravertebral blocks all other regional analgesic 
techniques are inferior to thoracic epidural analgesia [10], the 
choice of regional anaesthetic technique is usually between 
thoracic epidural analgesia and a paravertebral block.

Thoracic epidurals usually provide post-thoracotomy anal-
gesia with an epidural mixture of opioids and local anaes-
thetics; patients usually receive no systemic analgesics apart 
from perhaps acetaminophen or NSAIDs for shoulder pain. In 
contrast, paravertebral blocks are usually supplemented with 
systemic morphine, NSAIDs and other systemic analgesics for 
at least the early post-operative period. These differences are 
important in the interpretation of studies that have compared 
thoracic epidural analgesia and paravertebral blocks. A meta-
analysis published in 2006 included 10 trials with 520 enrolled 
patients [11]. In six of the trials, the epidural group received 
higher concentrations of epidural local anaesthetics than gen-
erally used [14] or recommended. It is well known that the 
incidence of post-operative hypotension is increased when 
higher concentrations of epidural local anaesthetics are used. 
Similarly, in only four of the trials were epidural local anaes-
thetics supplemented with opioids used as is recommended 
and usual practice [14]. Notwithstanding these limitations, it 
was concluded that the two techniques provided comparable 
analgesia and that pulmonary complications were lower in the 
paravertebral group [11]. Similarly, a 2008 review of regional 
techniques for post-thoracotomy analgesia found that a con-
tinuous thoracic epidural infusion of local anaesthetics and 
opioids provided the most consistently effective analgesia 
[10]. However, when compared to systematic analgesia, tho-
racic paravertebral blocks, but not thoracic epidural analgesia, 
reduced the incidence of pulmonary complications [10]. In 
practice both techniques have advantages in particular patients 
and the acquisition of expertise in both techniques is recom-
mended. For patients with borderline predicted post-operative 
lung function, good early analgesia and the ability to co-operate 
with lung recruitment manoeuvres immediately post-operatively 
may be critical. Correctly sited thoracic epidurals provide 
 reliable good early analgesia with minimal sedation and their 
use in this scenario is recommended. A retrospective analy-
sis of one institute’s data showed that a pre-operative FEV

1
 of 

less than 60% predicted was an independent risk factor for the 
development of post-thoracotomy pulmonary complications 
and mortality. The use of thoracic epidural analgesia was asso-
ciated with reduced pulmonary complications and a reduced 
mortality in patients with an FEV

1
 < 60%, although no patients 

were reported to have received a paravertebral block [256] (see 
Fig. 46.15). A prospective 1-year observational study of pneu-
monectomies in the United Kingdom found epidural analgesia 
to be a significant associate of poor outcome [257].

For patients with good pulmonary function undergoing 
 limited lung resection, early analgesia may be less critical and 
paravertebral analgesia may enable earlier mobilisation and 
shorten hospital stays. For most patients, the decision is less 
clear cut and consideration of the relative risks and benefits of 

the two techniques should be made for the particular patient 
(see Table 46.3). For patients for whom neither thoracic epidu-
ral or paravertebral blocks is appropriate consideration should 
be given to the use of intercostal nerve blocks or pre-operative 
intrathecal opioids.

Fig. 46.15. Thirty-day mortality rate (top) and incidence of respira-
tory complications (bottom) according to pre-operative FEV

1
 (<60% 

or 60%) and type of analgesic regimen: without thoracic epidural 
analgesia (white bars) or with thoracic epidural analgesia (black 
bars). *p < 0.05, compared with group without thoracic epidural 
analgesia; †p < 0.05, compared with group FEV

1
  60% (FEV

1
 forced 

expiratory volume in 1 s) (this figure was published in Licker et al. 
[256]. © Elsevier [2006]).

Table 46.3. Factors influencing choice of paravertebral block or 
thoracic epidural.
Favours thoracic epidural Favours paravertebral block

Poor PFTs
Extensive lung resection Limited lung resection
Chest wall involvement Sepsis
Non-steroidal anti-inflammatory 

drugs (NSAIDs) contraindicated
Impaired coagulation

Patient preference Patient preference
Fixed spinal deformity
Anaesthetised patient

PFTs Pulmonary function tests
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Oesophageal Surgery

Post-operative pain can be very severe after open oesopha-
geal surgery and thoracic epidural analgesia is usually used 
to provide post-operative analgesia for these patients. For 
patients undergoing a minimally invasive oesophagectomy, 
the combination of an IV-PCA system, a paravertebral block 
and non-opioid analgesics is frequently used. Recent work, 
however, found an increased mortality in patients undergo-
ing a minimally invasive oesophagectomy without a thoracic 
epidural [250] and a thoracic epidural should be considered 
for all patients scheduled to undergo an oesophagectomy. 
Post-oesophagectomy thoracic epidural analgesia probably 
has benefits in addition to providing good analgesia. In non-
randomised studies comparing systemic opioids with epidural 
analgesia after open oesophageal surgery, patients receiving 
epidural analgesia had fewer respiratory complications [258], 
spent less time in intensive care [258, 259] and had a lower 
mortality [258, 260, 261]. In 1994, Watson and Allen [261] 
stated that in their experience “the routine use of thoracic epi-
dural analgesia has been the most significant advance in the 
management of patients with oesophageal cancer during the 
past 15 years”. Similarly, Law et al. [262] attributed their low 
post-oesophagectomy complication rate to thoracic epidural 
analgesia and said “Perhaps the most important advance in 
peri-operative care in oesophagectomy in the 1990s was the 
use of epidural analgesia, which was shown to reduce compli-
cations and death rate”. Thoracic epidurals may decrease the 
incidence of anastomotic leakage post-oesophagectomy [263]. 
Ischemia at the anastomotic end of the newly formed gastric 
tube is a major cause of anastomotic leaks post-oesophagec-
tomy [264]. A relationship between low Doppler determined 
blood flow at the anastomotic site and subsequent anastomotic 
leakage has been shown [265]. Although intra-operative epi-
dural boluses can cause hypotension and reduced blood flow 
to the anastomotic end of the gastric tube [266], a study using 
continuous post-operative thoracic epidurals found epidurals 
to be associated with minimal hypotension and an increased 
distal conduit blood flow [267]. We recommend that “anes-
thesiologists should be cautious in accepting intra-operative 
hypotension secondary to epidural administration in patients 
undergoing esophagectomy” [266]. For patients undergoing 
open oesophageal surgery in whom epidural analgesia is inap-
propriate or contraindicated consideration should be given to 
the use of a continuous paravertebral block as they have been 
reported to provide reasonable analgesia when supplemented 
by systemic analgesics [268].

Opioid Tolerant Patients

Opioid tolerant patients presenting for thoracic surgery include 
patients with malignant diseases receiving opioids for pain, 
a rapidly increasing group of patients with non-malignant 

disease receiving opioids chronically for pain management, 
opioid-dependent substance abusers and former addicts on 
long-term maintenance programmes. The principles of treat-
ment are similar for all groups but opioid substance abusers 
may present additional challenges due to their psychological 
problems, dependency on other substances (e.g. alcohol) and 
concomitant infectious diseases (e.g. tuberculosis, human 
immunodeficiency virus) which may affect the delivery of 
anaesthesia.

Achieving good post-operative analgesia in patients who 
are chronically receiving opioids is frequently difficult and 
these patients may experience more post-operative pain. 
Patients should when practical be involved in the plans for 
their post-operative pain management. Abrupt cessation of 
opioids can result in an acute opioid withdrawal syndrome 
and should be avoided. Naltrexone, a long acting opioid 
antagonist used to help prevent relapse in detoxified former 
opioid dependent patients, should be discontinued a few days 
before surgery. The route and usual daily dose of opioids 
should be established, and for patients scheduled for major 
surgery and an equivalent intravenous dose of morphine esti-
mated. Unfortunately, variability in the pharmacokinetics, 
pharmacodynamics, route of administration and daily opioid 
consumption make estimating a morphine equivalent dose 
difficult. For opioid naïve patients, receiving an IV-PCA for 
post- thoracotomy analgesia, a background opioid infusion is 
usually not appropriate. Opioid-dependent patients however 
should, in addition to any demand opioids, receive at least 
50% of their usual dose of opioid orally, or if this is not appro-
priate, as a background infusion throughout the peri-operative  
period. Most patients undergoing open thoracic surgery ben-
efit from the addition of a regional anaesthetic technique 
and/or the addition of adjunctive pharmacologic agents to 
their opioids. Thoracic epidurals can provide excellent post- 
thoracotomy analgesia in opioid tolerant patients and their 
use is recommended. The use of a lipophilic opioid local 
anaesthetic mixture is recommended. Lipophilic opioids local 
anaesthetic mixtures have been shown to provide pain con-
trol that is superior to morphine local anaesthetic mixtures in 
opioids tolerant patients perhaps because analgesic effects are 
exerted at lower receptor occupancy [269, 270]. An alterna-
tive for patients scheduled to receive significant amounts of 
opioids by other routes is the use of a plain local anaesthetic 
epidural solution. Where thoracic epidural use is inappropri-
ate a surgically placed catheter and paravertebral infusion is 
recommended. Non-opioid adjuvant analgesic agents should 
also be considered. The use of NSAIDs or COX-2 inhibitors 
is particularly appropriate for opioid tolerant patients and their 
use is recommended although there are few studies evaluating 
their use in opioid-dependent patients.

For a few patients, parental opioids may be the most 
appropriate means of providing post-operative analgesia. 
Despite earlier concerns of increasing addiction and manipu-
lative behaviour, the use of intravenous IV-PCA systems to 
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control pain in substance abusers is now generally considered 
acceptable, if this system is used appropriately. Predicting 
the postoperative opioid requirement for opioid-dependent 
patients is difficult. Opioid tolerant patients are more likely 
to become sedated than opioid naïve patients despite  having 
higher pain scores [271]. Swenson et al noted that during 
drug administration there is initially a disparity between the 
plasma concentration and the concentration of the drug at 
its site of action (effect site concentration). They describe a 
method of determining the effect site concentration of fen-
tanyl at the threshold of respiratory depression in individual 
patients using simulation software and a fentanyl infusion. 
After determining the effect site concentration of fentanyl 
at the threshold for respiratory depression an hourly fenta-
nyl administration rate that will result in 30% of this effect 
site concentration is calculated. Utilising an intravenous PCA 
system half of this calculated fentanyl dose can be admin-
istered as a background infusion while the remaining 50% 
is programmed for demand administration as boluses with 
a 15-min lockout period. They recommend that the regi-
men be reviewed at 4 hourly intervals and adjustments made 
based on the number of demand boluses administered, the 
level of conscious and the respiratory rate [272]. Methadone, 
a NMDA receptor antagonist which can activate  adrener-
gic receptors and a different range of  receptors subtypes 
to morphine, is regarded as the intravenous PCA opioid of 
choice for opioid-dependent patients by some authors [273]. 
Consideration should be given to using a methadone IV-PCA 
system in opioid-dependent patients whose post-operative 
pain is refractory to large doses of systemic morphine. The 
administration of a low dose ketamine infusion should be 
considered particularly in patients for whom regional anaes-
thetic techniques are not planned. The literature suggests 
that for opioids tolerant patients an intra-operative bolus 
of ketamine (~0.25 mg kg−1) should be followed by an intra-
venous infusion (~2 g kg−1 min−1) continued for a few days 
[274]. Although adding ketamine to morphine delivered via 
an IV-PCA has been described [101] this is not recommended 
in opioids tolerant patients because the large and unpredicta-
ble opioids requirements may result in the administration of 
excessive doses of ketamine with the associated psychotropic 
side effects [274].

Conclusion

Pain control after surgery is central to the anaesthetic man-
agement of patients undergoing thoracic surgery. The provi-
sion of good post-operative analgesia is of itself important 
and is regarded by some as the core business of anaesthesia 
and a fundamental human right [275]. Effective analgesia 
can reduce pulmonary complications and mortality [256]. It 
is unlikely that a single technique will optimally fulfil these 
objectives for all patients. Analgesia should be tailored to the 

specific patient undergoing a specific procedure and aim to 
minimise mortality, patient suffering, pulmonary complica-
tions and other morbidity. Experience with a wide range of 
analgesic techniques is helpful as it enables the implementa-
tion of an appropriate technique. For open thoracotomies most 
patients are best managed by a combination of regional anal-
gesia and opioids, sometimes supplemented with non-opioid 
analgesics. There is no role for interpleural blocks or cryoanal-
gesia in adults. Lumbar epidural analgesia, intrathecal opioids 
or intercostal nerve blocks should usually be considered only 
if neither thoracic epidural analgesia or paravertebral blocks 
are possible. At present the dilemma for thoracic anaesthe-
tists and their patients scheduled to undergo a thoracotomy is 
the choice between thoracic epidural analgesia and paraver-
tebral block. It has been well established that thoracic epidu-
rals produce excellent post-thoracotomy analgesia. There is 
also evidence that thoracic epidural analgesia reduces post-
thoracotomy pulmonary complication [256] although these 
advantages have not been shown in recent analyses particu-
larly when thoracic epidurals are compared with paraverte-
brals [10, 11]. Thoracic epidurals are associated with a risk of 
permanent injury and this risk is orders of magnitude greater 
than the risks associated with lumbar epidural administered in 
parturients [5]. The most frequent disabling complications are 
epidural haematomas [5]. An increasing number of patients 
presenting for thoracic surgery are receiving drugs that affect 
coagulation, not all of which are prescribed. Current antico-
agulant and antiplatelet medication increases the risk of epi-
dural by an unquantified amount. Impaired coagulation is less 
of a contraindication to thoracic paravertebrals, particularly 
when they are inserted under direct vision. Serious complica-
tions are rare with paravertebrals. Recent meta-analysis and 
systemic analysis have suggested that paravertebrals are more 
effective at reducing pulmonary complications than thoracic 
epidurals [10, 11]. However, only a limited number of patients 
have been enrolled in studies comparing paravertebrals with 
thoracic epidural analgesia and many received suboptimal 
epidural solutions. It is anticipated that in the future addi-
tional data on the relative benefits of opioid/local anaesthetic 
thoracic epidural vs. paravertebral with systemic opioids will 
aid the difficult decision on epidural insertion for high risk 
patients who are also at increased risk of epidural related  
complications. In the future, the development of clinically 
useable ultra-long acting local anaesthetics might enable sig-
nificant further advances to be made in the provision of post-
thoracotomy analgesia.

Addendum

Editors note: For the reader’s further information, Figs. 46.16, 
and 46.17 are protocols for Patient Controlled Epidural Anal-
gesia after thoracic or upper abdominal surgery from the 



Fig. 46.16. (a, b) Standard anaesthesiologist order 
sheets for thoracic epidural analgesia infusions 
with patient-controlled boluses p.r.n., following 
thoracic or upper abdominal surgery (images 
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Clinical Case Discussion

Case

A 39-year-old man is scheduled for bronchoscopy and right 
lower lobectomy. He presented to his family doctor 4 months 
earlier with hemoptosis, diagnosis was delayed because of 
his frequent non-attendance. A CT-guided fine needle biopsy 
established the diagnosis as non-small cell carcinoma. He 
remains a heavy smoker of both marijuana and tobacco and 
has a 12-year history of heroin addiction. He is presently main-
tained on oral methadone but admits to occasional intravenous 
heroin use. Past medical history includes an exploratory right 
thoracotomy for a knife wound to the chest 5 years ago but no 
significant illnesses. He is very concerned about post-thorac-
otomy pain, stating that he suffered greatly after his previous 
thoracotomy. Clinical examination reveals a thin clubbed man 
who is very anxious. Pulmonary functions tests show a FEV

1
 

of 65% predicted and a DLCO of 68% predicted. A full blood 
count, renal function and clotting screen are normal.

Questions

What additional information might be useful in planning 
his anaesthetic?

Current dose of methadone (substantiated by primary  –
care physician or rehabilitation unit).
Ability to tolerate NSAIDs. –
Intravenous drug use associated infectious diseases  –
 status (HIV, Hep C and Hep B).

How will his long-term opioid intake affect his postoperative 
analgesia?

Tolerance to opioid analgesics impacts on the ability to  –
treat acute pain adequately and he may experience more 
post-operative pain.
Need for maintenance dose of opioids, either orally or  –
by infusion to avoid acute withdrawal.

What are the post-operative analgesic options?
Establish the appropriate route and equivalent dose of  –
the opioid to be administered peri-operatively. Ensure 
patient receives at least 50% of the equivalent dose to 
avoid acute withdrawal symptoms. Use a multimodal 
approach with a regional technique combined with regu-
lar acetaminophen and NSAIDs.
Choice of regional technique includes thoracic epidural  –
or paravertebral and would be influenced by factors as 
given in Table 46.3 but a thoracic epidural with a lipo-
philic opioid offers the best analgesic option.
Consideration of gabapentin pre-operative as a single  –
oral dose.
If a regional technique is not possible, a ketamine bolus  –
in theatre followed by a ketamine infusion supplemented 
to an opioid IV-PCA system.
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Key Points

Chronic post-thoracotomy pain (CPTP) is a common side 
effect of thoracotomy affecting up to one half of patients.
The prevalence and intensity of CPTP may gradually 
decrease over time.
More than one half of CPTP is neuropathic in nature.
CPTP has a profound impact on patient function. It impairs 
sleep and daily activity. Forty percent of patients continue 
to take analgesic medications more than 2 years after the 
surgery.
Anterior axillary thoracotomy and anterior limited thorac-
tomy may provide better early post-operative pain control. 
Improved pain control extends to at least 6 months after 
surgery. Rates of CPTP after VATS surgery are not signifi-
cantly different than those after standard thoracotomy tech-
niques.
Factors predicting CPTP include greater acute post-oper-
ative pain, younger age and emotional numbing. An inef-
ficient diffuse noxious inhibitory control system (DNIC) 
may predict CPTP.
It is unclear whether thoracic epidural analgesia or paraver-
tebral blockade prevent CPTP. Studies to date have been 
few and may be underpowered.
It is prudent to make all efforts to reduce acute pain after 
thoracotomy by employing a multi-modal analgesic strat-
egy. CPTP may be managed based on published guidelines 
for management of neuropathic pain. Recurrence of malig-
nancy should be excluded.

Introduction

The past two to three decades have heralded the realization 
that surgery represents more than an injury to the patient. As 
with many injuries, it has become increasingly clear that virtu-
ally all surgical procedures may be associated with a chronic 
pain state [1–6]. The incidence of chronic post-surgical pain 
(CPSP) among common procedures may be astonishingly 
high (Table 47.1) [2, 6]. Rates of CPSP ranging as high as 
51% are common [2, 3, 6]. In addition, chronic pain after sur-
gical procedures may range in intensity from minor to pain of 
severity such that it interferes with the persons’ daily activity 
[2]. Pain that is significant enough to affect daily function may 
also affect the ability of the patient to return to normal func-
tion after surgery. These normal functions include returning 
to work, returning to normal duties in the home or even the 
ability to return to living independently.

While chronic pain after surgery has a profound impact on 
the life of the person affected, it will also secondarily affect 
family, friends and co-workers. The burden of caring for per-
sons with chronic pain is enormous. Macrae [3] estimated that 
between 41,000 and 395,000 new cases of CPSP per year may 
be expected in the UK given the most recent data on surgical 
numbers. Data from the US as recently as 2006 indicates that 
amputation, breast cancer surgery, herniorrhaphy, caesarean 
section and coronary artery bypass surgery account for approx-
imately 2.1 million surgical procedures [6]. Clearly, if even 
5% of these persons required ongoing health care for treatment 
of the pain, the costs would soon become overwhelming.
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Some of the most common CPSP syndromes are those 
reported after limb amputation, breast surgery, hernia repair 
and thoracotomy [2, 3]. Surgery for breast cancer has been 
reported to cause significant pain especially after mastec-
tomy [2, 7–10], with rates of post-mastectomy pain ranging 
from approximately 20% to greater than 51% [8–10]. Pain 
after limb amputation was perhaps the first recognized post- 
surgical pain and is characterized by neuropathic pain and 
pain over the stump [11, 12]. Unfortunately, this pain is pres-
ent in up to 81% of patients undergoing amputation of a limb 
[11–13]. Post-herniorrhaphy pain is perhaps one of the most 
studied forms of chronic pain. Moderate-to-severe pain has 
been reported in about 10% of patients having herniorrhaphy 
[14, 15]. Herniorrhaphy is an especially common surgery and 
2–6% of patients having this procedure have long-term pain 
severe enough to interfere with daily activities [15]. This is of 
particular concern as this is a common procedure involving 
patients who are active in the workforce.

Chronic Post-Thoracotomy Pain

Invasion of the chest cavity by human hands is fraught with 
challenges both for the surgeon and the patient. In addition 
to the multitude of immediate physiologic perturbations 
described throughout this book, patients are at risk of devel-
oping a pain syndrome as a direct result of the surgery. This 
chapter discusses chronic post-thoracotomy pain (CPTP), the 
causes as they are known so far, prevention and management 
of this challenging entity and some of the challenges that the 
future holds.

Incidence and Time Course of Chronic  
Post-Thoracotomy Pain

Pain following thoracotomy has been described as one of the 
most intense post-operative forms of pain known. Acute post-
operative pain has been demonstrated to interfere with a number 
of physiological parameters and considerable effort has been 
devoted to developing methods to ameliorate this pain. CPTP 
has been defined as pain that extends at least 2 months [2], 

or 3 months after surgery [16]. Variability in this definition 
continues to exist in the literature, but it is generally accepted 
that by 3 months after surgery, pain that remains represents a 
chronic state.

The pain of CPTP has been described most commonly in 
the area of the thoracotomy scar (Fig. 47.1) [17, 18]. It may 
also be noted in the ipsilateral pectoral region, subcostal areas, 
scapula and the ipsilateral arm and shoulder [17]. The pain of 
CPTP is usually described as a burning or numbness over the 
incision site [17–19]. Patients also describe a cutting, draw-
ing or tender pain [20]. It may be constant or intermittent in 
nature although the more problematic forms of CPTP tend to 
be constant. The pain was noted to be exacerbated by such 
factors as lifting heavy objects. Interestingly, two authors also 
note that the pain is exacerbated by damp weather or rapid 
changes in weather [17, 18]. These weather-related changes 
are commonly reported in chronic pain clinics (authors note) 
and may be related to low pressure systems or frontal passage 
of weather systems with rapid shifts in barometric pressure.

Neuropathic pain is one of the most devastating forms of pain 
experienced by patients with chronic pain states (Fig. 47.2). 
Characterized by burning, lancinating, sharp or dysesthetic 
pain, it is the result of changes resulting in peripheral and cen-
tral sensitzation [21–23]. Steegers et al. [24] studied the type 
of pain experienced by those having CPTP and noted that 23% 
of patients with CPTP had definite neuropathic CPTP and a 
further 30% of patients with CPTP had some component of 
neuropathic pain. Approximately one half of persons suffer-
ing CPTP in this study had non-neuropathic pain. Those who 
had neuropathic pain tended to have more severe pain than 
those with persons with non-neuropathic pain [24].

A number of studies have examined the incidence of CPTP 
over the past 20 years [17, 18, 24–27]. The incidence of CPTP 
is consistently high. It has been reported as high as 81% at 
3 months [17] to as low as 30–51% [20, 24, 25, 28]. The 
incidence varies considerably with type and intensity of pain 
reported.

While the overall incidence of CPTP is about one in two 
persons having thoracic surgery, there are some indications 
that the incidence of CPTP may be related to the efficacy of 
post-operative pain control [17, 26]. Katz et al. [26] reported 
that the risk of developing CPTP was related to the level of 
acute post-thoracotomy pain. Ochroch et al. [29] reported a 
21% rate of CPTP after muscle-sparing thoracotomy (MT) 
with aggressive epidural analgesia. This low rate of CPTP was 
again reported by this group in a study of muscle-sparing vs. 
posterolateral thoracotomy with aggressive epidural analgesia 
[30]. While the overall incidence of CPTP is somewhat vari-
able in the literature, the incidence of severe CPTP is consis-
tent. Two to five percent of patients having thoracotomy will 
suffer severe CPTP 1 year after thoracotomy [17, 25, 26]. This 
is pain severe enough to interfere with a person’s ability to 
carry out their daily activities.

The time course of CPTP has been reported in a number 
of studies [24, 25, 31–38]. Although the incidence of CPTP 

Table 47.1. The incidence of chronic postsurgical pain (CPSP) 
among common procedures

Type of surgery Incidence of chronic pain (%)

Mastectomy 20–50
Caesarean section 6
Amputation 50–85
Cardiac surgery 30–55
Hernia repair 5–35
Cholecystectomy 5–50
Hip replacement 12
Thoracotomy 5–65

Reproduced from McRae [3], with permission from Oxford University 
Press



Fig. 47.1. The most common locations of pain 
marked by patients after surgery.

Fig. 47.2. Sites and mechanisms responsible 
for chronic postsurgical neuropathic pain.  
(1) Denervated Schwann cells and infiltrating 
macrophages distal to nerve injury produce 
local and systemic chemicals that drive pain 
signalling. (2) Neuroma at the site of injury is 
the source of ectopic spontaneous excitability 
in sensory fibres. (3) Changes in gene expres-
sion in dorsal root ganglion alter excitability, 
responsiveness, transmission, and survival 
of sensory neurons. (4) Dorsal horn is site of 
altered activity and gene expression, produc-
ing central sensitization, loss of inhibitory 
interneurons, and microglial activation, which 
together amplify sensory flow. (5) Brainstem 
descending controls modulate transmission in 
spinal cord. (6) Limbic system and hypothala-
mus contribute to altered mood, behaviour 
and autonomic reflexes. (7) Sensation of pain 
generated in cortex (past experiences, cultural 
inputs and expectations converge to deter-
mine what patient feels). (8) Genomic DNA 
predispose (or not) patient to chronic pain and 
affect their reaction to treatment (reprinted 
from Kehlet et al. [6], with permission from 
Elsevier.).
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is initially high, the prevalence of CPTP appears to decrease 
over time [34, 36, 37]. In addition, the intensity of the pain 
seems to gradually decrease over time [29, 35]. Studies that 
track patients for a number of years indicate that the surviving 
patients tend to gradually improve with respect to the effect 
of pain on their lives [33, 37]. Although some patients may 
demonstrate declining pain over time, others may not show 
a decrease in their pain [37]. Thus, the average decline in 
reported pain level may be due to those who will eventually 
go on to have no pain, while others will have no relief from 
the CPTP. In a study of the neuropathic component of CPTP, 
Steegers et al. [24] demonstrated that the incidence of clear 
neuropathic pain declined after more than 3 years from sur-
gery. However, while the incidence of overall CPTP demon-
strates some decline over time, the incidence of severe CPTP, 
when reported, is stable [17, 26]. While not all studies of CPTP 
demonstrate this declining course of pain over time, the het-
erogeneity of patients, methods and disease states likely have 
a significant impact upon the reported prevalence of CPTP.

The Effect of Chronic Post-Thoracotomy  
Pain on Function

Chronic pain affects nearly every aspect of daily life. It inter-
feres with the ability of the patient to sleep, work and interact 
with others. As such, it has a profound impact upon family 
life, emotional health and relationships with friends and co-
workers. It is closely associated with depression and there is 
evidence that suicide risk is significantly increased in persons 
with chronic pain. Tang and Crane [39] demonstrated that per-
sons with chronic pain have a risk of death by suicide twice 
that of controls and that the lifetime prevalence of suicide 
attempts was 5–14%. Those with chronic pain also have lower 
rates of self-rated health, an indicator of increased morbid-
ity and mortality [40–42]. It may also be related to abnormal 
immune function [43, 44].

In addition to the impact that chronic pain has on individual 
sufferers, it has a significant impact on our society as a whole. 
Stewart et al. [45] estimated that common pain conditions in 
the USA were responsible for $62.2 billion per year losses 
from lost productive time. Cost analysis of the impact in 
Canada in 1993 suggested that musculoskeletal pain con-
ditions and injuries were responsible for economic losses of 
$17.8 and $14.3 billion annually. These costs would be sig-
nificantly higher all these years later.

The impact of CPTP on individual function is, not surpris-
ingly, significant. A number of studies have begun to address 
the impact of CPTP on function after thoracotomy [17, 29, 30, 
35]. In a follow-up study of 111 thoracotomy patients, Pertun-
nen et al. [17] noted that half of patients were having difficul-
ties with normal daily life 12 months after surgery. Only the 
severity of the limitation decreased with time. They also noted 
that sleep disturbances were present in 25–30% of patients 
with CPTP [17]. The impact of CPTP was assessed using the 
ten-question physical activity scale of the SF-36 [46, 47] at 

intervals up to 49 weeks [29]. Activity levels at all intervals 
after surgery were significantly lower than the pre-operative 
levels. This is not surprising in the first few weeks after sur-
gery, but as time progressed the level of activity reached a 
plateau and did not return to normal by 49 weeks. This was 
not related to the patient gender or the type of analgesic [29]. 
In a similar study comparing two types of incisions, the same 
group measured the impact of CPTP on function at 49 weeks 
using the Brief Pain Index (BPI) [48, 49] and the SF-36 [46, 
47]. They determined that post-operative daily function was 
significantly lower than pre-operative function up to 49 weeks 
after surgery [30]. Maquire et al. [36] studied 610 patients 
who underwent thoracotomy an average of 26 months prior 
to the survey. Of these patients, nearly 40% were still taking 
analgesics, 45.5% believed that pain was their worst  medical 
condition, 40% stated that pain limited their daily  activities, 
15% had attended a specialist pain clinic. The presence of a 
neuropathic component of the pain was associated with greater 
pain, increased analgesic use and more limitations of physical 
activity [36].

Those factors which play a role in the development of dis-
ability related to pain were studied by Katz et al. [50]. Utiliz-
ing a number of pain and disability measurement devices, they 
determined that pain intensity and emotional numbing pre-
dicted pain disability at 6 months after surgery. This changed 
over the subsequent 6 months as only the 12-month emotional 
numbing predicted pain disability at 12 months. Their results  
suggest a decoupling of pain intensity and pain disability. 
It also suggests that pain disability is more closely related to 
post-operative factors than to pre-operative factors or acute 
movement-related pain [27].

Clearly, the data suggest that CPTP has an impact upon the 
daily function of patients. It is clear that patients with neuro-
pathic pain are affected more than those without neuropathic 
pain. The extent of the impact and its relationship to peri-
operative factors requires further characterization.

Factors Influencing the Development  
of Chronic Post-Thoracotomy Pain

Genetic Factors

The past 40 years has seen an explosion in the understand-
ing of the genetics of illness, and attention has recently begun 
to turn to the enigma of pain. The human genome has been 
successfully mapped, and methods have been developed to 
map genes using computer modelling [51, 52]. In compari-
son, our understanding of the role of genetics in the sensation 
and experience of pain is vanishingly small. A short list of 23 
genes was noted by LaCroix-Fralisch and Mogil [53] to be 
associated with experimental or clinical pain or analgesia.

Despite the lack of direct evidence, it is recognized that 
genetic variability may affect pain in a multitude of fash-
ions. Pain susceptibility and the experience of pain may be 
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encoded differently. This has been demonstrated in low back 
pain [54], in a third molar extraction model and experimen-
tal pain states [53]. Indeed, the likelihood of developing a 
chronic pain state may be genetically mediated. Variants 
of the catecholamine-O-methyltransferase gene have been 
found to be linked to the risk of developing myogenous tem-
poromandibular joint disorder [55]. There is also evidence 
that haplotype variation of GTP cyclohydrolase (GCH1), a 
rate-limiting enzyme for the production of tetrahydrobiop-
terin (BH4), is a marker for the variation in the regulation  
of pain sensitivity and chronicity mediated by BH4 [56]. 
Haplotype variation of GCH1, expressed as BH4, is asso-
ciated with variation in pain after discectomy for persistent 
radicular pain [56]. Thus, early studies suggest that vari-
ability in human chronic pain conditions is modulated at the 
genetic level.

Genetic variability can affect the way that we respond to 
treatment in a number of ways. Both the pharmacodynamics 
and pharmacokinetics of pain treatment are governed by our 
genetic makeup. Examples of how the genetic modulation of 
pharmacokinetics may be found in the way that prodrugs are 
metabolized to active components, in the way that drugs are 
metabolized and in the way that they are transported across 
membranes [57]. Codeine and tramadol are both prodrugs that 
require activation [57]. Variation in the expression of CYPD6, 
responsible for the conversion of codeine to morphine and 
other metabolites, is responsible in large part for variability in 
the effectiveness of codeine [57, 58]. Tramadol metabolism is 
similarly responsible for the activity of the drug [59]. Pharma-
codynamic variability may be expressed through variation in 
receptor expression or function. The mu receptor for morphine 
is perhaps the most studied and most relevant of the opioid 
receptors. It is also highly polymorphic and the polymorphism 
may manifest as requirements for higher or lower doses of 
opioids for pain management [57, 58, 60]. Other enzymes that 
may be involved in the metabolism of pain related medica-
tions include the cyclo-oxygenases and catechol-O-methyl-
transferase [57, 58].

Given that genetic study of pain is at a very early stage, it 
is therefore not surprising that specific data are lacking on the 
effects of genetic variability on CPTP. A multitude of questions 
remain to be addressed in the near future. These may include 
the effect of genetic variation on the response of patients to 
peri-operative pain management strategies, the response to 
chronic pain management strategies and ultimately upon the 
development of CPTP.

Surgical Factors

Posterolateral vs. Anterior Thoracotomy

Thoracic surgery can be performed in a number of ways. 
These include standard posterolateral thoracotomy (PLT), 
muscle-sparing thoracotomy (MT), antero-axillary thora-
cotomy (AAT), anterior limited thoracotomy (ALT) and 

video-assisted thoracotomy (VATS) (Chaps. 22 and 23). Each 
method of accessing the thorax brings with it a unique set of 
challenges. The impact on the development of CPTP wrought 
by each method employed to access the thoracic cavity has 
been explored in a number of studies. The most common sur-
gical method is open thoracotomy. Nomori et al. [31, 32] have 
examined the effect of the AAT and ALT on post-operative 
pain. In a study of 51 patients undergoing AAT or PLT for 
lung cancer, they reported pain in the immediate post-oper-
ative period and again at 1, 3 and 6 months [31]. They noted 
that patients having an AAT had significantly less pain on 
post-operative day (POD) 1, day 14, and at 1, 3 and 6 months 
after surgery than those persons undergoing PLT. Further, the 
percentage of patients with chronic pain after PLT was sig-
nificantly higher than those receiving AAT [31]. This study 
was then extended by using the utilizing patients undergoing 
PLT or AAT as controls when examining a new procedure, 
the anterior limited thoractomy (ALT), a variation on the AAT 
[32]. Unfortunately, the incidence of CPTP was not reported. 
ALT was noted to provide better early post-operative pain 
control than PLT and AAT. Post-operative pain at 1, 3 and 6 
months was significantly better with either method of anterior 
thoracotomy than the standard PLT [32].

The axillary MT technique was compared to standard PLT 
in two studies [29, 30]. Data from the initial study [29] were 
re-examined and published again [30]. Patients were initially 
randomized to receive thoracic epidural analgesia (TEA) or 
placebo epidural. Surgical technique was chosen by the sur-
geon. The incidence of CPTP did not vary based on the type of 
incision, although other factors such as gender and acute pain 
were predictive of CPTP. Similarly, a study of 101 patients 
undergoing MT or PLT by Athanassiadi et al. [38] did not 
demonstrate a difference in the quantity of pain at 2 months. 
Unfortunately, the incidence of CPTP was not reported.

Video-Assisted Thoracoscopic Surgery (VATS)

For the past two decades, video-assisted thoracoscopic sur-
gery (VATS) (Chap. 23) has been used with increasing fre-
quency to perform a wide variety of surgical procedures. 
The procedure is minimally invasive and performed through 
multiple small ports rather than a single thoracotomy wound. 
Some procedures require the use of a “mini-thoracotomy”, 
to provide access. This may be associated with the use of a 
rib spreading device creating pressure on the neurovascular 
bundle. Furthermore the movement of the thoracoscope or 
surgical instruments within the port may create pressure on 
the neurovascular bundle.

The less invasive nature of the procedure is associated with 
less acute pain and more rapid recovery [61] and return to 
work [62]. However, the effect of VATS on chronic pain has 
been less clear. While few studies have directly compared the 
effects of VATS and thoracotomy on CPTP, it appears that the 
rates of chronic pain are relatively unchanged using this tech-
nique. In an early study of VATS and thoracotomy patients, 



714 P. MacDougall

Landreneau et al. [63] surveyed patients for 3 or more months 
after their procedure. They noted that after 1 year there was 
no significant difference in the incidence of CPTP or rate 
of  opioid treatment. However, patients who were less than 
1 year from their procedure had significantly higher incidence 
of pain.

The rate and severity of CPTP following VATS may be 
related to the surgery conducted via the thoracoscope. Rates 
of CPTP vary widely from near zero to greater than 61% [24, 
28, 33, 62, 64]. Two studies of thoracoscopic procedures for 
benign illness followed a group of patients for 10 years. The 
initial rate of CPTP was 20% after a mean follow-up of 34 
months [64], declining to 12.5% after 10 years. Rates of CPTP 
after VATS surgery for lung cancer are generally reported to 
be much higher [28, 65]. This may be multifactorial in nature. 
Studies reporting pain are often reporting pain as a second-
ary outcome and patient populations are not standardized with 
respect to the type of surgery nor are the studies powered for 
pain outcomes. In addition, surgery for benign lung disease 
such as pneumothorax or bullectomy may require less surgical 
time and less vigorous manipulation of the instruments result-
ing in less compressive force on the neurovascular bundle. 
The length of surgery for lung cancer may also be longer for 
lung cancer surgery, resulting in more prolonged neurovascu-
lar bundle compression.

Thoracotomy in all of its forms involves traction or com-
pression of the neurovascular bundle. Compression occurs as 
the rib spreader draws the ribs apart, as the VATS ports are 
torqued around the insertion site or as the paracostal sutures 
are tightened around the ribs in closure. Traction also occurs 
as the ribs are spread and the neurovascular bundle is stretched 
along the arc of the rib. The traction and compression of the 
bundle is thought to be the central injury resulting in post-
thoracotomy neuropathic pain. The effect of injury on the 
neurovascular bundle and the intercostal muscle during thora-
cotomy, although yet to be fully elucidated, has been studied 
by a variety of methods. The superficial abdominal reflexes 
are, in part, mediated by the inferior intercostal nerves. Mea-
surement of the abdominal reflexes after PLT indicates a strong 
correlation between the absence of reflexes and the intensity 
of post-operative pain including CPTP [66]. In a subsequent 
study, this group examined the effect of PLT and MT on neu-
rophysiologic parameters [67]. They were able to demonstrate 
that the absence of abdominal reflexes and increased tactile 
threshold to electrical stimulation was tightly correlated to the 
intensity of CPTP [67]. Conversely, intra-operative studies of 
intercostal nerve motor evoked potentials have demonstrated 
nerve injury during thoracotomy, but have failed to derive a 
correlation to CPTP [68, 69].

Two further innovations in surgical technique continue to 
 suggest a role for the neurovascular bundle and perhaps the inter-
costal muscle in the development of CPTP. Approximation of 
the ribs is commonly done using peri-costal sutures which wrap 
over the top of the superior rib and below the inferior rib, poten-
tially resulting in a compression of the  neurovascular bundle. 

Closure using intracostal sutures,  suturing through small holes 
drilled in the inferior rib, results in significantly less intense 
CPTP at 3 months [70]. Attempts to reduce the impact of retrac-
tor compression on the intercostal nerve by removing a muscle 
flap containing the neurovascular bundle from the inferior sur-
face of the superior rib prior to retracting the ribs resulted in bet-
ter post-operative spirometry and less pain at 3 months [71, 72]. 
This was further improved by leaving the muscle flap intact 
rather than cutting the distal end [72]. Hunt et al. [73] have also 
described a technique for protecting the neurovascular bundle 
from compression by the rib spreader as it is inserted into the 
wound. However, its effect on pain or other outcomes has yet 
to be studied. Thus, although controversy remains regarding 
the exact role of the intercostal nerve, neurovascular bundle and 
intercostal musculature in the development of CPTP, the cur-
rent weight of evidence suggests that manoeuvres designed to 
reduce potential injury to these structures may reduce CPTP.

Factors Predicting CPTP

When investigating any chronic condition, the search for those 
factors which may be predictive of its development is the key. 
Identification of associated or predictive factors is important 
as it may allow identification of factors that are preventable 
or avoidable. In the case of CPTP a number of predictive fac-
tors have been investigated to determine whether there may be 
those factors that are preventable. The factor most commonly 
cited among post-operative chronic pain states is that of previ-
ous pain or acute post-operative pain. The presence of pain 
prior to surgery is associated with the development of chronic 
post-operative pain states [6, 16, 74]. This is clear in the case 
of hysterectomy [75, 76] and post-amputation pain [12, 13] 
as well as herniorrhaphy [6, 14, 74]. While pre- operative 
pain is associated with chronic pain in some states, it has not 
been clearly demonstrated to be predictive of development of 
CPTP [16, 24, 35–37]. However, the intensity of acute pain 
after thoracotomy is a significant predictor of CPTP [26, 37, 
50]. Recently, Searle and colleagues [77] demonstrated that 
chronic neuropathic pain after thoracotomy is associated with 
acute neuropathic pain in the post-operative period. Emotional 
numbing has also been demonstrated as a predictor of pain 
disability at 6 and 12 months after lateral thoracotomy [27].

Age and gender have been implicated as predictors in a num-
ber of post-surgical pain conditions [5, 6]. Younger patients 
have a greater likelihood of developing post-surgical pain 
after herniorrhaphy [15, 78]. Similarly, age may be protective 
for persons undergoing thoracic surgery. In studies designed 
to seek out those factors which may predict the likelihood of 
developing CPTP, the effect of age has been consistent. Patients 
who develop CPTP tend to be younger than those who do not 
go on to develop chronic pain [24, 36, 37]. The risk of devel-
oping CPTP declines about 2% per year [36], although this 
may not be true across the entire age span as the vast majority 
of patients in studies are in their latter adult years.
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While the effect of age on CPTP is clear, the effect of 
 gender on CPTP is not yet certain. Some studies have indicated 
that women have a greater likelihood of developing CPTP 
after thoracic surgery [34, 35]. A study designed to determine 
the effect of gender on post-thoracotomy pain demonstrated 
that women were more likely to have pain 49 weeks after tho-
racotomy and that the pain would be of greater intensity [35]. 
It was also noted in the same study that older patients suffered 
less CPTP. However, worse pain in women has not been noted 
in all studies of CPTP. A number of studies including some 
designed specifically to determine factors predictive of CPTP 
have indicated that female gender is not a significant predictor 
for CPTP [20, 25, 36, 37]. Sample size may be a key factor in 
this disparity as the study demonstrating an effect of gender 
on CPTP [35] was the smallest of the studies to specifically 
seek out pre-operative predictors of CPTP.

One of the most exciting developments in recent years is 
the early stages of our understanding of the influence of pre-
operative pain responses to painful stimuli, our pain thresh-
old, as it were. Granot [79] reviewed studies of both static 
and dynamic responses to pain perception as predictors of 
post-operative pain, both acute and chronic. A number of 
studies of static pain parameters (tolerance, pain threshold, 
supra-threshold nociceptive stimuli) have been conducted in 
recent years and have demonstrated variable predictive capa-
bility [79–81] for acute post-operative pain as well as chronic 
post-operative pain [81]. This was specifically examined in 
the setting of CPTP [81].

The understanding of dynamic responses to pain, such as 
diffuse noxious inhibitory control (DNIC) an evaluation of the 
endogenous analgesia system, may lead to predictive testing 
capabilities. Yarnitsky et al. [81] evaluated DNIC in patients 
preparing to undergo thoracotomy. They demonstrated that 
those persons who have an efficient DNIC system are less 
likely to develop CPTP than persons with less efficient DNIC. 
Perhaps more importantly, this state is measureable pre-oper-
atively [81]. This may provide a means to predict those with a 
propensity to CPTP and allow us to treat them accordingly.

The Influence of Analgesia Technique

Poor pain control after surgery has been identified as a  factor 
in the development of long-term pain after surgery [26, 77]. 
This is true for thoracic surgery as well as other surgical 
 procedures. A number of methods of pain management may 
be employed to manage post-thoracotomy pain in the peri-
operative period. These include local anesthetic rib blocks, 
intrathecal local anesthetics or opioids, intravenous patient-
controlled analgesia, thoracic epidural analgesia (TEA) and 
paravertebral blocks. The most common of these is paraver-
tebral catheter. A catheter is placed in the paravertebral space 
either percutaneously by the anaesthetist or intra-operatively 
by the surgeon. Local anaesthetics are then administered by 
bolus or infusion, providing a unilateral block covering a 

number of spinal levels. The paravertebral catheter has been 
compared to TEA in a number of studies of post-thoracotomy 
pain and found to be equivalent [82–87]. No studies to date 
have been published on the effects of paravertebral blockade 
on CPTP.

Thoracic epidural analgesia is a standard method for 
pain management after thoracotomy in many institutions. 
A catheter is inserted in the thoracic epidural space some-
where between the T5/T6 interspace and the T7/T8 interspace. 
The catheter is placed via a Tuohy needle and placement is 
confirmed by testing the development of an appropriate block 
with a small amount of lidocaine (20–40 mg). The position of 
the tip of the catheter can be determined using an electrical 
current, the Tsui test [88]. In the peri-operative period local 
anaesthetics, usually bupivacaine or ropivicaine, opioids such 
as morphine or hydromorphone alone or in combination are 
used to maintain a continuous epidural blockade over the area 
including the thoracotomy site.

The effect of peri-operative epidural analgesia on CPTP has 
been the subject of a small number of studies [29, 89–91]. 
These studies have examined initiation of epidural analgesia 
before and after thoracotomy incision [29, 89, 91, 92]. These 
studies evaluated the effects of different local anaesthetic com-
binations and opioid medications. These studies have included 
prospective follow-up studies as well as randomized con-
trolled trials of different methods of administering TEA [89, 
91]. However, not all studies of TEA demonstrated improve-
ment in CPTP [29]. A meta-analysis of the effects of pre-
emptive TEA on post-thoracotomy pain did not find sufficient 
evidence to state that pre-emptive TEA reduced CPTP [93]. 
Furthermore, recent studies have demonstrated that anaesthe-
sia including TEA with the addition of low-dose intravenous 
ketamine is effective at reducing peri-operative pain, but it is 
not effective in the prevention of CPTP [94, 95]. However, 
a number of factors may influence this finding. Some of the 
studies did not state a clear sample size calculation so they 
may be underpowered for the results obtained. Further, there 
is evidence that only about one half of CPTP is neuropathic in 
nature [24]. It may be that the portion of CPTP most affected 
by early analgesia is the neuropathic pain. If that is true, then 
all of the studies of TEA and CPTP so far will be underpow-
ered. Clearly, there is an opportunity for further study here.

Prevention and Treatment of CPTP

Management of CPTP, like any pain condition, should begin 
with prevention. Linear logic would suggest that review of 
predictive factors should provide a clear path to prevention. 
However, the reality seems to be more complex. While many 
factors are associated with the development of CPTP, it is not 
yet possible to determine clear causality of any single factor. 
Acute pain is clearly associated with CPTP but to date, strate-
gies to reduce acute pain such as TEA and paravertebral block-
ade have had mixed success in the prevention of CPTP [93]. 
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Changes in surgical practice may provide some advantage in 
the prevention of CPTP but this remains to be demonstrated in 
large clinical trials [70, 72]. Despite the lack of evidence for 
prevention of CPTP good clinical practice dictates that we take 
all reasonable measures to ameliorate acute pain and prevent, 
if possible, CPTP. To that end many institutions; including the 
authors have embarked on a multimodal peri-operative regi-
men. Such regimens consist of comprehensive pain manage-
ment strategies in the intra-operative period, usually TEA or 
PVB, as well as medical therapy usually started before surgery. 
Although gabapentin is yet to be proven as efficacious in pre-
venting CPTP, it has been demonstrated to be effective in the 
treatment of CPTP [96]. Thus, some regimens for pre-operative 
medical management of peri-operative pain consist of gabap-
entin in combination with other analgesics such as acetamino-
phen, tricyclic antidepressants and/or slow release forms of 
oral opioids. Intra-operatively, TEA or paravertabral blockade 
is utilized. In the case of TEA, while evidence is not conclu-
sive [91, 93], it is reasonable to initiate the blockade prior to 
incision. This is not possible in the case of surgeon placed 
paravertebral blockade as these typically placed under direct 
vision through the thoracotomy wound. Continued attention to 
pain management throughout the peri-operative period with the 
addition of appropriate medications including opioids as neces-
sary is paramount. Regular follow-up in the months following 
surgery with attention to pain management is also prudent.

Treatment of CPTP, like any other chronic condition, begins 
with assessment of the type and cause of the pain. As with 
any form of chronic pain, it is important to search for revers-
ible causes of CPTP. Foremost among these in persons having 
CPTP is the search for recurrence of tumour. This is true at 
the first and each subsequent patient visit after thoracotomy. 
Tumour recurrence may be heralded by a change or progres-
sion in the pain, or by new onset pain. However, even in those 
persons who seem otherwise unchanged, it remains wise to 
continue to consider recurrence of tumour or development 
of new neoplasm as potential cause of the pain. Treatment 
for the pain of tumour is different from that of chronic non- 
cancer pain after thoracotomy and may include chemotherapy 
or radiation therapy.

Patients presenting post-operatively to surgical clinics or to 
their primary care practitioner should be evaluated for post-
operative pain at each visit. In the early post-operative period 
patients should receive appropriate analgesic therapy for their 
pain. This may include anti-epileptic medications, tricyclic 
antidepressants and opioids. Those patients with persistent 
pain lasting more than 3 months after surgery should be con-
sidered as candidates for referral to a multidisciplinary pain 
clinic. Again, this should take place after tumour recurrence 
has been ruled out.

Having established that the pain is not from tumour or other 
reversible condition (e.g., lung herniation [97] or occult rib 
fracture), it is important to determine whether the pain is of 
neuropathic origin. A number of screening tools exist to assist 
in the diagnosis of neuropathic pain [98]. Use of these tools 

on a regular basis may assist in the development of a compre-
hensive treatment plan.

A number of guidelines have been published regarding the 
treatment of neuropathic pain disorders [99–101]. The guide-
lines delineate pharmacologic treatment into first-, second- and 
third-line medications [99, 101, 102]. First-line pharmacother-
apy typically includes antidepressant medications beginning 
with tricyclic anti-depressants (TCA), serotonin-norepineph-
rine reuptake inhibitors (SNRI), gabapentinoids and topical 
lidocaine. Second-line treatments include opioid analgesics 
and tramadol formulations [99, 101]. Recent studies have 
demonstrated significant benefit to prescribing combination 
pharmacotherapy for the treatment of neuropathic pain [103]. 
Combination therapy of gabapentin with the SNRI duloxetine 
and a cholinesterase inhibitor, donepezil, has demonstrated a 
synergistic interaction on an experimental neuroapthic pain in 
rats [104]. Further studies on such combinations are necessary 
to determine the clinical efficacy of these combinations.

Recent studies of CPTP treatment have demonstrated that 
gabapentin is effective in the treatment of post-thoracotomy 
pain [96, 105]. Interestingly, Solak et al. [96] specifically 
studied patients with neuropathic pain after thoracotomy and 
demonstrated the effectiveness of gabapentin. Other treat-
ments that have been reported include etodolac alone or in 
combination with topical nitroglycerin [106]. This study 
demonstrated effectiveness of the treatment combination for 
neuropathic CPTP but has not been repeated. The addition of 
further medications such as a TCA or SNRI in this setting may 
have an additive treatment effect although this has not been 
studied in CPTP.

Other therapies for management of CPTP include such 
modalities as transcutaneous electrical nerve stimulation 
(TENS). A recent review of this modality has supported its 
use in management of CPTP [107]. Acupuncture has been 
evaluated in the peri-operative setting and found to be ineffec-
tive in reducing post-thoracotomy pain [108]. However, it has 
not been tested in the setting of CPTP.

In summary, while no established method of prevention of 
CPTP has been described, careful attention to peri-operative 
pain management including a multimodal analgesia regimen is 
prudent. Careful follow-up, again with attention to pain man-
agement and exclusion of reversible causes of pain, including 
tumour is the second phase of prevention and management 
of CPTP. In those persons who go on to have pain for more 
than 3 months of duration, it is recommended that the patients 
receive the attentions of a multidisciplinary pain clinic.

Clinical Case Discussion

Mrs. D., a 59-year-old woman, was referred to the Pain Man-
agement Clinic by her surgeon with a complaint of right-sided 
chest pain in the area of her thoracotomy scar. Six months 
before she underwent a VATS right upper lobe lobectomy for 
Stage I non-small cell lung carcinoma.
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Past Medical/Surgical History

The patient had a history of 30 pack years of smoking, having 
quit 2 years prior to surgery. She had hypertension and diabe-
tes mellitus type II managed by diet therapy. Her pre-operative 
medications consisted of hydrochlorothiazide 12.5 mg and 
daily ASA 82 mg.

Peri-Operative Course

Her intra-operative course was uneventful and mediastinal 
lymph node biopsies were negative. One hour prior to surgery 
she received gabapentin 600 mg and acetaminophen 1000 mg. 
Mrs. D. received intra-operative intercostal blocks and patient-
controlled analgesia for peri-operative pain management. Her 
chest tube was removed on day 3, and she was discharged 
home on day 7. Nursing notes recorded an average pain score 
in the first 24 h of 8/10. Pain scores gradually decreased to 
5/10 at discharge.

Visit 1

At the time of presentation, she described a burning, stabbing 
pain in the area of the thoracotomy scar. Recent chest radio-
graph and CT scan were negative for recurrent malignancy. 
She rated the pain as an average of 5/10. She stated that “good 
days” brought a pain level of 4/10, and “bad days” brought 
pain at a level of 7–8/10. She had considerably more bad days 
than good. The pain radiated to the scapula and anterior chest 
wall. Her sleep was interrupted by the pain and she was unable 
to return to her work as a cashier. Treatment at the time of pre-
sentation consisted of two acetaminophen 325 mg/oxycodone 
5 mg combination tablets four times daily.

Examination revealed allodynia in the area of the scar. 
The wound appeared to have healed otherwise well. No other 
abnormalities were noted.

A diagnosis of post-thoracotomy chronic pain was made 
and a multidisciplinary treatment plan was discussed. The 
treatment plan was as follows:

1. The patient was referred for rehabilitation physiotherapy 
and acupuncture. TENS therapy was explained, and written 
instructions were provided along with a prescription for a 
TENS unit and pads.

2. She was started on nortriptyline 25 mg qhs. Recommenda-
tions were made to her primary care provider to start gaba-
pentin at 300 mg qhs, increasing to 600–1800 mg t.i.d.

3. She was referred to the local pain self-management 
 program, consisting of physiotherapy, occupational ther-
apy, psychology, diet therapy and vocational therapy.

4. A follow-up appointment was made for 6 months.

Visit 2

Mrs. D. reports that she had moderate relief with the nortrip-
tyline at 2 weeks and a further improvement with the addition 
of gabapentin gradually increased to a dose of 600 mg three 

times daily. Further dose increases were limited by dizziness. 
Her average pain was now rated at a 3/10 with occasional 
pain-free days and maximum pain at 5–6/10. Attendance at 
the pain self-management programme provided useful strat-
egies for managing pain and allowed her to return to work 
part-time. TENS therapy was intermittently useful for break-
through pain.

After repeat chest X-ray and CT confirmed no evidence of 
recurrence a prescription for topical lidocaine was provided. 
A follow-up appointment was set for 6 months.

Visit 3

Mrs. D. visited the clinic 6 months after her initial visit. She was 
regularly using the nortriptyline and gabapentin. Intermittent 
use of topical lidocaine had improved control of her neuropathic 
pain on “bad days”. Her family physician had added hydromor-
phone long-acting formulation at 3 mg twice daily. She felt that 
this was helpful with minimal side effects. A recent visit to the 
surgeon and oncologist showed no evidence of recurrence. She 
had recently returned to her volunteer work at her church.
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