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PREFACE
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In a landmark paper published in 1995, Dr. Joel Cooper reported the initial results of
a procedure that he termed “bilateral pneumectomy.”  A modern reincarnation of an
operation conceived nearly a half century earlier by Otto Brantigan, Dr. Cooper’s tech-
nique involved bilateral resection of significant amounts of diseased lung tissue in em-
physema patients, in an effort to improve respiratory function by decompressing the
thoracic cavity and increasing pulmonary elastic recoil. Almost instantaneously, world-
wide interest and enthusiasm were directed toward this potential panacea for the millions
of patients suffering and dying from end-stage emphysema. Lung volume reduction
surgery (LVRS), as the new procedure soon came to be known, became the subject of
numerous articles in the lay media, if not in scientific journals, gaining the attention of
patients, physicians, and the general public. Despite a paucity of objective data, surgeons
willing to perform the procedure were inundated by hundreds of self-referring patients
desperate for a new lease on life.

Dozens of centers began to perform LVRS, in the manner described by Cooper, and
a trickle of scientific reports eventually ensued. According to these early reports, short-
term results were promising, although outcomes had not been positive in all patients.
Nonetheless, before long, the operation was being performed across the country, fueled
by positive reports from centers operating on highly selected patient cohorts, and more
importantly, by patient and physician enthusiasm.

This enthusiasm for LVRS had several effects.  Almost suddenly, questions about how
our society should implement new surgical technology and about the role of insurers in
determining coverage, and thereby access, to new procedures became central issues. The
ethics of randomized trials for the study of apparently beneficial surgical treatments
became hotly debated. Fundamental questions were raised concerning the long-term
efficacy, cost-effectiveness, selection criteria, timing, and optimal surgical approaches
for LVRS. The previously quiescent field of pulmonary physiology was reinvigorated.

In 1996, after a review of preliminary data failed to provide conclusive evidence of a
clear benefit of LVRS for emphysema, the Health Care Financing Administration (HCFA)
imposed a moratorium on Medicare reimbursement for the new procedure until a prop-
erly designed, randomized trial could be performed. Thus, through the collaboration of
HCFA and the NHLBI, the multicenter National Emphysema Treatment Trial (NETT)
was conceived. As of the writing of this book, the trial is underway, with results still
several years away. It is the hope of the physicians and patients involved in this trial that
valuable information is gained, with the ultimate goal of determining if (and for whom)
the operation is in fact beneficial.

Lung Volume Reduction Surgery was conceived in response to the enthusiasm, con-
troversy, confusion, and disappointment that, in the experience of the editors, have vari-
ously (and often simultaneously) characterized the attitudes of clinicians and scientists
toward this novel and potentially revolutionary operation. In the chapters that follow, we
attempt to elucidate the current state of knowledge surrounding LVRS, in order to define
the clinical and scientific landscape for those interested in this field. In Part One, experts
in clinical medicine and the basic sciences review the diagnosis, pathophysiology, and
medical management of emphysema, in order to ground the reader in the disciplines that
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form the basis of our current knowledge. In Part Two, the technical aspects and clinical
results of LVRS are reviewed, with additional emphasis on organizational issues impor-
tant for those involved or planning to be involved in LVRS programs.  This book is
intended for readers of diverse backgrounds, including surgeons, pulmonologists, pri-
mary care physicians, physiologists, radiologists, basic scientists, physical and occupa-
tional therapists, and nurses. It is the hope of the editors that the information contained
in this book will be of help to these professionals and to all those who share the mission
of providing the best possible care to patients with emphysema.

The question of whether LVRS will have a future role in the treatment of emphysema
is currently unanswered. A clear and complete answer to this question will likely require
years of clinical experience, careful analysis of properly designed randomized trials, and
perhaps most importantly, a redefinition by society of the importance of palliation in the
treatment of incurable diseases. Despite the controversy that is certain to surround LVRS
in the coming years, the debate that has been generated has already had positive effects.
The enthusiasm generated by this novel operation has brought a fresh perspective and a
new generation of researchers into the fields of pulmonary physiology and end-stage lung
disease. In this environment, a unique opportunity exists for both clinicians and research-
ers to uncover the physiologic and molecular determinants of this devastating disease.
Although LVRS may one day be shown to improve (and perhaps prolong) the lives of
patients suffering from emphysema, it is far more exciting to think that the research
initiated in these early LVRS years might one day lead to an actual cure of the disease.

Michael Argenziano, MD

Mark E. Ginsburg, MD
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From: Lung Volume Reduction Surgery
Edited by: M. Argenziano and M. E. Ginsburg © Humana Press Inc., Totowa, NJ

1

CURRENT CONCEPTS IN THE MOLECULAR
PATHOGENESIS OF EMPHYSEMA

Emphysema, the “abnormal permanent enlargement of the airspaces
distal to the terminal bronchioles, accompanied by destruction of their
walls and without obvious fibrosis,” is the result of a complex
pathophysiologic process that occurs in the setting of one or more of
several risk factors, of which by far the most important is cigarette
smoking. Other risk factors for the development of emphysema include
exposure to environmental tobacco smoke and/or high levels of ambient
air pollution, sex, and race. Socioeconomic factors and occupational
exposures may also contribute to or form part of the stimulus, which sets
in motion the chain of events, which lead ultimately to destruction of
lung tissue.

The prevailing hypothesis explaining the pathogenesis of emphy-
sema, the “proteinase-antiproteinase theory,” holds that the natural
defenses of the lung are overwhelmed by the ongoing secretion and
activation of tissue proteases in the lung which are secreted mainly by
neutrophils and perhaps alveolar macrophages as well. Under normal
conditions, there is both constituitive and sporadic release of proteolytic
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and Jeanine D’Armiento, MD

CONTENTS

CURRENT CONCEPTS IN THE MOLECULAR PATHOGENESIS

OF EMPHYSEMA

PATHOPHYSIOLOGY OF EMPHYSEMA

REFERENCES



4 Schluger and D'Armiento

enzymes into the lung. These enzymes fall into several categories, including
serine proteinases (secreted mainly by neutrophils), cysteine proteinases
(secreted mostly by macrophages), and matrix metalloproteinases (secreted
by both neutrophils and macrophages). Inhibitors of these proteinases, such
as |-1-antitrypsin, prevent destruction of the lung’s extracellular matrix
under normal circumstances. In the proteinase-antiproteinase theory,
emphysema may result when there is an imbalance in the system, such that
proteinase release or activity is augmented, or antiproteinase release or
activity is diminished, or some combination of the two occurs in an unequal
manner such that there is a net excess of proteolytic activity.

Matrix Proteins and Proteinases in the Pathogenesis
of Emphysema

The first target of proteolytic enzymes to be identified (and linked to
the development of emphysema) within the extracellular matrix (ECM)
of the lung appears was elastin. Indeed, a careful morphologic study of
lung specimens resected from patients undergoing surgery for lung
cancers has demonstrated decreased elastin content in areas of
centriacinar, distal acinar, and irregular air-space enlargement (1). Elas-
tin is at the core of the elastic fibers, which form the structural matrix of
the lung, and can be cleaved by a number of enzymes present in lung
parenchyma, including neutrophil elastase, proteinase 3, cathepsin G,
gelatinase, metalloelastase, cathepsin L, and cathepsin S. Normally,
elastin synthesis in the lung begins during the late fetal period and
continues throughout lung development, which continues through
adolescence, although the peak synthesis occurs during the early post-
natal period (2). The exact source of elastin production in the lung is
unclear, although myofibroblasts, chondroblasts, and smooth muscle
cells are all capable of production. Interestingly, alveolar epithelial cells
have not been shown to be sources of elastin synthesis.

Recent evidence suggests that elastin synthesis in the lung and else-
where may be regulated to a significant degree by retinoids. Elastin
synthesis by rat pulmonary interstitial fibroblasts is increased by retinoic
acid. In a study by McGowan et al., pulmonary interstitial fibroblasts
were isolated from fetal and postnatal rat lungs and the retinoid levels
(retinoic acid, retinoic acid receptors, and cellular retinol binding
protein) in the cells quantitated and correlated with timing of elastin
production (3). Levels of all of these retinoids were highest just before
maximal elastin synthesis, consistent with the hypothesis that endog-
enous retinoic acid could contribute to the postnatal increase in elastin
synthesis by lung fibroblasts. Further work by the same group demon-
strated that when inhibitors of retinoid metabolism were used to reduce



Chapter 1 / Pathogenesis of Emphysema 5

the flux of retinyl esters to retinoic acid, gene expression of elastin was
reduced in lung tissue of rats (4). The magnitude of the effect of inhibi-
tors was retinol dependent and was significantly reduced in lung tissue
that was vitamin A-deficient, lending further support to the notion that
stores of retinoids may increase elastin gene expression during fetal and
early postnatal life. Most recently, fetal lung morphology in normal and
vitamin A-deficient rats was studied by Antipatis et al. who demon-
strated that elastin was expressed in normal rats from day 19 of gestation
until the second postnatal day, whereas offspring of vitamin A-deficient
maternal rats had altered lung development, with underdeveloped bron-
chial passages containing less elastin. Fetal lung elastin gene expression
was reduced by nearly half in these animals (5).

The degradation of elastin readily explains the early development of
the disease in the rare human disorder of |-1- antitrypsin deficiency (6).
However, as noted above, this represents only 1% of all human patients
who suffer from emphysema (7) and the relationship of |-1-antitrypsin
to the major form of human emphysema induced by cigarette smoking
remains unclear. In fact, studies over the past 20 yr have failed to
demonstrate elastase excess or inhibitor deficiency in the development
of other forms of human emphysema (8,9). Even in |-antitrypsin-defi-
cient human patients, there is no direct biochemical evidence for actual
proteolysis of elastin in vivo (10). Finally, it has been shown that the
elastin gene is disrupted in the human disease of supravalvular aortic
stenosis, which causes the narrowing of arteries (11). Despite the
apparent lack of elastin in these human patients, there are no abnormali-
ties observed in the lung.

Most significantly perhaps, there are a number of discrepancies
between the emphysema observed in the elastase-induced animal model
and human emphysema. First, there are differences in the morphologi-
cal phenotype that have been identified at the ultrastructural level (12).
Second, the elastase-induced animals suffer from an acute (within 4 h)
severe hemorrhagic and inflammatory response (12), which could
induce a variety of nonspecific initiators of the emphysematous process
(13). Third, this acute form of emphysema induced after a single
intratracheal instillation of enzyme is in direct contrast to human
emphysema, which develops only after chronic insult to the tissue over
a period of years. Overall, the lack of direct evidence has led a number
of investigators to question the exact role of elastase in human emphy-
sema (8,13).

As incomplete as our understanding is about the exact role of elastase in
emphysema, the picture is even more unclear for the role of other degradative
enzymes and their substrates. There has also been considerable



6 Schluger and D'Armiento

investigation into the role and importance of collagen and other matrix
proteins important in emphysema pathogenesis. Wright and Churg have
demonstrated that smoke-induced emphysema in guinea pigs is associated
with collagen breakdown and repair, as evidenced by careful morphometric
analysis (14). This interesting study revealed that after 1 mo of smoke
exposure there was a significant decrease in the volume proportion of
collagen in the lungs, whereas after 6–12 mo of smoke exposure, there was
actually an increase in the volume proportion of collagen. This study
suggests that smoke-induced emphysema reflects breakdown and resynthe-
sis of a variety of connective tissue proteins, in addition to elastin. The
hypothesis that turnover of collagen is important in the development of
emphysema is also supported by studies of Selman, who also used a guinea
pig model to demonstrate increased expression of collagenase mRNA in
alveolar macrophages in response to smoke exposure (15). This increased
gene expression was associated with increased enzyme activity and sup-
ports the conclusion that interstitial collagen degradation plays a role in the
development of lung emphysema.

Other work in animals lends support to a potential role of collagen
and collagenase in emphysema. On the one hand, when bacterial colla-
genase was injected into the lungs of hamsters, no emphysematous
lesions developed (16). However, there are some correlative studies that
suggest that collagenase, a matrix metalloproteinase that degrades the
fibrillar collagens, may be involved in a number of lung diseases includ-
ing respiratory disorders (17–20). Furthermore, there are a number of
observations that suggest that collagen is degraded or damaged in
pulmonary emphysema. For example, antibodies to collagen have been
found in the serum of patients with emphysema (21). In the inherited
disorder type-VI Ehlers-Danlos syndrome, there is a decreased struc-
tural integrity of collagen fibrils and emphysematous changes were
reported in these patients (22). It has also been shown that collagen is
affected in the various emphysema animal models. In papain-induced
emphysema, dissolution of collagen fibrils is seen shortly after instilla-
tion of the enzyme (23). Similarly, collagen is rapidly degraded in
elastase-induced emphysema (24). Finally, short exposure to toxic
amounts of oxygen in rats will lead to emphysematous changes and
collagen degradation with no changes in elastin (25).

In emphysema, the complex interactions between the various compo-
nents of the ECM are perturbed (26). Such a disturbance can only be
examined within the framework of the whole tissue and any resulting
disease state is only evident in the whole organism. A number of animal
model systems have, therefore, been employed to analyze the patho-
physiology of emphysema. The first involves the intratracheal instilla-
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tion of a number of proteinases into various animal species. Although
valuable information has been gained through these experiments, their
usefulness is limited because of the nonphysiological conditions created
by the introduction of large quantities of enzymes into the lungs of
animals (see also aforementioned for further disadvantages of the vari-
ous animal models using this methodology). The second approach has
taken advantage of a number of genetic animal models of emphysema
including the blotchy (25) and the tight skin (Tsk) mouse (27).
Unfortunately, the use of these mutants is limited because they have a
pleiotropic phenotype.

Recently, apparent support for the involvement of elastolytic enzymes
in emphysema came from studies performed on a metalloelastase knock-
out mouse (MME -/-). These mice do not express the metalloelastase
gene and are normal at baseline (28). When the animals are exposed to
cigarette smoke, at the human equivalent of 2000 cigarettes/d, they do
not develop emphysematous changes in the lung as do wild-type animals.
Although the data are novel and highly suggestive that the lack of the
metalloelastase enzyme is protecting the animals from emphysema,
there is no direct evidence demonstrating that excess elastolytic activity
of metalloelastase is critically involved in emphysema formation.
Furthermore, the investigators demonstrate that the macrophage is
abnormal in the MME-/- mice. When the MME -/- mice are exposed to
cigarette smoke, there is no increase in macrophage infiltration into the
lung as is seen with wild-type mice.

Further evidence in support of the role of matrix metalloproteinases,
including collagenase, is provided by the work of both D’Armiento and
Ohnishi(29,30).  D’Armiento created a transgenic mouse that overexpresses
collagenase, and histological analysis of the lungs revealed disruption of the
alveolar walls and coalescence of the alveolar spaces with no evidence of
fibrosis or inflammation (29). These findings were strikingly similar to the
changes in the lungs of humans with emphysema. Ohnishi et al. observed
that membrane-type metalloproteinase-1 (MT1-MMP) and matrix
metalloproteinase-2 (MMP-2) were present in elevated levels in
pneumocytes, fibroblasts, and alveolar macrophages from emphysema-
tous lungs as compared to normal lung tissue (30). Interestingly, in this
study, neutrophil elastase (as measured by enzyme immunoassay [EIA])
and |-1-antitrypsin (assayed by laser nephelometric immunoassay)
were not present in elevated amounts in the emphysematous lungs.

Most recently, investigators have examined alveolar macrophages
from 10 emphysema patients and 10 normal volunteers and measured
protease activity and mRNA levels (31). In this study, Finlay et al.
demonstrated that there were elevated levels of gelatinase B and inter-
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stitial collagenase mRNA in the macrophages of smokers. In contrast,
the mRNA for metalloelastase was not detected. In addition, the inves-
tigators demonstrated an increase in collagenase activity in the
macrophages from the emphysema patients as compared to the normal
patients. In conjunction with the transgenic mouse data, the results of
this study strongly suggest a significant role for collagen-digesting
MMPs in matrix degradation in emphysema.

The studies aforementioned provide evidence for a role of a variety
of connective tissue proteins in the pathogenesis of emphysema. This is
perhaps not surprising given the heterogeneous nature of damage in
emphysematous lungs in humans. It may well be that at different time-
points in the disease process, different matrix proteins are degraded and/
or synthesized, with the ultimate result being that destruction of lung
tissue eventually becomes widespread, but not uniform.

PATHOPHYSIOLOGY OF EMPHYSEMA

The molecular events described above lead to destruction of lung
tissue, and as a result abnormalities in pulmonary function develop (32).
The abnormalities manifest themselves in four related, but distinct,
areas: limitation to airflow (obstructive physiologic defect), abnormali-
ties of gas exchange, abnormalities in lung mechanics, and dyspnea.
These abnormalities are certainly interrelated, but the pathogenesis of
each has its own unique features such that a separate discussion of each
on its own is warranted.

Limitation of Airflow
The hallmark finding on a pulmonary spirogram (flow-volume loop)

in patients with emphysema is a marked reduction in the forced expira-
tory volume/forced vital capacity (FEV1/FVC) ratio, and a marked
absolute decrease in the FEV1 itself. These findings are illustrated in the
typical flattened or scooped-out appearance of the flow volume loop as
illustrated in Fig. 1. Other abnormalities of pulmonary function that
accompany the reduced FEV1/FVC ratio in patients with emphysema
include an increased residual volume (RV) and total lung capacity
(TLC), which result from the air trapping and hyperinflation that are
characteristic of this disease.

In general, reductions in or limitations to expiratory airflow arise
from one of two mechanisms: increased airways resistance or decreased
elastic recoil (decreased driving pressure). In obstructive airways
diseases such as asthma and chronic bronchitis, there is clearly increased
resistance to airflow that occurs because the airway lumen is narrowed
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by bronchospasm and inflammation. In emphysema, however, there is
typically little ongoing airway inflammation or bronchospasm, and it is
likely that the majority of the airflow limitation arises from diminished
elastic recoil. However, air trapping caused by early closure of overly
compliant lung units also contributes to limitation of airflow and may
represent a component of increased resistance to flow in these patients.
At the level of the small airways, the loss of elastic recoil leads to
increased collapsibility characteristic of emphysema, and this can cause
increased airflow resistance. This is a fundamentally different mecha-
nism from the increased resistance seen in patients with asthma.

Overinflation of the Lungs
Typically, RV, TLC, and functional residual capacity (FRC) are

increased in patients with emphysema. The RV/RCL ratio is increased as
well. The reasons for these increases in lung volume are fairly straightfor-
ward, and relate mainly to air trapping caused by early airway closure in
patients with very collapsable lung units. As the so-called equal pressure
point of the airways (the point at which the transpulmonary pressure
equals or overcomes the distending pressure of the small airways) moves
more distally because of the loss of elastic tissue in the lungs, early airway
closure upon expiration, and hence air trapping, occurs.

As a result of the hyperinflation of the lungs seen in emphysema,
remodeling of the thoracic cage results. The ribs are repositioned upward
and outward, and the diaphragm is flattened. This results in the familiar

Fig. 1. A series of flow-volume loops from a patient with severe emphysema.
Note the typical scooped-out appearance of the expiratory limb of the curve.
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barrel-chested appearance seen in emphysema. Radiographically, these
changes are best appreciated on a lateral chest film where the flattened
diaphragm and the increased retrosternal airspace are apparent.

Although hyperinflation of the chest may, in fact, be a partially
compensatory mechanism in emphysema (airways enlarge and there-
fore resistance to airflow decreases at higher lung volumes) it is likely
that the major effect of hyperinflation on respiratory mechanics is a
negative one because of the significant mechanical disadvantage
imposed on the muscles of respiration by the distension associated with
hyperinflation. Most of the negative effects of hyperinflation appear to
be focused on the diaphragm. This occurs in several ways, which have
been well summarized by Senior and Shapiro (33). First, with flattening
of the diaphragm, muscle fiber length is shortened, and less force is
generated for any given contraction. Second, the geometry of the
reconfigured chest wall is such that force generated by the contraction
of the diaphragm is less effectively applied than in a person with a
normally shaped chest wall. This is because the zone of apposition
between the chest wall and the flattened diaphragm is less than in
normals. Third, the increased radius of curvature of the diaphragm
decreases the transpulmonary pressure generated by contraction. Fourth,
the thoracic cage itself operates at a mechanical disadvantage (there is
resistance to inspiration because the thoracic cage is inflated over its
usual resting position) and the respiratory muscles have to perform
additional work to achieve inspiration.

The mechanical disadvantage imposed on the respiratory muscula-
ture results in a significantly higher cost of breathing in emphysema
patients than that observed in normal individuals. Both in the resting
state and in situations of acute respiratory failure, the oxygen cost of
breathing in patients with emphysema is considerably higher than in
normals. In a study by Sridhar, oxygen cost of breathing was correlated
inversely with lung function, and in some patients with emphysema,
overall resting energy expenditure was higher than in controls. Certainly
in patients with respiratory failure and possibly in stable patients at rest,
the increased oxygen cost of breathing caused by emphysema may be
responsible for the overall hypermetabolic state and malnutrition that is
commonly seen.

Abnormalities of Gas Exchange
A hallmark of pure emphysema is that arterial blood PO2 and Pco2

levels are maintained to a greater degree than in patients with chronic
bronchitis and a similar degree of pulmonary impairment. However, gas
exchange is by no means normal in patients with emphysema. There are
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at least two mechanisms of hypoxemia at play in such patients. One is
reduction in diffusing capacity (DLCO), which occurs because of the loss
of alveolar surface area, which is part and parcel of the process of
emphysema in the lungs. Although the reduction in diffusing capacity is
straightforward to understand, isolated reductions in diffusion do not play
a significant role in resting hypoxia. The second, and more clinically
significant determinant of abnormal gas exchange, is ventilation-perfu-
sion mismatching. This was established in a seminal experiment by
Wagner et al. more than 20 yr ago and has been noted even in the early
stages of disease (34,35). Using the multiple inert gas-elimination tech-
nique (MIGET) to assess the distribution of ventilation and perfusion in
the lungs, these investigators demonstrated that in patients with so-called
type-A chronic obstructive pulmonary disease (COPD) (i.e., emphysema),
a large portion of ventilation goes to lung regions with very high VA/Q
ratios (35). There is very little ventilation to regions of low VA/Q ratio
(Fig. 2). In contrast, patients with type-B COPD (chronic bronchitis) have
a high proportion of their blood flow distributed to regions with low VA/Q
ratios (Fig. 3), resulting in a significant physiologic shunt. Thus, even in
patients with severe emphysema, the low level of shunting explains the
usually good response to supplemental oxygen that is observed.

Whereas considering gas-exchange abnormalities in patients with
emphysema, it is worth commenting on the observation that in response
to supplemental oxygen administration, PCO2 levels often rise to danger-
ous levels, thus worsening respiratory acidosis. Generations of medical
students and house officers have been taught that this occurs because a
hypoxic drive to breathe has been extinguished. However, Aubier et al.
from the Meakins-Christie Laboratory in Montreal, Canada, demon-
strated 20 yr ago that the main contributor to the development of
hypercarbia in such cases was a worsening of VA/Q mismatch, with a
blunted hypoxic stimulus and the Haldane effect (an effect related to the
interaction between the transport mechanisms for oxygen and carbon
dioxide) playing a less-significant role (36).

Dyspnea
The final result of all of the derangements seen in patients with

emphysema is dyspnea, the sensation that breathing has become difficult.
Dyspnea is an extremely complicated phenomenon, and is certainly
multifactorial in its etiology (37,38). Several tools have been developed
to quantify dyspnea, and some of the treatments used in patients with
emphysema, such as pulmonary rehabilitation, improve dyspnea without
significantly improving pulmonary function. Understanding the mecha-
nisms underlying dyspnea may lead to new treatments for this disorder.
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Fig. 2. Ventilation–perfusion relationships in a patient with emphysema. There
is a high degree of ventilation in regions of the lung with high VA/Q ratios.
Figure from (35).

Fig. 3. Ventilation–perfusion relationships in a patient with chronic bronchitis.
There is a high degree of blood flow in the lung directed at regions that have
very low VA/Q ratios. Figure from (35).
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INTRODUCTION

Comprehensive exercise testing offers an opportunity to study the
cellular, cardiovascular, and ventilatory systems’ responses simulta-
neously under controlled conditions (1). Physical exercise requires the
interaction of physiologic mechanisms that enable the cardiovascular
and respiratory systems to supply exercising muscles with the fuel
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required to meet increased oxygen demand (VO2) and remove excess
carbon dioxide production (VCO2). This coupling of respiratory,
cardiovascular, and muscle gas transport systems is illustrated in Fig. 1
(1). The physiologic reserve capacity of the cardiovascular and respiratory
systems is significantly high enough that even if much of this capacity is
lost, demands of daily living will be met adequately (2). Abnormalities of
exercise performance may be influenced by diseases of the heart, lungs,
pulmonary and peripheral circulation, hemoglobin, muscles and/or cyto-
chrome systems (3). In this chapter, we will initially discuss various
methods of cardiopulmonary testing, and later we will discuss its appli-
cations in patients undergoing lung volume reduction surgery.

BROAD OVERVIEW OF METHODS
OF CARDIOPULMONARY EXERCISE TESTING

Exercise testing allows the objective measurement of exercise
capacity that can be compared with the ideal exercise capacity corrected
for age, gender, height, and weight. In addition, symptoms that limit
exercise can be elucidated and the physiologic responses to exercise can
be analyzed in order to highlight patterns suggesting underlying organ
dysfunction. Unfortunately, there is a lack of standardization concerning

Fig. 1. Gas transport mechanisms for coupling cellular to pulmonary respira-
tion. The gears represent functional interdependence of the physiological
components of the system. (Printed with permission from Wasserman K,
Hansen JE, Sue DY, Casaburi R, Whipp BJ, Principles of Exercise Testing and
Interpretation 1999, 3rd ed., Lipincott, Williams & Wilkins.)
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the performance of clinical exercise testing (2). This applies to the
methods used, variables being measured, and interpretive techniques. There
are a number of predicted formulas that can be used to calculate the maxi-
mum VO2, work rate, heart rate, and minute ventilation (1,2,4). Exercise
tests can be noninvasive, symptom limited, steady state, performed with
arterial blood sampling, or with the presence of a pulmonary artery catheter
(2). In addition, the tests can be conducted on various types of equipment:
treadmill, cycle ergometer, step testing, or using an arm ergometer. The
tests can be performed on room air or on supplemental oxygen. Using
an electrically braked cycle ergometer leads to a more predictable increase
in oxygen uptake than with a treadmill (2), using a treadmill results in an
approx 7 % higher oxygen consumption than a cycle (5), increases in ven-
tilation and blood lactate levels tend to be higher in cycling (6). The work
performed on a treadmill is dependent on the weight of the subject, but this
is not as significant with the cycle ergometer (7).

SAFETY ISSUES IN CARDIOPULMONARY EXERCISE
TESTING

The safety of exercise testing has been well established and the risks
to the patient are very small as long as simple precautions are observed.
The risk of a myocardial infarction (MI) or serious arrythmia is estimated
at 1/10 000 submaximal tests (8), increasing to 1/2500 maximal tests if
the patient has a history of MI (9). We feel that the test should be super-
vised by an experienced physician who is familiar with the patient’s
history and physical examination, and who is knowledgeable in resus-
citative techniques. Before 1980, exercise tests were supervised by
physicians 90% of the time. However, over the past 15 yr, cost contain-
ment initiatives have encouraged more extensive use of specially trained
health professionals (nurses, exercise physiologists, physician assis-
tants, and physical therapists) (10–12).

Absolute contraindications to exercise testing

1. The presence of an acute febrile illness.
2. EKG features of myocardial ischemia.
3. Uncontrolled heart failure.
4. Pulmonary edema.
5. Unstable angina.
6. Acute myocarditis.
7. Uncontrolled hypertension (> 250 mm systolic,

120 mm diastolic).
8. Uncontrolled asthma (2).
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Relative contraindications to exercise testing

1. Recent (less than 4 wk previously) MI.
2. Aortic valve disease.
3. Resting tachycardia (HR >120/min).
4. Resting EKG abnormalities.
5. Poorly controlled diabetes.
6. Poorly controlled epilepsy.
7. Cerebrovascular disease.
8. Respiratory failure (2).

SPECIFIC ISSUES RELATING TO CHRONIC
OBSTRUCTIVE PULMONARY DISEASE AND EMPHYSEMA

Chronic obstructive pulmonary diseases (COPD) are characterized by
reduced maximal expiratory flow and include various disease entities such
as chronic obstructive bronchitis, asthmatic bronchitis, and emphysema. At
least 14 million people in the United States suffer from COPD, and the
prevalence of this disease seems to be increasing (13–16). As many as 2
million people suffer from emphysema, and the overall death rate for
emphysema in the United States has been estimated at 20 000/yr, the fifth
leading cause of death in North America (13,16–18). Exercise testing in
patients with COPD has been stimulated by the increasing numbers of
patients entering pulmonary rehabilitation programs (19), in addition to the
availability of specific treatments for this condition, i.e., pulmonary trans-
plantation and lung volume reduction surgery (LVRS).

TYPES OF CARDIOPULMONARY EXERCISE TESTING
FOR PATIENTS WITH COPD

The simplest validated exercise test is the 6-min walk test performed
either on or off oxygen. The inability to walk at least 200 m during this
test has been shown to correlate with increased postoperative mortality
(20). Patients with severe COPD present a number of difficulties when
an incremental exercise test is performed. Their exercise capacity is
frequently extremely limited (21), it is therefore difficult to obtain
sufficient physiologic data. The exercise duration can be improved,
however, by using small increments in the exercise load (21) and by
using supplemental oxygen. Currently, the National Emphysema and
Treatment Trial (NETT) is comparing the efficacy of LVRS and
maximal medical therapy. Exercise tolerance is an important outcome
measure in the study and the exercise techniques used in the NETT trial
could serve as a standardized way of performing an incremental exercise
test in patients with severe COPD.
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Patients are exercised on an electrically braked cycle ergometer,
which has the capability for electronic computer control to provide ramp
workloads as low as 5 W/ min. The test is initially performed with
arterial blood sampling, whereas subsequent tests during the trial may
or may not use arterial sampling. The exercise tests are performed on an
FIO2 of 30%, the patients breathing in the O2 and air mixture delivered
from a high-flow blender to a large Douglas bag (>30 L). After being
connected to the exercise equipment and getting on the cycle ergometer,
the patient is observed for 5 min at rest, 3 min at 0 W cycling, and
subsequently during a symptom-limited incremental exercise test (5 W/
min increments) (22). Exercise is considered maximal if one or more of
the following criteria are met:

1. The patient’s predicted maximal VO2 is reached.
2. A clinically significant EKG abnormality develops.
3. Serum lactate increases to greater than 8 mmol/L.
4. Breathing reserve is less than 15 L /min.
5. The heart rate reserve is less than 10 beats/min.
6. The arterial PO2 falls below 50 mmHg or the oxygen saturation falls

below 84%.

The following parameters are measured:

1. Level of work (WR).
2. Heart rate (and the difference between heart rate and maximal predicted

heart rate—the heart rate reserve).
3. EKG.
4. Blood pressure.
5. Respiratory rate.
6. Tidal volume (and the tidal volume to inspiratory capacity ratio).
7. Minute ventilation (VE) (and the difference between VE and maximal

voluntary ventilation—the breathing reserve).
8. Oxygen consumption (VO2), carbon dioxide production (VCO2), and

the relationship of these measures to the minute ventilation (VE/VO2
and VE/VCO2).

9. The VO2/WR relationship.
10. The VO2/heart rate response—the oxygen pulse.

RESPONSES TO EXERCISE IN CHRONIC OBSTRUCTIVE
LUNG DISEASE

The two main factors reducing exercise capacity in COPD/emphy-
sema are the reduced ventilatory capacity and the increased ventilatory
requirement (1). Other factors include exercise-induced hypoxemia,
cardiac dysfunction, and deconditioning (23). Both airway obstruction
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and a reduction in lung elastic recoil are responsible for the decreased
ventilatory capacity; the increased ventilatory requirements are a result
of inefficient ventilation of the lungs because of mismatching of venti-
lation to perfusion (1) (Fig. 2). There is often a reduction in work that
can be performed as a consequence of oxygen demand exceeding the
maximal oxygen carrying capacity of the oxygen transport chain (21),
and this is largely because of the failure of the available ventilatory
reserve to meet the increasing ventilatory demands (24,25). The VO2/WR
response is often normal in patients with COPD, the oxygen cost of
breathing, however, is much higher in COPD as compared to normal
(21). There is a greater time constant for CO2 excretion than O2
consumption (50–60 s vs 30–40 s). Patients with COPD have increased
numbers of lung units with high ventilation/perfusion ratios, these
regions receiving up to 50% of blood flow, further exacerbating the
delay in CO2 output. The ventilatory response to exercise is dependent
on the metabolic rate, the “set point level of arterial CO2” and the wasted
ventilation fraction (VD/Vt). The required minute ventilation at any
given time may be calculated using the following equation:

VE = (863 × VCO2)/(PACO2 × (1-VD/Vt))

with the arterial pCO2 (PaCO2) generally being substituted for the
alveolar CO2 (PACO2) (21,26). Patients with stable COPD regulate

Fig. 2. Factors that play a role in exercise limitation and dyspnea in patients with
chronic obstructive pulmonary disease. (Printed with permission from Wasserman
K, Hansen JE, Sue DY, Casaburi R, Whipp BJ, Principles of Exercise Testing and
Interpretation 1999, 3rd ed., Lipincott, Williams & Wilkins.)
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PaCO2 at a reasonably constant level despite increasing work rates, in
patients with severe COPD, however, the PaCO2 may increase with
exercise, worsening exercise-associated acidosis (1). Minute ventila-
tion is frequently increased at rest in addition to being increased for a
given level of exercise (1,21). This is frequently a result of the increased
VD/Vt ratio, requiring an abnormal level of ventilation to maintain a
normal PaCO2 (27).

Many patients with COPD are hypoxemic, either at rest and/or during
exercise. The degree of widening of the alveolar-arterial oxygen gradient
with exercise is related to the degree of ventilation perfusion mismatch-
ing, particularly in regions of low ventilation/perfusion ratios (21).

DYNAMIC HYPERINFLATION AND ITS CONSEQUENCES

In patients with chronic lung diseases, the tidal volume tends to be
lower and the respiratory rate tends to be higher at a given level of VE.
A close relationship has been noted between measured vital capacity
and maximal tidal volume during exercise (1,21). In patients with COPD,
flow rates can be shown to reach the envelope of the resting maximal
flow volume curve, which may contribute to exercise limitation (28,29).
Normal subjects increase respiratory rate by decreasing inspiratory time
(Ti) fractionally less than expiratory time (Te)—as a consequence, the
inspiratory duty cycle (Ti/total respiratory time) increases. In contrast,
patients with COPD often show no increase in the inspiratory duty
cycle, preserving greater time for exhalation. This is achieved by
increasing inspiratory flow rates. There is, however, an associated
increase in intrathoracic gas volume as a consequence of airflow
limitation and increased respiratory frequency, eventually leading to a
point on the thoracic cage pressure/volume relationship where inspira-
tory muscles function inefficiently, eventually leading to a large increase
in thoracic gas volume with resultant fall in inspiratory flow (21,30).
During exercise, the development of dynamic hyperinflation with a
progressive increase in end-expiratory lung volume (EELV) imposes an
additional elastic load on the ventilatory system, resulting in a reduction
in inspiratory capacity, and is closely related to exertional dyspnea (31–33).
This is in contrast to normal subjects in whom the EELV decreases with
exercise (33). Traditionally, the maximal voluntary minute ventilation
(MVV) (or multiple of the FEV1) has been compared to the maximal VE
as an estimate of ventilatory capacity. Measuring the MVV in patients
with COPD has shortcomings, however. Significant differences exist in
the breathing patterns during the 12–15 s MVV maneuver and the breath-
ing patterns during heavy exercise (33).
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Ventilatory capacity can vary during exercise because of bronchodilation
or bronchoconstriction, and is dependent on the lung volume where the tidal
breathing occurs relative to the total lung capacity (TLC) and residual
volume (RV). Measurements of the resting inspiratory capacity have
been shown to closely correlate with maximal work in COPD patients
(34). Breathing at higher lung volumes increases the inspiratory elastic
load and, consequently, the work of breathing. Breathing at low lung
volumes limits the available ventilatory reserve because of encroach-
ment on the flow volume envelope. Reducing the total lung volume and
residual volume, either medically by the use of bronchodilators (medi-
cal volume reduction) or surgically (surgical volume reduction), may
indeed offer significant benefits by reducing EELV and subsequently
availing more inspiratory capacity.

The technique of measuring the exercise inspiratory capacity, which
allows superimposition of the exercise tidal volume loop on the maxi-
mal flow volume loop allows measurement of the EELV and the end
inspiratory lung volume during exercise. This analysis provides more
useful information about the cause of ventilatory limitation than analy-
sis of the breathing reserve and breathing pattern (tidal volume and
respiratory rate relationship) alone (33). Fig. 3 represents flow volume
loops during exercise and compares the pattern in a healthy young male
to that in a patient with emphysema.

CARDIOVASCULAR RESPONSE TO EXERCISE IN COPD
PATIENTS

Patients with COPD can have coexisting cardiovascular diseases,
because smoking is a risk factor for both COPD and ischemic heart
disease and hypoxia can exacerbate ischemic heart disease. In patients
with COPD, increases in cardiac output with exercise is less in compari-
son with normal subjects (35). Possible explanations for this phenom-
enon include cardiac dysfunction and elevations in pulmonary artery
pressure with exercise due as a result hypoxia and or capillary destruc-
tion or obstruction, even in the absence of cor pulmonale (21,35,36).

EFFICACY OF LVRS

LVRS has been shown to significantly improve forced vital capacity
(FVC), forced expiratory volume in 1 s (FEV1), and MVV, in addition to
RV and TLC (37). Furthermore, lung elastic recoil has been shown to
increase significantly after LVRS (38). The exercise capacity of patients
with emphysema is thought to be determined by the mechanical constraints
placed on maximal ventilation (39). Therefore, improvements in lung
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mechanics may explain the improvements noted following LVRS,
specifically, the combination of the reduction in pulmonary hyperinflation,
reduction in breathing frequency, reduction in mechanical constraints on
tidal volume and reduction in functional residual capacity (FRC) (40).
Improvements in exercise tolerance following LVRS include longer 6-min
walk distances, increased maximal workloads, higher maximal VO2,
and improved indices of gas exchange (41). Currently in the NETT trial,
the 6-min walk test, maximal VO2, and maximum work rate are mea-
sured, with the maximum work rate as one of two primary outcomes to
be analyzed (13,23,42–45).

Significant increases in the 6-min walk test have been noted
following LVRS, from 300 to 370 m in normocapnic patients, and
from 197 to 274 m in hypercapnic patients. The maximal VO2 has also
been shown to significantly increase in both normocapnic and hyper-
capnic patients following LVRS, from 14.6 to 17.02 mL/Kg/min and

Fig. 3. Exercise flow volumes pre- and during exercise. Graph A represents the
normal increase in tidal volume with exercise associated with a reduction in the
end expiratory lung volume accompanied by an increase in the end inspiratory
lung volume and no encroachment on the maximal resting flow volume loop.
Graph B represents a patient with COPD, with an exercise-associated increase
in the EELV. In addition, there is encroachment on the expiratory component
of the maximal pre-exercise flow volume loop.
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11.7 to 14.7 mL/Kg/min, respectively (37). The same study also noted
significant increases in the maximal Vt (0.85 to 1.05 L and 0.8 to1.2
L, respectively, in normocapnic and hypercapnic patients); similarly,
maximal minute ventilation increased from 29.2 to 33.5 L/min in
normocapnic and 22.5 to 31 L/min, respectively, in hypercapnic
patients (37).

The role of cardiovascular adaptations and altered heart–lung inter-
actions in the improvements noted following LVRS is unclear. Most
patients with severe emphysema have mild to moderate pulmonary
hypertension, which may contribute to their exercise limitation (46).
The consequences of LVRS on the pulmonary circulation are felt to be
twofold: 1) resection of emphysematous lung tissue could reduce the
vascular bed and increase pulmonary vascular resistance; and 2) better
mechanical properties of the respiratory system with improved elastic
recoil and less dynamic hyperinflation might counteract this effect and
lead to a decrease in pulmonary vascular resistance (43,47). Strong
correlations have been noted between improvements in gas exchange
(the alveolar-arterial gradient) and reductions in mean exercise pulmo-
nary artery pressure following ARDS, although these associations were
not evident at rest (47,48). Other investigators have shown a trend to
improvement in the VD/Vt ratio following LVRS (44). It is of interest
that close correlations have been previously noted between the cardiac
output and maximal VO2 at maximal exercise in patients with predomi-
nant cardiac dysfunction or pulmonary vascular disease. It is a possibil-
ity, therefore, that the increased VO2 noted following LVRS could, in
part, represent an improvement in cardiac output (48,49). A strong
association has been noted between the increases in FEV1 and the
improvements in VO2 following LVRS (47,48). Thus it appears that there
is a dichotomy between improvement in maximal VO2 and PaO2 follow-
ing LVRS. The former depends on improvements in FEV1, whereas the
latter depends on improvement in pulmonary artery pressure.

LVRS has been shown to produce significant improvement in relief
of dyspnea in many patients (44) in addition to improved quality-of-life
scores (50). These improvements are generally associated with improve-
ments in pulmonary function and exercise tolerance. However, the exact
mechanism for the improvement in dyspnea is not precisely defined
(50). Exercise testing before and after LVRS, including the use of the
exercise flow volume loop and, in selected circumstances, invasive
hemodynamic exercise testing will continue to improve our knowledge and
help to ascertain the nature and duration of improvement in these
patients. Moreover, as additional information is obtained from ongoing
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clinical trials, the exercise test will help to define which patients are
suitable candidates for the procedure (37).
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INTRODUCTION

The recent reintroduction of lung volume reduction surgery (LVRS)
for the treatment of severe emphysema has led to a renewed interest in
the pathophysiology of this debilitating condition. Severe shortness of
breath is generally the most distressing symptom of the emphysematous
form of the chronic obstructive pulmonary disease (COPD) spectrum.
The origin of this symptom is likely to be multifactorial and, hence, the
mechanisms by which LVRS may alleviate symptoms is also likely to
be multifactorial. Given the interactions between respiratory and
cardiovascular systems, it is not surprising that there is interest in the
effects of LVRS on cardiovascular function and how these effects are
integrated into the overall response. Whereas the cardiovascular effects
of COPD have been the subject of hundreds of scientific studies, the
majority of these studies do not distinguish between the major subgroups
of COPD, chronic bronchitis, and emphysema. Because most patients
have significant symptoms of chronic bronchitis, these studies, by
design, do not give a comprehensive view of the cardiovascular effects
of relatively “pure” emphysema. One problem regarding this is how to
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define emphysema, on clinical, pathological, or physiological grounds
and distinguish this from chronic bronchitis. Some of these issues influ-
ence the interpretation of studies purporting to assess the hemodynamic
effects of emphysema.

In this chapter we will address a number of issues. We will describe
the pathophysiologic effects of emphysema which could, in theory,
affect cardiovascular function. We will review some studies of the
cardiovascular effects of emphysema in animal models and in human
disease. We will address the issue of whether or not there is a cardiovas-
cular limitation to exercise tolerance in patients with emphysema. We
will review what few data are available in patients undergoing LVRS.
Finally, we will review directions for current and possibly future
research in cardiovascular effects of emphysema.

THEORETICAL EFFECTS OF EMPHYSEMA
ON CARDIOVASCULAR FUNCTION

Increased Pulmonary Vascular Resistance and Ventricular
Interdependence

Table 1 lists some of the theoretical mechanisms by which emphy-
sema could adversely affect cardiovascular function. Emphysema leads
to increased pulmonary vascular resistance (PVR) and hyperinflation.
Theoretically, hyperinflation could have a number of possible cardio-
vascular effects independent of effects on PVR, which will be reviewed
later. Anything that increases PVR, by increasing right ventricular (RV)
afterload, can lead to structural changes in the RV (i.e., cor pulmonale)
(1). Increased PVR, if severe enough, could theoretically limit cardiac
output, especially during exercise. By limiting the increase in cardiac
output, oxygen delivery to the periphery, and hence, exercise capacity
is limited. Further, because myocardial fibers are a syncitium, it is
possible that the biochemical events leading to structural changes in the
RV as a result of chronic RV overload could affect fibers around the left
ventricle (LV) and change LV function. Indeed, following pulmonary
hypertension caused by experimental banding of the pulmonary artery
(PA) in animals (2,3) Laks et al. found remodeling of LV, as well as RV
myocardium. Theoretically, this could affect LV systolic performance.
In addition, there are parallel interactions between the ventricles acting
both in diastole (4) and systole (5). The importance of these interactions,
often referred to as ventricular interdependence, is increasingly recog-
nized in diseases as diverse as sleep apnea and COPD. During diastole,
RV overload stiffens the LV. This works by decreasing the radius of
curvature of the LV septum and decreasing LV preload. In addition, the
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presence of the pericardium acts as an “amplifier” for these effects (4).
RV contraction against an increased afterload actually aids LV systolic
function (5). This is because both ventricles contract against a common
center of gravity. The importance of “systolic positive interdependence”
has been well documented for LV to RV interaction. Whereas RV to LV
effects are less, in the presence of pulmonary hypertension, these could
be greater (5).

Hyperinflation
The hyperinflation associated with positive end-expiratory pressure

(PEEP) may be one good model to study the cardiovascular effects of
emphysema. Due compression of intra-alveolar pulmonary vessels
hyperinflation is associated with increased PVR (6,7). In the presence
of co-existing pulmonary hypertension, high levels of PEEP can even
lead to acute cor pulmonale and circulatory collapse (8). Hyperinflation

Table 1
Theoretic Mechanisms by Which Emphysema Could Adversely Affect

Cardiovascular Function

Increased Pulmonary Vascular Resistance

Hypoxia-induced vasospasm (acute)
Hypoxia-induced vascular remodeling (chronic)
Loss of cross-sectional area because of tissue (precapillary) destruction
Compression of pulmonary capillaries (intra-alveolar vessels) by regional

hyperinflation
Sympathetic vasoconstriction

Hyperinflation

Compression of IVC because of flattening and configurational change in the
diaphragm

Compression of the intrathoracic portion of the IVC
Increased pleural pressure, especially at end-expiration: could raise right atrial

pressure atrial pressure.
Increased cardiac fossa pressure, inhibiting RV and LV diastolic ventricular

filling

Effects on Cardiac Function

Increased load on the RV, leading to inhibition of LV diastolic filling (diastolic
interdependence)

Adverse affect of RV overload on LV myocardial fibers (whole heart
hypothesis, of chronic RV overload) - systolic function
Effects of chronic hypoxia on cardiac function - systolic and diastolic
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could also affect return of venous blood to the right atrium via the
inferior vena cava (IVC). This could occur at the level of either the
diaphragm or the intrathoracic IVC. Consistent with this notion,
Nakhjavan et al. (9) demonstrated inspiratory collapse of the IVC at the
level of the diaphragm in patients with emphysema, but not in normals.
This is illustrated in Fig. 1. This has implications for control of cardiac
output in exercise. Normally, during exercise, decreasing inspiratory
intrathoracic pressure aids venous return to the right heart and increases
cardiac output (thoracic pump). As a result of inspiratory IVC collapse,
this mechanism may be unavailable to patients with emphysema. Hence,
cardiac output may be limited during exercise not only because of
increased RV afterload, but because of decreased RV preload as well.
In supine dogs, Fessler et al. (10) demonstrated collapse of the IVC
during PEEP induced hyperinflation. This led to a rightward shift of the
point of flow limitation in the venous return curve. This means that
venous return into the right atrium, normally increasing with decreasing
right atrial pressure, becomes limited at higher than normal right atrial
pressures with PEEP (11,12). In humans, the IVC is relatively short and
it is possible that IVC collapse is less likely to occur than in dogs with
relatively longer IVCs. However, closure of the IVC at the level of the
diaphragm could have much the same effect as collapse of the intratho-
racic portion of the IVC. Finally, hyperinflation would be expected to
lead to mechanical interactions between the heart and lungs. Not only
does increased lung volume increase end-expiratory pleural pressure,
but by directly compressing the mediastinum, pressures in the cardiac
fossa may even increase more than those measured at the pleural surface
of the lung (13,14). In patients with COPD, during exercise or voluntary
hyperventilation, parallel increases in right atrial and PA wedge pressure
(Pw) have been attributed to hyperinflation of the lower lobes (intrinsic
PEEP) with concomitant increases in cardiac fossa pressures (15,16). By
“compressing” the heart, especially during exercise, the lungs would thus
inhibit ventricular diastolic filling. This could further decrease LV stroke
volume and cardiac output. We next consider what is known about the
effects of emphysema (as opposed to chronic bronchitis) on cardiovascu-
lar function in experimental animals and in patients.

EFFECTS OF EMPHYSEMA ON CARDIOVASCULAR
FUNCTION

Emphysema is defined as “a condition of the lung characterized by
abnormal, permanent enlargement of airspaces distal to the terminal
bronchiole, accompanied by the destruction of their walls, and with
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Fig. 1. Pressure drop across the diaphragm in a patient with emphysema. During right heart catheterization pressures
in the IVC were recorded from three positions: A = 1 cm below the dome of the diaphragm; B = 1 cm above the dome
of the diaphragm; C = right atrium. The arrows mark the onset of inspiration. Note as the catheter advances across the
diaphragm (A to B) there is the appearance of inspiratory swings in venous pressures. This figure indicates that during
the inspiration there is closure of the IVC with failure to transmit the decreases in intrathoracic pressure in this patient.
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fibrosis” (17). There is an association between the development of cor
pulmonale and emphysema. Approximately 6% of patients with emphy-
sema have been reported to develop cor pulmonale each year (18). This
is important because, given equal severities of airflow obstruction, the
presence of cor pulmonale is the best predictor of mortality (19). Further,
mortality rate is inversely related to PVR (20,21), with PVR values
greater than 600 dyne-s/cm5 (see Fig. 2) or signs of RV hypertrophy
being associated with poor prognosis. There are several purported
mechanisms for the development of pulmonary hypertension in emphy-
sema (see Table 1). Because in humans there are often multiple
confounding factors present leading to the development of pulmonary
hypertension, such as concomitant cardiac disease, bronchitis, or throm-
boembolic disease, the study of relatively “pure” animal models of
emphysema offers some advantages for dissecting out those factors
responsible for pulmonary hypertension in emphysema. Many studies
have centered around deciding whether chronic hypoxia or obliteration
of pulmonary vasculature is primarily responsible for the development
of pulmonary hypertension and cor pulmonale in emphysema.

Effects of Emphysema on Cardiovascular Function—
Experimental Animal Models

In order to study the effects of emphysema on pulmonary mechanics,
respiratory muscle function, and hemodynamics, animal models of
emphysema have been developed, often in which a protease (elastase or
papain) is instilled into the trachea of an animal (22). An animal model of
emphysema has been defined similarly to emphysema in humans as “an
abnormal state of the lungs in which there is enlargement of the airspaces
distal to the terminal bronchiole” (23). Generally, experimental models
study panlobular emphysema and may, in fact, be most analagous to the
human condition |-1 antitrypsin deficiency. On the other hand, most
smoking-related emphysema, the most common clinically relevant situ-
ation, is centrilobular and is associated with some degree of chronic bron-
chitis. Similar to human disease, animal models of emphysema are
associated with increased lung volumes and decreased in diffusion capac-
ity, flow rates, and elastic recoil. Thus, hemodynamic changes with ani-
mal models of emphysema are relevant to human disease.

Wright et al. (24) investigated the effects of chronic exposure to
cigarette smoke on the structure and function of pulmonary vasculature
in guinea pigs. They found an increase in PA pressure after 1-mo expo-
sure, even though at this time there were no parenchymal structural
changes. With the progression of time, pulmonary vascular pressures
remained elevated, but did not progressively increase increase even in
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the face of progressive destruction of lung parenchyma. There was
neither hypoxia nor hypercapnia. Given the dissociation between paren-
chymal and vascular abnormalities, these workers concluded that neither
vascular obliteration nor hypoxia was necessary for producing pulmo-
nary hypertension with smoking. Pulmonary hypertension appeared to
be a result of smoking-induced inflammation in the pulmonary capillary
bed, possibly because of the release of proteolytic enzymes or vasoac-
tive substances.

Sato et al. (25) studied pulmonary hemodynamics over 4 wk in
normoxic awake rats with elastase-induced emphysema. There was a
nonsignificant increase in pulmonary vascular pressures in the elastase
group. Inhalation of a hypoxic gas mixture produced greater pulmonary
vascular pressure increases in the elastase group; however, this was
related to greater increases in cardiac output, not PVR. This finding
suggested that, with emphysema, there may greater sympathadrenal
tone leading to greater venous return and cardiac output. This indirect
evidence that pulmonary vascular reactivity is increased in emphysma
led to the suggestion that this was one mechanism leading to the

Fig. 2. Plot of survival in years as a function of initial PVR in COPD patients.
From (20), with permission.
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development of cor pulmonale. On the other hand, in a similar model,
Tseng et al. (26) found that hemodynamic changes with emphysema
were in fact correlated with the development of parenchymal morpho-
logic changes and heightened vascular reactivity did not appear to play
a role in the development of pulmonary hypertension. These authors
concluded that hypoxia is not necessary for the development of cor
pulmonale, but rather that in emphysema pulmonary hypertension
resulted from “direct destruction of connective tissue and pulmonary
vessels” (26).

Martorana et al. (27) studied the relationship between parenchymal
morphometry and pulmonary hemodynamics in a normoxic, normocapnic
dog model of papain-induced emphysema. They did find a correlation
between indices of tissue destruction and both PA pressure and PVR. They
also observed an inotropic effect with increased cardiac output and
decreased Pw in emphysematous compared to control animals. Thus, early
in the course of emphysema, both tissue destruction, as well as sympathetic
activation (28)contribute to increased PVR. On the other hand, it is possible
that chronic sympathetic activation could lead to vasoconstriction, myocar-
dial necrosis, depletion of myocardial-receptors and decreased myocardial
catecholamine stores (29,30), thus diminishing cardiac function in the long
run with emphysema. Conceivably, this could account for some of the
clinical studies reporting decreased LV function in emphysema.

Using plots of stroke volume against transmural filling pressure to
characterize cardiac function (modified Starling curves), Mink et al.
(31), observed pulmonary hypertension and decreased RV, but normal
LV, function in acutely emphysematous dogs. These findings suggested
that RV function deteriorated because of increased RV afterload, but
that there was no change in overall myocardial contractile function.
However, in a chronic dog model of emphysema, this group (32) dem-
onstrated decreased LV systolic function, with a parallel rightward shift
in the LV end-systolic pressure-volume curve and increased diastolic
LV stiffness (33,34). Chronically increased RV stress with emphysema
could have led to increased LV diastolic stiffness. Alternatively, because
LV and RV myocytes are not separate, but rather a syncitium, remod-
eling of myocardium because of stress on one ventricle could trigger
remodeling in myocardium of the opposite ventricle (2,3). Finally, the
measured alterations in LV stress-strain relations could have resulted
from mechanical interactions between the heart and lungs (13–15).
Either pleural or esophageal pressures were used by by this group
(31,32,34) to calculate transmural pressures (the stress). This may have
resulted in the underestimation of cardiac surface pressure with
emphysema-associated pulmonary hyperinflation because cardiac



Chapter 3 / CV Effects of Emphysema 37

surface pressure may increase more with lung inflation than esophageal
pressure (13–16,35). Thus, the true transmural pressure would have
been overestimated at any given cardiac volume, leading to the conclu-
sion that stiffness was increased with emphysema. These possibilities
remain speculative and we agree with Gomez et al. that the mechanisms
changing LV function in emphysema “must await future studies (34).”

Effects of Emphysema on Cardiovascular Function—Human
Disease

There have been many studies on the hemodynamics of patients with
COPD. However, there are several problems interpreting this vast clini-
cal literature regarding the understanding the hemodynamic effects of
emphysema. First, many studies of COPD do not distinguish between
emphysema and, the more common, chronic bronchitis. Another is that
the definition of emphysema may not be the same in all studies. Emphy-
sema may be defined physiologically and clinically as normal oxygen-
ation and minimal hypercapnia (pink and puffing), hyperinflation,
decreased diffusion capacity, and perhaps, decreased elastic recoil.
Newer studies often incorporate radiologic findings, especially with
high-resolution computed tomography (HRCT), in the definition of
emphysema in individual patients. Finally, emphysema may be defined
pathologically on the basis of tissue destruction. Because most patients
with COPD have, in fact, both emphysema and chronic bronchitis, the
distinctions are often illusory.

Filley et al. (36) described two clinical types of COPD. “Pink puffers”
were defined as patients with airflow limitation who were thin, had a
narrow cardiac silhouette, no history of heart failure, and had a normal
hematocrit. These patients tended to be normoxic and normocapnic at
rest. “Blue bloaters” were described as patients with little weight loss,
enlarged cardiac silhouettes, a history of heart failure, and polycythemia.
These patients often were hypoxic and hypercapnic at rest. It has often
been thought that patients with the “blue and bloated” (hypoxic/hypercap-
nic) pattern of COPD have more severe pulmonary hypertension than the
“pink and puffing” (normoxic/normocapnic) pattern (37,38). By virtue of
changing the rheological properties of blood, polycythemia in the blue
and bloated patients may contribute to greater pulmonary hypertension
(39). Further, early clinicophysiologic studies suggested that the pink-
and-puffing pattern was associated with more emphysema and the blue-
and-bloated pattern with more chronic bronchitis (20,36,40). However,
later studies relating pathologic estimation of tissue destruction with the
clinical syndrome failed to confirm this notion (41). In 1989, Biernacki
et al. (42) examined the correlation between the radiologic (CT scan)
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extent of emphysema and the clinical spectrum of disease severity. There
were no significant relationships between the CT estimated extent of
emphysema and arterial blood gas tensions, mean PA pressure, cardiac
output, or pulmonary vascular resistance at rest or during exercise. The
authors concluded that “to equate ‘pink puffers’ with emphysema, and
‘blue bloaters’ as having little or no emphysema, is no longer valid”
(42). The study did find a good correlation between CO transfer
coefficient and the CT density histogram, suggesting CO diffusion
capacity is a good index of the extent of amputation of the pulmonary
vascular bed in emphysema. This finding may be important in predict-
ing the effects of LVRS on pulmonary hemodynamics as will be
discussed later.

The question of differences between emphysema and the bronchitic
syndrome in COPD patients remains open. Burrows et al. (20) reported
that COPD patients with emphysema have lower cardiac outputs and
higher pulmonary vascular resistance than COPD patients without
emphysema. On the other hand, Boushy and North (43) reported no
hemodynamic differences between emphysema and nonemphysema
COPD patients. These authors found progressive decreases in cardiac
output of 6–7% over 25 mo in both groups.

Other authors (44,45) emphasize the importance of exercise in bring-
ing out abnormalities of pulmonary hemodynamics in mild to moderate
COPD, even before the appearance of abnormal resting PA pressure.
The more severe the disease pathologically, the more severe the exer-
cise response (44). In fact, because of parallel changes in PA and wedge
pressures with exercise, Wright et al. (44) concluded that dynamic
hyperinflation leads to increased alveolar and pleural pressure rather
than obliteration of pulmonary vascular bed. The later work of Butler et
al. (15) agrees with this explanation. Wright et al. (44) also found that
exercise-induced increases in PA pressure were abolished with O2
breathing. In this case, O2 breathing might have shortened the time
constants for ventilation in poorly ventilated lung units, which would in
turn have led to less hyperinflation and less increase in wedge and PA
pressures. Schulman et al. (45) found a correlation between CO diffusion
capacity and the increase in PA pressures with exercise. This finding led
them to conclude that pulmonary hypertension in mild to moderate
emphysema was due to obliteration of pulmonary vascular bed.

Oswald-Mammosser et al. (46) investigated pulmonary hemodynam-
ics in a large (151 patients) series of normoxic and normocapnic emphy-
sema patients with moderate to severe emphysema (mean FEV1 1.2 L).
Thirty-one of 151 patients (20.5%) had resting pulmonary hypertension
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(mean PA pressure >20 mmHg) and 99/151 (65.5%) had pulmonary
hypertension during exercise. Resting PA pressures were well corre-
lated with CO diffusion capacity, and FEV1, but only poorly correlated
with resting PO2 and PCO2. These findings suggested that pulmonary
hypertension was not a feature of most patients with moderate to severe
emphysema, and that hypoxemia and hypercapnia were not important
determinants of pulmonary hypertension. The correlation between
measures of airflow obstruction (FEV1) and PA pressure could have
been related to hyperinflation and increased alveolar pressures. The
correlation between PA pressure and CO diffusion capacity were simi-
lar to those of Biernacki et al. (42), suggesting that CO diffusion capac-
ity predicts the extent of capillary bed destruction in emphysema.

Left Ventricular Function in Emphysema

Decreased compliance of the LV has been demonstrated in patients
with chronic cor pulmonale because of COPD (47). This is likely a result
of diastolic interdependence (4,5). Additionaly, systolic interdepence
has been described (5) by which increasing RV systolic pressure assists
LV contraction. This works because the fibers of the LV and RV contract
toward the same center of gravity and systolic forces are transmitted
through the septum. However, as the septum hypertrophies, its stiffness
increases and the transmission of systolic forces decreases (5). There
has been a good deal of debate in the literature concerning the effects of
chronic cor pulmonale on LV function, and as to whether chronic RV
overload leads to structural and functional changes in patients. Rao et al.
(48) first reported depressed LV function in some patients with cor
pulmonale and no other identifiable cause of LV failure. This was
followed by other reports of decreased LV function measured by systolic
time intervals or ejection fraction (49–51). However, other studies have
failed to find evidence of LV dysfunction in COPD patients with cor
pulmonale in the absence of an identifiable cause of LV failure (52–56).
In a clinicopathologic study Kohama et al. (57) demonstrated myocar-
dial fibrosis and cellular hypertrophy in the LV in COPD patients dying
of heart failure with no other identifiable cause of heart failure. These
changes might be related to hypoxemia, hypercarbia, acidosis, and
chronic sympathetic overload. In this sense, the animal studies quoted
before have direct relevance.

Patients with COPD generate large inspiratory negative swings in
intrathoracic pressure (46). As noted earlier, there are a number of factors
that exaggerate inspiratory swings in intrathoracic pressure and that
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could influence ventricular function. These include increased venous
return with flow-related RV overload (58) and increased LV afterload
(59,60). Regarding LV afterload, the effects of transient (inspiratory),
as opposed to sustained, decreases in intrathoracic pressure are not well
known in humans and are the subject of considerable debate in animal
studies (58). In normoxic chronic upper airway obstruction in rats (inspira-
tory intrathoracic pressure decrease to approx -30 mmHg), LV hypertrophy
was not observed. These findings suggested that increasing negative
intrathoracic swings per se are not sufficient to affect LV function (61).

Smoking is by far the most common cause of emphysema and the
overwhelming majority of patients presenting as candidates for LVRS
have a long smoking history. Coronary artery disease is also known to
be a major risk for surgery of any kind, and smoking is a major risk for
coronary artery disease. Thus, it is to be expected that many patients
with emphysema presenting for surgery will have a history of coronary
artery disease. Surprisingly, there are few reports of concomitant coro-
nary disease in previous studies of LVRS. This is because these patients
are screened for coronary disease and excluded if this is found based on
symptoms or history. Cardiac evaluation has generally been restricted
to patients with apparent clinical indications. However, it is well known
that the lack of cardiac symptoms does not exclude the presence of
coronary disease in patients with obstructive lung disease. Thus, it might
be expected that silent coronary disease could be a potential problem in
patients presenting for LVRS. Thurnheer et al. (62) prospectively stud-
ied the prevalence of clinically silent coronary artery disease in LVRS
candidates by angiography in 41 LVRS candidates. Six of these patients
(15%) were found to have asymptomatic, but significant (defined as > 70%
stenosis) coronary lesions. In five of these patients, the findings altered
the clinical management of the patients. These patients were found to
have higher cholesterol levels and greater smoking histories. The data
do not allow one to say whether risk stratification is worthwhile for
LVRS candidates or whether coronary revascularization prior to LVRS
is indicated. Nevertheless, these intriguing findings do indicate that
consideration of the possibility of silent coronary disease is indicated in
evaluation of LVRS candidates.

There have been few studies of LV function in patients with the
emphysema clinical syndrome, as opposed to chronic bronchitis.
However, in severe emphysema, Pw has been reported in the minority
of patients to be elevated although Pw generally increases with exercise
(21,38,42,46). Many authorities believe that increased Pw signals the



Chapter 3 / CV Effects of Emphysema 41

presence of LV dysfunction in severely ill emphysema patients. On
the other hand, as discussed later, there are several reasons beside
deterioration in LV function, that Pw could be elevated in these patients.

Exercise Tolerance in COPD—Is There a Cardiovascular
Component?

It might be thought that in patients with severe airflow limitation,
ventilatory limitation is the most important mechanism limiting exer-
cise tolerance. The role of the cardiovascular system as a limit to exer-
cise tolerance in COPD patients is still the subject of debate. Clearly,
patients with COPD, especially if smoking related, are at risk for the
development of concomitant heart disease, which could contribute to
exercise limitation. However, there is evidence that patients with severe
COPD and no obvious cardiac disease may have a cardiovascular
component to their exercise limitation. Mithoefer et al. (63,64)
demonstrated that COPD patients with the most functional limitation
are not necessarily those with the greatest degree of airflow limitation or
abnormal gas exchange, but rather those with the lowest mixed venous O2
tensions and the lowest resting cardiac output (63). These studies, how-
ever, did not separate emphysematous from bronchitic patients. As
noted above, older studies (20,36) indicated that emphysema patients
actually demonstrated worse cardiac outputs during exercise than
nonemphysema patients.

Stewart and Lewis (65) studied the hemodynamic response in 20
patients with COPD divided them into two groups based on resting cardiac
output: a low cardiac output (less than 80% normal) and a normal cardiac
output group. The low cardiac output group had greater exercise limita-
tion than the high cardiac output group. However, this group also had
greater PVR, and lower FEV1 and elastic recoil than the normal cardiac
output group. Interestingly, PA pressures were not different between the
groups, suggesting that RV afterload per se was not the determining fac-
tor. Further, there were no differences in arterial oxygenation between the
groups. The authors concluded that lung hyperinflation (see Table 1),
rather than hypoxic vasoconstriction was responsible for the lower exer-
cise cardiac output in the low-output group and that cardiovascular limi-
tation played a role in limiting exercise tolerance.

CARDIOVASCULAR FUNCTION IN SEVERE EMPHYSEMA

Several of the cited studies indicate that in emphysema, cardiovascu-
lar function is more limited depending on the more severe the airflow
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obstruction. Hence, one would expect to see the most severe limitation
in patients who are candidates for either lung transplantation or lung
volume reduction because these procedures are generally reserved for
the most severely ill patients.

Cardiovascular Function in Patients Undergoing Lung
Transplantation

Recently published guidelines for selection of patients requiring single
or double lung transplantation for refractory COPD include subjects 65 yr
of age or younger, whose FEV1 is 25% of predicted or lower. Other factors
include the absence of significant hypercapnia, (PaCO2G55 mm Hg), and
significant secondary pulmonary hypertension (66). This last exclusion-
ary criterion is particularly important because of the increased incidence
of intra- and perioperative complications in patients undergoing trans-
plantation in the setting of severe pulmonary hypertension, even though
successful transplantation can alleviate pulmonary hypertension in the
long run. Hence, these patients should not have severe cor pulmonale,
with irreversible right heart failure. In many centers, more leeway is
allowed in younger patients (age < 55 yr).

Patients with end-stage obstructive lung disease who qualify for
lung transplantation commonly have only mild-to-moderate pulmo-
nary hypertension, producing variable degrees of RV dysfunction.
Causes of pulmonary hypertension in these patients include destruc-
tion of pulmonary vascular space, with or without associated chronic
hypoxemia and hypercapnia. Keller et al. (67) studied the hemody-
namic profile at rest and during maximum exercise in 30 patients listed
for lung transplantation, 15 chronic smokers and 15 with |-1-antitrypsin
deficiency (|-1-ATD). Pulmonary function tests in both groups
showed severe airflow obstruction (mean FEV1 < 25% predicted) and
hyperinflation with impaired diffusion capacity. Both groups showed
resting pulmonary hypertension, which was more severe with |-1-ATD
(in COPD, PA systolic pressure = 33 + 5 mmHg, in |-1-ATD PA
systolic pressure= 43+ 13 mmHg; p < 0.01) . With exercise, both
groups showed similarly significantly increased PA pressures. Both
groups also had abnormally increased PVR at rest and during exertion.
One caveat regarding the interpretation of the data is that as discussed
earlier, during exercise, patients with obstructive airways disease
develop increased end-expiratory intrathoracic pressures. The degree
to which increased intrathoracic pressure contributed to increased vas-
cular pressures in these, and many other studies of exercise, pulmo-
nary hemodynamics in COPD cannot determined. Nevertheless, it was
interesting that even though indices of airflow obstruction were simi-
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lar between the groups, the more extensive and homogeneous paren-
chymal destruction associated with |-1-ATD was associated with
more severe resting pulmonary hypertension.

Right Ventricular Function in Patients with Severe COPD
Evaluated for Lung Transplantation

Several techniques have been described to evaluate RV function in
patients selected for single or double lung transplantation. These include
echocardiography, ultrafast computerized tomography, first-pass
multigated acquisition scan (MUGA), and direct measurement of RV
ejection fraction, with RV end-diastolic and systolic volumes using a
fast-thermistor-tipped PA catheter (68–70). Keller et al. (70) assessed
RV function in 10 patients who were candidates for single-lung
transplantation (SLT) diagnosed with severe COPD. Hemodynamic
variables and measurements of RV function are described in Table 2.
The exercise response was similar to the groups previously described.
Pulmonary vascular resistance was elevated at rest and failed to decrease
normally with exercise.

Estimated RV ejection fraction (RVEF) was significantly higher
when measured using the single-pass MUGA technique than when
measured by PA catheter (see Table 2). The differences between esti-
mates of RVEF using MUGA vs thermodilution catheter are likely a
result of systematic differences in the techniques. The MUGA scan
essentially measures the capacity of the RV to empty during systole,
whether blood is ejected forward into the PA, or backward, into the right
atrium because of tricuspid regurgitation. Therefore, patients with
normal or elevated RVEF by MUGA could have either normal RV
function, or severely diminished RV function with concomitant tricus-
pid regurgitation (71,72) allowing for total RV emptying to be preserved.
On the other hand, RVEF measured by a fast-thermistor-tipped PA
catheter depends on sensing temperature changes in the PA over time to
calculate cardiac output (CO) and stroke volume (SV) by thermodilu-
tion technique. Thus, whereas the MUGA RVEF better estimates the
“total” volume ejected from the right ventricle (forward volume plus the
volume ejected backward through the tricuspid valve), the catheter-
measured RVEF best reflects effective “forward” volume ejected into
the PA. Because many patients with advanced chronic lung disease and
secondary pulmonary hypertension have RV dilation and tricuspid
regurgitation, the MUGA estimation of RVEF is expected to be greater
than the catheter-measured RVEF (69,70).

When SLT was first used in the management of patients with COPD
and primary pulmonary hypertension, there was concern that patients
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could only be transplanted if RV function was not severely degraded
(73). This was because of the possibility of RV failure produced by
clamping of one pulmonary artery. However, it was found that patients
generally tolerate temporary clamping of the PA during surgery (74,75),
regardless of baseline RV function. Therefore, pulmonary hypertension
and RV function per se is not considered a contraindication for lung
transplantation. Only subjects with clinical signs of refractory cor
pulmonale, including RV hypertrophy, jugular venous distention,
hepatomegaly, and peripheral edema, despite the use of oxygen therapy
and diuretics, are excluded from SLT. Presumably, the reason that
patients with severe pulmonary hypertension can undergo successful
lung transplantation is that the transplanted lung acts to decrease overall
pulmonary vascular resistance and ameliorates the RV strain.

The intra- and postoperative hemodynamic profile of patients with
severe emphysema subjected to either SLT or unilateral LVRS has been
studied (76). The main difference in intraoperative management
between the two groups relates to the use of one-lung ventilation. SLT

Table 2
Right Ventricular Function in Patients with Severe COPD Evaluated

for Lung Transplantation

Variable Rest Exercise P value (2 tail)

MUGA RVEF% 57 ± 10%
PA Catheter RVEF 27 + 8% P < 0.001

(compared to MUGA)
CVP mmHg 6 + 4 14 + 9 P < 0.002
PAP mean mmHg 24 + 4 39 + 11 P < 0.001
CI L/min/m2 2.34 + 0.4 3.55 + 0.7 P < 0.001
SVI mL/b/ m2 21 + 5 30 + 8 P < 0.005
PVRi dyn-s/cm-5/ m2 339 + 182 313 + 120 NS
RVEDV mL 146 + 40 181 + 42 NS
RVESV mL 110 + 38 127 + 31 NS
CaO2 mL O2/dL 17.3 + 2 17.6 + 2 NS
CvO2 mL O2/dL 10.9 + 2 9.2 + 1.7 P<0.01
VO2 mL O2/min 253 + 55 506 + 139 P < 0.001

(MUGA = multigated acquisition scan; PA = pulmonary artery; RVEF = right
ventricular ejection fraction; CVP = central venous pressure; PAP = pulmonary artery
pressure; CI = cardiac index; SVI = stroke volume index; PVRi = pulmonary vascular
resistance index; RVEDV = right ventricular end diastolic volume; RVESV = right
ventricular end systolic volume; CaO2 = arterial oxygen content; CvO2 = mixed-
venous oxygen content; VO2= oxygen comsumption)

Except where noted, p value is for difference between rest and exercise. From
Keller et al (69).
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patients require clamping of both ventilation and perfusion to the opera-
tive side, shifting the entire cardiac output and ventilation to the
contralateral lung. LVRS patients require one-lung ventilation when the
operative side is manipulated, but no clamping of the PA, thus favoring
creation of an increased right-to-left shunt, whereas the lung is not
ventilated, but is perfused. During the operative phase, not surprisingly,
SLT patients developed significantly worse pulmonary hypertension
than LVRS patients. One-lung ventilation/perfusion is associated with
development of severe hypercapnic acidosis in transplant recipients.
LVRS patients also become hypercapnic during the phase of one-lung
ventilation/two-lung perfusion, but to a lesser degree than SLT patients.
The intraoperative development of pulmonary hypertension and hyper-
capnia is generally well tolerated and seldom requires intervention. In
fact, excessive efforts to ventilate the patient and overcome respiratory
acidosis requires either increased peak inspiratory pressures, or
increased respiratory rate on the ventilator. Both maneuvers run the risk
of producing barotrauma (and intraoperative pneumothorax) and should
be avoided. At the end of SLT and LVRS, the hemodynamics rapidly
improve, with PA pressures, pulmonary vascular resistence, and RV
function rapidly approaching normal. Likewise, ventilatory capacity
improves and the intraoperative respiratory acidosis is fully compen-
sated by the time patients are extubated.

SLT recipients who have significant pulmonary hypertension and
RV dysfunction prior to transplantation achieve and preserve normal
hemodynamic profiles, and demonstrate progressively improved RV
function (77) over the weeks and months following surgery (78). This
is because of unloading of the RV after transplantation. After surgery,
the RV undergoes reversal of the remodeling produced by chronically
increased afterload and prolonged improvement in RVEF.

Cardiovascular Function in Candidates for LVRS
Pulmonary hemodynamics were recently studied by right heart cath-

eterization in 96 patients with severe emphysema (FEV1 < 45% pre-
dicted) being evaluated for participation in the National Emphysema
Treatment Trial (NETT) (79). Mean arterial PO2 was 66 mmHg, and
PCO2 was 42 mmHg. The average PA systolic pressure was 38 mmHg
with only 6% of the patients with “normal” PA systolic pressure (< 30
mm Hg) and 16% with PA systolic pressure > 45 mmHg (one definition
of severe pulmonary hypertension). Similarly, PA mean pressure was
> 35 mmHg (another definition of severe pulmonary hypertension) in
7% of the patients. PA mean and systolic pressure was inversely corre-
lated with arterial PO2. There were no other correlates of PA systolic
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pressure, but there was a weak inverse correlation between PA sys-
tolic pressure and FEV1. There were no other correlations seen between
PA pressures and other indices of lung function including diffusion
capacity. Cardiac output was directly correlated with RV systolic func-
tion as measured by RVEF (thermodilution technique) and directly
correlated with RV afterload as measured by PA mean pressure. Thus,
moderate to severe pulmonary hypertension was common in this group
of patients. Arterial PO2 was the principle correlate of pulmonary hyper-
tension. Finally, RV afterload as measured by PA pressure was a signifi-
cant predictor of RV function and the latter was a significant correlate
of cardiac output. These findings suggest that peripheral O2 delivery is
limited in part by RV function in these patients. It is unknown whether
peripheral O2 delivery is one determinant of exercise tolerance. One
cautionary note is that because the patients were preselected for sever-
ity, it is possible that all patients had a similar degree of loss of lung
function and obliteration of the pulmonary vascular bed. The lack of
correlation between PA pressure and indices of lung function could
have been owing to the narrow range of lung functions chosen. It is
possible that, just as in the animal studies, early destruction of the pul-
monary vascular bed leads to pulmonary hypertension on the basis of
obliteration, whereas once this occurs, hypoxemia becomes another
determinant of pulmonary pressures.

Effects of LVRS on Pulmonary Hemodynamics

LVRS is still in the developmental stage as a surgical technique to
treat emphysema. Although there is a modestly sized body of informa-
tion assessing its effect on pulmonary function, less is known about the
effects of LVRS on pulmonary hemodynamics. The disease itself may
result in pulmonary hypertension and most protocols have excluded
patients with elevated pulmonary pressures (80). To ascertain which
patients will benefit from a surgical approach, a means of predicting
maximum benefit must be determined.

On a mechanical basis, beneficial hemodynamic effects could stem
from decrease in PVR caused by relief of hypoxia or re-expansion of
compressed pulmonary vessels allowing recruitment of capillaries.
Likewise, increased venous return might lead to augmentation of RV
preload and, hence, cardiac output. However, the LVRS procedure could
also result in deformation of pulmonary vessels and removal of pulmo-
nary vascular tissue. Further, an increase in venous return might result
in an increase in PA pressure. Thus, the effects of LVRS are not easily
predictable. Furthermore, elevated pulmonary vascular pressures are
only one factor limiting exercise tolerance and producing symptoms. It
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might be that increased airflow rates and decreased lung volume at FRC,
with concomitant improvement in the function of the muscles of respi-
ration, lead to improved symptoms, even though RV afterload increases.
Finally, changes in RV afterload (PA pressure) could influence the
duration of symptom improvement.

To date, there are few studies addressing the effects of LVRS on pulmo-
nary hemodynamics. Sciurba et al. (81) demonstrated an increase in the
echocardiographically determined fractional change in RV area after LVRS,
suggesting an improvement in RV systolic function. These authors specu-
lated that there was a reduction in PVR and a decrease in RV afterload, but
this was not directly measured. The authors hypothesized that capillaries
compressed by hyperinflated alveoli may have been recruited after the
resection of pulmonary parenchyma. Alternatively, the capillaries may have
been recruited because of increased tethering of extra-alveolar vessels
associated with increased elastic recoil postoperatively (82).

Weg et al. (83) studied nine consecutive patients with emphysema
before and after bilateral LVRS. Significant increases (see Figs. 3 and
4) were noted in PA systolic, mean, and diastolic pressures. Patients
with the highest initial PA pressures demonstrated the greatest increase
in PA pressure 3 mo postoperatively. Regarding PVR, after surgery, the
mean change (208.6 + 86.8 preoperatively to 251.8 + 149.4 postopera-
tively) did not reach statistical significance. However, PVR increased
in six of the patients. These authors considered a potential relationship
between the pulmonary hemodynamics and the degree of symptoms
noted by the patients. Preoperatively, a correlation was noted between
PAS and the Mahler dyspnea index, demonstrating that the higher the
PA systolic pressure, the greater the dyspnea (Dyspnea score = 6.6–0.1 PA
systolic pressure, r = 0.81, p = 0.008). However, the degree of dyspnea
did not worsen as PA systolic pressure rose after surgery. There was also
no correlation between the resting cardiac output and dyspnea preopera-
tively, and between the change in cardiac output and change in dyspnea
with surgery. Indeed, the data showed resting cardiac output was not
predictive of changes in dyspnea.

Oswald-Mammoser et al. (84) also studied pulmonary hemodynamics
before and following LVRS. These authors did not find increased PA
pressures 3–12 mo following LVRS. The “respiratory swing” (large
variations in intrathoracic pressure) detected in the PA diastolic pres-
sure prior to LVRS was decreased after surgery. As these swings are
generated to compensate for altered lung mechanics, the narrowing of
the difference between pre-op and post-op levels suggests an improve-
ment in elastic recoil and less hyperinflation. However, without the
measurement of intrathoracic pressure, this conclusion remains tenu-
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ous, because swings in vascular pressure are influenced not only by
intrathoracic pressure but by vascular mechanics and hence intravascu-
lar transmural pressure as well. Although not measuring the inspiratory
swing in vascular pressures, Scharf et al. (82) did directly measure
esophageal pressure during tidal breathing in their subjects before and
following LVRS. There was essentially no significant change in the
inspiratory swing in esophageal pressure (-6.7 + 4.6 mmHg preop to -
5.7 + 2.9 mmHg 3 mo postop NS - previously unpublished data). This
occurred in spite of the fact that FEV1 had increased by approx 67%.
These data suggest that an improvement in lung mechanics may not be
accompanied by diminished swings in intrathoracic pressure as
measured by an esophageal balloon. One possibility is that the disease
is so heterogeneous that the assumption that pleural pressure swings are
uniform throughout the chest and are estimable from esophageal pres-

Fig. 3. Effect of LVRS on pulmonary arterial systolic (PA Systolic) and mean (PA
MEAN) pressure in nine patients with emphysema. From (80), with permission.
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sure is erroneous in severely obstructed patients. Another possibility is
that the increase in elastic recoil pressure occurring following LVRS
increased the work of breathing against elastic forces at the same time
that resistive work of breathing was decreased. However, no changes in
work of breathing or its components was recorded by Scharf et al. (82).

The reasons for the difference in findings between the studies of
Oswald-Mammoser et al. (84) and Weg et al. (83) are not clear. However,
the mean preoperative PA pressure for the patients studied by Oswald-
Mammoser et al. was less (17 mmHg) than for Weg et al (26 mmHg), and
the diffusion capacity was less (approx 25% predicted—unpublished data)
for the patients studied by Weg et al. than for the patients of Oswald-
Mammoser et al. (approx 50% predicted). Possibly, more severely reduced
CO diffusion capacity and greater initial PA pressure reflects greater
initial obliteration of the pulmonary vascular bed in the patients of Weg
et al. than those of Oswald-Mammoser et al. Taken together, these two
studies may indicate that LVRS does, in fact, reduce pulmonary vascular

Fig. 4. Effect of LVRS on PA diastolic (PA Diastolic) and PA occlusion pres-
sure (PAOP or “wedge”) in nine patients. From (80), with permission.
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surface area. However, this would only be reflected by increased postop-
erative PA pressure in patients in whom initial pulmonary vascular surface
area and pulmonary reserve was the most limited.

It is obvious that there are many seemingly contradictory data and
conclusions in the literature. This is the result of trying to piece together
a few small trials in highly selected patients using different selection
criteria and methods. It is hoped that the performance of large clinical
studies such as the NETT will provide a large enough and heterogeneous
enough population so that these seeming contradictions can be resolved.

Measurement of Pw in Emphysema and with LVRS
It has been demonstrated numerous times that with normal pulmo-

nary vasculature, Pw reflects left atrial pressure, and hence LV end-
diastolic pressure. There are a number of well-known situations where
these assumptions are not true (85). Additionally, the assumption that
the Pw reflects the left atrial pressure in the scarred, nonhomogeneous
lung characteristic of emphysema was challenged 30 yr ago. Jezek and
Herles (86) found differences in Pw in various sites of “wedging” in
patients with chronic obstructive pulmonary disease and pulmonary
fibrosis—differences that were not found in normal patients. The use of
Pw to measure left atrial pressure dates back to the study of Hellens et
al. (87) who wedged a PA catheter in normal subjects and found Pw to
equal left atrial pressure. Basically this is so because under normal
circumstances that pulmonary arteries are “end” arteries and once the
no-flow condition is established, there is no pressure gradient between
the wedged catheter and the pulmonary veins. However, if there are
branch points emptying flow distal to the wedged catheter, then this
assumption is no longer true and the Pw recorded will equal the branch
point pressure, not pulmonary venous pressure. In diseased lungs, there
are several levels of potential shunts that may open up. These include
systemic to pulmonary shunts (bronchopulmonary shunts) and pulmo-
nary arterio-venous shunts. In the case of a shunt, Pw would overesti-
mate true pulmonary venous pressure. In fact, earlier on, Herles (88)
discussed the contribution of these and other pressure sources to Pw. As
previously noted, Butler et al. (15) emphasized the role of lower lobe gas
trapping during exercise in COPD with an attendant rise in the pressure
in the cardiac fossa leading to increased pulmonary pressures. Thus, it
is to be expected that in severe emphysema, elevated resting Pw would
not be uncommon. Indeed, in the patients studied by Weg et al. (83), at
baseline, elevated (> 12 mmHg) Pw was measured in seven out of nine
patients. There was no consistent change in Pw following LVRS (see
Fig. 4). However, increased Pw did not reflect poor systolic LV function
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because LVEF in these patients was always normal. Thus, one of the
other causes for increased Pw, downstream pulmonary shunts or hyper-
inflation, was likely the cause of increased Pw.

CONCLUSIONS

Generalizations about the effects of emphysema on hemodynamics
must be made with caution. This is because of the variability of results
found in different studies, which, in turn, often stems from variability in
the definition, chronicity, and distribution of emphysematous changes
within the lung. However, it appears that severe emphysema is capable
of producing pulmonary hypertension in most patients, with limitation
of peripheral O2 delivery in some. This may be part of the reason for
exercise limitation in emphysema patients. Further, pulmonary hyper-
tension is likely to be a predictor of poor prognosis. In animal models
and some human studies, it appears that pulmonary hypertension can be
produced even if hypoxia is not a feature of the patient’s illness. On the
other hand, hypoxemia, if present, certainly will exacerbate the prob-
lem. Whereas pulmonary hypertension can be treated by lung transplan-
tation, the effects of LVRS on pulmonary hemodynamics are not well
known. The fact that different preliminary studies yield different results
suggests the need for extensive evaluation of the effects of LVRS on
pulmonary hemodynamics. Obviously, the opportunity to perform large-
scale studies of the effects of emphysema and LVRS on pulmonary
hemodynamic and cardiac function afforded by the NETT will add
greatly to our understanding of this important problem.
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INTRODUCTION

Radiologic evaluation has long been pivotal in the evaluation of the
patient with pulmonary emphysema. In the era of lung volume reduction
surgery (LVRS), thoracic imaging provides valuable information about
the extent of the disease, preoperative guidance for the surgeon, and
prediction of clinical and functional outcomes (1–7).

This chapter reviews pulmonary emphysema from the point of view
of the major imaging modalities (chest radiography, CT scans, nuclear
imaging, ultrasound, and MR imaging), each first in general terms, and
then specifically in the context of LVRS.
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CHEST RADIOGRAPHY

End-inspiratory posteroanterior and lateral chest X-rays (CXR) have
long been considered as insensitive, but specific, indicators of pulmonary
emphysema (8–14). The major CXR finding of pulmonary emphysema
relates to destruction of pulmonary parenchyma, as manifested by
changes in pulmonary parenchymal blood vessels. When the destruc-
tion of the lung is moderate to severe, peripheral pulmonary vessels
become sufficiently attenuated that a decrease in their number and cali-
ber is evident on CXR (see Fig. 1) (8–14). In regions of the lung where
pulmonary parenchymal destruction is absent or minimal, redistribu-
tion of pulmonary blood flow is found, which may enhance the CXR
observation of parenchymal vascular heterogeneity (4,8,12). However,
regions of mild emphysematous destruction of the lung usually appear
normal on CXR because the predominant patterns of parenchymal
destruction in pulmonary emphysema are multifocal and permeative.
Bullae, which are evident radiographically as thin-walled, air-contain-
ing, and nearly spherical regions of the lung, are seen on CXR in only
a minority of patients with pulmonary emphysema (8).

After Gough and Wentworth reported in 1949 the development of paper-
mounted thin sections of whole lung for examination by the naked eye (15),
correlations of radiologic and morbid anatomic findings in chronic bron-
chitis and emphysema were stimulated (16–18). However, false-positive
and false-negative interpretations, as well as inter- and intraobserver varia-
tion among radiologists have been features of a number of CXR studies
(9,13,16). Moreover, correlations of functional and CXR findings of pul-
monary emphysema show a considerable range of variation (4,11,14).

Increased lung volume, including a low, flat diaphragm and increased
anteroposterior diameter of the chest, is a common finding in severe
pulmonary emphysema, but these findings are usually only marginally
evident in patients with emphysema of mild-to-moderate severity (8,11).
In 1978, the eminent Canadian chest pathologist, W. M. Thurlbeck, and
the eminent British chest radiologist, George Simon, reported that in
severe pulmonary emphysema, CXR showed the right hemidiaphragm in
the midclavicular line at or below the sixth rib anteriorly in 95% of sub-
jects and at or below the seventh rib anteriorly in 55% of subjects (13). On
the other hand, “The level of the diaphragm, although low, is not as
important as its flattening” (12). For the diaphragm to be considered flat,
the convention is to draw an imaginary line on the lateral CXR between
the anterior and posterior ends of the diaphragm; if the maximum distance
of a line perpendicular to this imaginary line to the actual diaphragm is
less than 1.5 cm, then the diaphragm may be regarded as flat (10).
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Fig. 1. (this page and next 2 pages) Pulmonary emphysema in a 68-yr-old man.
(A) Posteroanterior chest radiograph shows severe pulmonary emphysema in
the upper-lung zones, as manifested by marked attenuation of upper-lung zone
vessels, combined with crowding (“compression”) of lower-lung zone vessels.
These signs correlate with favorable response to LVRS (4). Note that the trans-
verse diameter of the trachea is slightly decreased (“saber-sheath trachea”)
(24). CT scans at upper (B), middle (C), and lower (D) thoracic levels (slice
thickness, 5 mm) demonstrate attenuation of pulmonary vessels and ill-defined
lucent foci, severe in the upper zones (B), severe in the right mid-lung zone (C),
moderately severe in the left mid-lung zone (C), and mild in the lower-lung
zones (D). Also note”saber-sheath” configuration of the trachea (B). Immedi-
ately after LVRS, frontal chest radiograph (E) shows elevation of the dia-
phragm compared to preoperative hyperinflation (A).
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Fig. 1. (B)

Fig. 1. (C)

Fig. 1. (B)
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Fig. 1. (D)

Fig. 1. (E)



62 Austin et al.

The retrosternal space is defined (on lateral CXR) as the minimum
anteroposterior distance from the inner aspect of the body of the sternum
to the ascending aorta. Although this measurement may vary depending
on body habitus, a distance of 2.5 cm is the accepted upper limit of
normal in men (12–14). In order for this to be considered reliable,
however, the anterior margin of the ascending aorta must be clearly
identifiable (14). Simon noted that in emphysema, the retrosternal space
“often measures 3 to 5 cm,” but may be as small as “2.5 cm or less,” and
that the “retrosternal translucent zone also tends to extend down lower
in emphysema than in a normal person, often reaching within 1 to 2 cm
of the diaphragm in emphysema, whereas it is rarely lower than 3 cm in
a normal person” (8).

After reviewing these criteria involving chest wall and diaphragm,
Thurlbeck and Simon concluded in 1978 that the subjective finding of
“diminished or absent vascularity” remains the most important CXR
sign of pulmonary emphysema (13). Habitus affects the other CXR
criteria substantially, and this conclusion has remained generally
accepted over the last two decades.

Expiratory radiographs may also be obtained to assess motion of the
diaphragm and chest wall between inspiration and expiration. Normal
diaphragmatic excursion, however, ranges widely, from 2.5 to 8 cm
(19,20). Although vital capacity does not correlate closely with
diaphragmatic motion, the amplitude of diaphragmatic contractions is
inversely correlated with the severity of pulmonary emphysema (12).
As emphysema becomes severe, craniocaudal diaphragmatic motion is
often in the range of 0–3 cm (12).

Planimetric measurements of posteroanterior and lateral CXRs readily
allow computerized calculation of lung volume (21,22). Correlations among
spirometric, plethysmographic, and CXR measures of lung volume are
excellent (in the r=0.9 range), including CXR timed 1 s after initiation of
forced expiration from total lung capacity (FEV1 CXR ) (23). Narrowing
of the trachea in the coronal plane (“saber-sheath trachea”) (see Fig. 1A)
is another radiographic finding often associated with chronic obstructive
pulmonary disease, almost always in men over 50 yr of age (24). Mecha-
nisms of its development are unknown.

The distribution of pulmonary emphysema is almost always bilateral,
although it is often asymmetric. The characteristic upper-lung zone
predominance of centrilobular emphysema and lower-lung zone
predominance of panacinar emphysema can often be appreciated on
CXR, assuming that the disease is at least moderately severe (13).

Smokers are well known to show more rapid decline in measures of
pulmonary function than ex-smokers (25), but CXR data have also
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shown that patients with predominant upper-zone emphysema deterio-
rate functionally and symptomatically more rapidly than patients with
either generalized or predominant lower zone emphysema (25).

Pulmonary hypertension secondary to pulmonary emphysema is
commonly associated with severe hypoxemia (26). Radiographic
measurements of the caliber of the pulmonary artery and its major
subdivisions do show statistically significant correlations with mean
pulmonary artery pressure, but the data also show fairly wide scatter
(r in the range of 0.5–0.7) (26–28). The CXR prediction of the presence
of pulmonary hypertension in a patient with pulmonary emphysema is,
therefore, moderately accurate, but CXR analysis does not permit
prediction of specific pulmonary arterial pressures as a function of
specific central pulmonary arterial caliber.

Radiologists’ patterns of visual search in pulmonary emphysema also
include careful assessment of the spectrum of associated comorbid condi-
tions, specifically including pulmonary infection, carcinoma of the lung,
cardiomegaly, atherosclerotic calcification of the coronary arteries, and
dilatation and atherosclerotic calcification of the thoracic aorta.

Chest Radiography in LVRS Patients
At the outset of the modern LVRS era, so-called heterogeneity of

distribution of pulmonary emphysema was initially emphasized as a
predictor of successful surgical outcome (29). Four major CXR series
have subsequently supported that view (1,4,30,31). “Heterogeneity” refers
to a pattern of emphysema in which severely involved pulmonary paren-
chymal destruction is present in some regions, usually in the upper zones,
and minimal or no emphysema is present in other regions, usually in the
lower zones. The rationale for lung removal is to reduce thoracic disten-
tion and allow the chest wall and diaphragm to return to a more normal
configuration, improving lung recoil pressure and respiratory mechanics.
Removal of the most emphysematous portion of the lung reduces air
trapping and also may improve ventilation-perfusion matching” (1).

Radiographic levels of heterogeneity correlate with postoperative
functional (FEV1, arterial oxygen saturation, 6-min walk distance)
improvements, with Pearson correlation (r) coefficients in the range of
0.3–0.5 (p < 0.01) (1). Moreover, radiographic upper vs lower zone
radiographic emphysema scores correlate with post-LVRS improve-
ment of FEV1 (r values in the 0.5–0.7 range, p < 0.001) (1,4).

The University of Pennsylvania group reported in 1999 that what
they called “high disease heterogeneity” and “vascular crowding” (also
called “lung compression”) on CXR were each “100% predictive of a
favorable outcome (FEV1 increase, >30%)” after LVRS (4) (see Fig.
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1A). On the other hand, they reported that a lack of heterogeneity on
CXR was 94% predictive of an unfavorable outcome (postoperative
FEV1 increase <30%) and lack of lung compression was 92% predic-
tive of an unfavorable outcome (postoperative increase of FEV1 <
30%) after LVRS (4).

Because of its strong predictive value, “high disease heterogeneity”
in that study (4) is worth considering in further detail. The frontal CXR
was divided into three zones (upper, middle, lower) on each side, and
then, in turn, each of the six zones was divided into medial and lateral
subdivisions. The severity of emphysema in each of the 12 subdivisions
was assessed subjectively on a brief scale of 0–3, in which 0 = normal
lung, 1 = mild (estimated <25% emphysema), 2 = moderate (estimated
25%–75% emphysema), and 3 = severe (estimated >75% emphysema).
The “heterogeneity score” was simply the difference between the great-
est and least scores for all 12 subdivisions on the frontal CXR, i.e., 3 was
the maximum score for heterogeneity. When the heterogeneity score
was high (>2), all patients (n = 15) had a favorable outcome. When the
score was low (<1), 94% (16 of 17) subjects did poorly (i.e., postopera-
tive FEV1 increase <30%).

An even simpler system of assessing heterogeneity by CXR was
recently reported from Baylor (31). Each lung on the posteroanterior
CXR was divided by a horizontal line halfway between the apex and the
diaphragm, i.e., the two lungs become assessed as a total of four
quadrants. The severity of emphysema was assessed in each quadrant on
a 0–4 scale, in which a point was scored for each 25% of the quadrant
that appeared emphysematous, i.e., a score of 3 meant 75% of the quad-
rant was emphysematous. The sum of the two lowest scores was then
subtracted from the sum of the two highest scores, e.g., 8 was the index
number for most heterogeneity possible. Patients with an index of 0 or
1 “tended to stay the same or get worse” after LVRS (31).

Hyperinflation, i.e., a low flat diaphragm as shown by CXR, appears
not to be a strong predictor of a favorable response to LVRS (1,4,5,30)
(e.g., r = 0.25 for hyperinflation as a predictor of favorable outcome in
the Pennsylvania study). This result is entirely consistent with the result
that heterogeneity distinguishes the subgroup of emphysema patients
who will be responders to LVRS. Radiographic hyperinflation in severe
pulmonary emphysema correlates merely with increased lung volume,
but not with heterogeneous distribution.

Similarly, CXR in inspiration and expiration, which have only been
assessed before and after LVRS in two series from one center (32,33),
have not shown preoperative low diaphragmatic excursion as a predic-
tor of postoperative favorable outcome, even when controlled for upper
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lobe vs lower lobe heterogeneity. However, entirely as would be
expected, inspiratory CXR after LVRS does show decreases in antero-
posterior dimensions of the chest (34) and of height of the lungs (35)
(see Fig. 1E).

COMPUTERIZED TOMOGRAPHY (CT)

Computed tomography is a powerful tool for evaluation of pulmo-
nary emphysema (36–42). It provides an excellent anatomic display of
normal and abnormal pulmonary structures and is highly sensitive to
even minor pathologic changes. It is the best imaging modality for in
vivo diagnosis of pulmonary emphysema.

CT assessment of emphysema on 10-mm-thick sections shows excel-
lent correlation (r in the range of 0.8, p < 0.001) with airflow obstruction
(37). However, whether thick (10 mm) or thin (1–3 mm) sections are
employed, the limit of CT detection is zones of emphysema >4 mm diam-
eter (43). CT, and especially thin-section CT, can readily distinguish
among centrilobular, panacinar, bullous, and paraseptal emphysema when
those patterns present in characteristic fashion, but when these types mix
in patterns of severely permeative parenchymal destruction, then the
characterization of subtypes becomes much less important than the over-
all quantitative extent of the destructive process (40).

So-called high-resolution CT now refers to the combination of slice
thickness of usually 1 mm (3 mm maximum), small field of view, and
reconstruction using a bone algorithm. It is the optimal technique for the
demonstration of centrilobular emphysema by CT (40, 44) (see Fig. 2).

Expiratory CT has occasionally been employed in assessing pulmo-
nary emphysema (3,45). Nishimura et al. have found that expiratory
scans “appear to underemphasize the severity of emphysema,” but also
found that both inspiratory and expiratory CT appearances of emphy-
sema correlated comparably well with diffusion capacity and total lung
capacity (45). They also found no significant difference between 5-mm-
and 2-mm-thick scans in assessing emphysema (45).

The diagnosis of emphysema on CT is based on detection of regions
of distinctly lower attenuation than normal pulmonary parenchyma
(26,28–30,32,34) (see Figs. 1–3). These regions are the CT equivalent
of the CXR finding of regions of peripheral vascular deficiency.
However, CT is far more sensitive than CXR in detecting emphysema,
with a high degree of accuracy (CT-pathologic correlation coefficients
in the 0.7–0.9 range, p < 0.005) (43,46,47). Thus, when the diffusing
capacity is low in a dyspneic patient who has an unremarkable CXR and
normal FEV1, CT not infrequently will show emphysema (39).
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Thin-section CT frequently demonstrates centrilobular emphysema
as many small lucencies that are in centrilobular locations, usually
patchy in distribution, and predominantly in the upper lobes and superior
segments of lower lobes (see Fig. 2) (13,40,47). When severe, the
lucencies become confluent. Panlobular (panacinar) emphysema, which
characterizes |-1-antitrypsin deficiency, equally destroys all parts of
pulmonary lobules, and tends to involve preferentially the lower lobes
(13,40,48,49). Because panlobular emphysema involves lung in a “more
or less diffuse” manner (48), “. . . it is the most difficult form of
emphysema to recognize on CT” (49). Paraseptal emphysema, which is
also readily shown by CT, is peripheral and seen as rounded lucencies
that share very thin walls (40). The abnormally low attenuation of
pulmonary emphysema can be seen optimally at CT by use of low
window levels, e.g., levels centered in the range of -600 to -800
Hounsfield Units (HU).

Bullous emphysema is most commonly a complication of centrilobular
and paraseptal emphysema. By definition, a bulla is a sharply demarcated
lucent zone, has a thin (<1 mm) wall, and is at least 1 cm in diameter (50).
The term “giant bullous emphysema” refers to bullae that occupy at least

Fig. 2. Moderately severe centrilobular pulmonary emphysema in a 70-yr-old
woman (CT scan, slice thickness 1 mm), as manifested by many intralobular
rounded lucent regions.
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one-third of a hemithorax and are each on the order of 5–10 cm in
diameter (51). Giant bullous emphysema tends to be an asymmetric,
progressive disease of the upper lobes in cigarette-smoking men in their
middle years (51).

CT also permits quantitative analysis of the severity of pulmonary
emphysema, using a “density mask” technique, in which HUs of pixels
lower than a given threshold limit are considered emphysematous
(38,41,52). Various threshold numbers in the range of -900 HU to -950
HU have been used by different authors, but the generally accepted
value is -910 HU for end-inspiratory CT images (38,41,51).

Lung volume is readily and accurately quantifiable by CT (53).
Indeed, CT may now be used as a research tool in patients with pulmo-
nary emphysema to measure weight, tissue volume, and gas volume of
the lungs (54). Rib cage dimensions in hyperinflated subjects with severe
pulmonary emphysema can readily be assessed by CT. Cassart et al.
have shown that anteroposterior diameters of the chest in severe emphy-
sema are increased by 2–3 cm, but that transverse dimensions remain
normal, so that the cross-sectional shape of the thorax tends toward the
circular in this population (55). These investigators found the increased
anteroposterior dimensions especially marked in the lower portions of
the rib cage, suggesting that the diaphragm may be at a “greater
mechanical disadvantage than expected” (55).

CT also may be used to assess secondary pulmonary hypertension in
patients with pulmonary emphysema, by measurement of the caliber of
the main pulmonary artery. Diameter of the main pulmonary artery of
at least 29 mm has been described as 87% sensitive and 89% specific for
predicting pulmonary hypertension (mean pulmonary pressure of at
least 20 mmHg) in patients with parenchymal lung disease (56).

CT in LVRS Patients
The major role of chest CT in patients who are candidates for LVRS

is to confirm the diagnosis of at least moderately severe pulmonary
emphysema, as well as to evaluate any associated manifestations of
chronic obstructive airway disease, e.g., bronchiectasis, chronic
bronchitis, or respiratory bronchiolitis (57). Carcinoma of the lung,
which has a reported prevalence of 2–5% as Stage 1 disease in LVRS
candidates (32,58–61), also must be excluded.

CT assessment of the severity of pulmonary emphysema can be both
subjective and objective. The subjective analysis in current use in the
ongoing National Emphysema Treatment Trial (NETT) divides each lung
into upper, middle, and lower zones and then assigns a score of 0–4 to each
zone, so that the maximum possible severity score is 24 (see Fig. 3).
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Fig. 3.  (A) (see this page and next page)Diffuse severe pulmonary emphysema
in a 66-yr-old man. (A) Posteroanterior radiograph shows generalized and severe
attenuation of pulmonary vessels. The diaphragm is low and flat. CT scans at
upper (B), and middle (C), and lower thoracic (D) levels (slice thickness, 1 mm)
demonstrate widespread and severe replacement of normal lung architecture by
ill-defined focal lucencies.

Fig. 3. (B)
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Fig. 3. (C)

Fig. 3. (D)
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Scoring is based on the system of Eda et al. (62) and is by subjective visual
estimates, as follows: 0=no emphysema; 1=1%–25% emphysema;
2=26%–50% emphysema; 3=51%–75% emphysema; and 4=76%–100%
emphysema. Objective analysis will consist of assessment of the percent-
age of lung in which pixels < –910 HU are considered as representing
emphysema (38,41,50). As of this writing, no results of the NETT are yet
available.

CT quantitative analysis can employ inspiration and expiration
images to compare functional and CT findings. For example, Eda et al.
showed that the average CT numbers of each lung, when assessed as an
expiratory to inspiratory ratio, correlated with both FEV1 (% predicted)
and also with the ratio of residual volume to total lung capacity, i.e.,
expiration : inspiration CT attenuation levels may be used as a surrogate
for air trapping (2). Subjective visual scoring, on the other hand, corre-
lated best with diffusing capacity (% predicted), which may be used as
a surrogate for the presence and severity of regional distribution of
emphysema (2).

Increased vital capacity after LVRS has been shown at inspira-
tory : expiratory CT by investigators at Washington University. They
described the average CT lung volume after LVRS as decreasing from
7.5 L to 5.6 L (25% decrease) at inspiration and from 6.4 L to 3.8 L (41%
decrease) at expiration, i.e., “increased air movement between respira-
tory cycles”(2). Similarly, investigators at Columbia Presbyterian Medi-
cal Center have shown reduced air trapping after LVRS (10% decrease
of residual volume/total lung capacity per operated lung), by analysis of
inspiratory and expiratory CT scans (3).

CT quantitative analysis has also been used to assess the effects of both
unilateral and bilateral LVRS (3). Because the mediastinum may shift after
LVRS and the remaining lung may possibly expand after LVRS, the results
of Becker et al. employing inspiration and expiration CT before and after
LVRS, are of interest because they showed that “a lung’s response to LVRS
was independent from that of the contralateral lung” (3).

Heterogeneous distribution of pulmonary emphysema, as assessed
by CT, is associated with better post-LVRS results than is homogeneous
disease (3,7,63) (see Figs. 1 and 3), confirming the similar results of
CXR analysis of LVRS patients (1,4,5,30). In this manner, the thoracic
surgical group at University Hospital in Zürich, Switzerland, has
reported interesting results: when 50 consecutive LVRS patients were
divided by CT criteria into three groups (markedly, moderately, and
minimally heterogeneous emphysema), FEV1 increased at 3 mo post-
LVRS by 81%, 44%, and 34%, respectively (64). The authors concluded,
contrary to the findings of the University of Pennsylvania investigators
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(4), that “...even patients with homogeneous emphysema experienced a
considerable subjective and functional benefit” (64). However, the
distribution of pulmonary emphysema more in the upper halves of the
lungs than in the lower halves does appear to be a strong predictor of
functional improvement (FEV1, 6-min walk) after LVRS (30).

Combining thin-section CT and physiologic data as a screening tool
for LVRS has been suggested by Hunsaker et al. who reported an analy-
sis of 16 subjects with moderate to severe emphysema by CT criteria. In
this series, elevated inspiratory resistance (> 8.5 cm H2O/L/s) predicted
poor response to LVRS, whereas patients with inspiratory resistance < 8.5
cm H2O/L/s responded favorably (65). These results suggest that some
candidates for LVRS may have a component of fixed airway narrowing
that will not respond to surgical intervention.

Is CT necessary to assess the distribution of emphysema in the lungs
of LVRS candidates, compared to chest radiography? According to a
review of 174 consecutive patients at the University of Michigan, the
addition of CT to CXR analysis changed the ultimate assessment of dis-
tribution in 68 (39%) of the 174 patients (66). Recent data from Pittsburgh
and Vancouver show that when CT identifies regions of severe emphy-
sema, excision of these specific regions correlates with postoperative
reduction in total lung volume and postoperative improvement in cardiop-
ulmonary exercise performance (42). At the present juncture, however,
the ideal imaging regimen—whether CT, CXR, or both—for assessing
heterogeneity of emphysema, and for identifying optimal candidates for
targeted lung resections, has not been established (67).

NUCLEAR IMAGING
Perfusion scintigraphy is an excellent method for identifying regions

of decreased or absent pulmonary perfusion in patients with pulmonary
emphysema (68). Perfusion scintigraphy is a widely accepted preopera-
tive tool in the evaluation of patients with chronic obstructive pulmo-
nary disease (COPD) who require a major lung resection for malignant
disease (69). Ventilation scintigraphy may also be useful (68), but is
generally regarded is less useful than perfusion scintigraphy as a predic-
tor of postoperative status in emphysema patients who undergo pulmo-
nary resection (70).

Aerosol bolus dispersion is a test recently described to measure inhomo-
geneous distribution of ventilation (71). Its role, if any, in diagnosis and
management of pulmonary emphysema remains, however, to be defined.

Nuclear Imaging in LVRS Patients
According to Thurnheer et al., perfusion scintigraphy “may help to

identify target areas for resection” (6), but these same authors found
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better assessment of heterogeneity of emphysema by use of CT than
scintigraphy (6). Similarly, the Washington University group found that
perfusion scintigraphy “can provide modest prognostic information”
(70). Quantitative analysis of perfusion scans has shown that the lower
the ratio of perfusion in upper to lower halves of the lungs, the greater
the improvement in dyspnea severity and FEV1 after LVRS (72). A
recent multiinstitutional trial, however, has concluded that “perfusion
scanning is superfluous in the preoperative evaluation of patients with
emphysema for LVRS” (73).

Ventilation scintigraphy, to our knowledge, has been studied in only
one series of LVRS patients. Xenon-133 washout curves at Temple
University showed a biphasic pattern in 29 LVRS patients with severe
pulmonary emphysema (74). The rapid first phase reflected emptying of
large airways. The slow second phase was attributed to gas from small
airways. After LVRS, the slow-phase washout increased and signifi-
cantly correlated with increased FEV1, implying enhanced function of
small airways. This finding did not correlate anatomically with the sites
of lung resection, suggesting that LVRS improves function in both
operated and nonoperated regions of lung.

ULTRASOUND

Ultrasound can readily assess diaphragmatic contraction in vivo at the
level of the zone of apposition between the periphery of the diaphragm
and the thoracoabdominal wall (75). Surface echocardiography in patients
with severe pulmonary emphysema offers diagnostic advantages and limi-
tations (76). Echocardiography is a noninvasive means of assessing
biventricular systolic function, including an estimation of pulmonary
arterial pressure. It also allows evaluation of valvular heart disease, if
present. Because anteriorly hyperexpanded lung may block transmission
of sound waves, however, the quality of the images can be compromised.
This limitation has been reported in 1–20% of subjects (75–77).

Ultrasound Imaging in LVRS Patients
Standard surface echocardiography may be a useful test, but stress

echocardiography utilizing dobutamine may be even more valuable.
According to a recent study from the University of Michigan, dobutamine
stress echocardiography provided “excellent negative predictive value”
for both early and late adverse cardiac events (78). Four (9%) of the 46
patients in that series showed ischemic changes during testing (78). One
of these four patients developed an episode of pulmonary edema after LVRS
and two others had transient arrhythmias. No major cardiac complication
developed after LVRS in the 41 patients with a negative test (78).
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MAGNETIC RESONANCE (MR) IMAGING
Magnetic resonance imaging (MRI) has several disadvantages that

have made it unsuitable for the imaging of the pulmonary parenchyma
in emphysema. First, MRI has lower spatial resolution than CT, and the
direct dependence of signal amplitude on voxel size precludes the use
of very thin sections. In addition, because the lung is comprised prima-
rily of gas, the density of protons needed for conventional MRI is low.
Because standard spin-echo imaging sequences require imaging times
of several minutes, breath-hold imaging is not possible, and thus images
are further degraded by respiratory motion. However, the development
of fast-spin-echo and gradient-echo MRI techniques have overcome the
problems of respiratory motion in all but the most dyspneic patients.
MRI has thus proven most useful in imaging secondary effects of
pulmonary emphysema: chest wall and diaphragmatic motion.

Resulting from its ability to scan in sagittal and coronal planes, MRI
is ideally suited for evaluation of the diaphragm, which is difficult to
image in the axial plane. Paiva et al. reported in 1992 studies on dia-
phragmatic shape using MRI in normal subjects (79). Kenematsu et al.
(80) and Giarada et al. (81,82) used fast gradient echo images to study
diaphragmatic structure and motion, but both groups were unable to
image all portions of the diaphragm in all subjects because of limitations
in spatial resolution. Iwasawa et al. (83) used sequential fast MRI to
demonstrate paradoxical chest wall motion in emphysema patients, as
well as a “see-saw” motion of the diaphragm that they hypothesized was
secondary to pendelluft ventilation, i.e., ventilation of varying time-
constants in different regions of the lungs. Suga et al. (84) found that
emphysema patients had reduced, irregular, or asynchronous chest wall
and diaphragmatic motion, decreased amplitude of motions, and
decreased length of apposition between the lung and diaphragm.

In the past decade, studies have also been initiated on the use of MRI
in the evaluation of pulmonary perfusion. Kondo et al. (85) used velocity-
encoded cine MRI images to analyze pulmonary flow and flow patterns
in 10 patients with pulmonary hypertension, 5 of whom had emphysema.
Peak flow correlated with the results of Doppler echocardiography, and
patients with pulmonary hypertension had an inhomogeneous flow pro-
file with greater retrograde flow after middle-to-late systole, correlating
with elevated pulmonary vascular resistance. Silverman et al. (86)
studied 13 patients with emphysema, using phase contrast cine MRI
images, demonstrating high correlation between blood flow calculated
from MRI and perfusion as determined by radionuclide perfusion
scintigraphy. Berthezene et al. (87) used a dynamic gadolinium-
enhanced inversion recovery turbo FLASH sequence with ultrashort TE
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to evaluate perfusion in patients with emphysema and with suspected
pulmonary embolism, again showing good correlation between MRI
and scintigraphy (¥= 0.63), although correlation was better in the upper
lobes than in the lower lobes. These results suggest potential applicabil-
ity of this modality in choosing suitable candidates for LVRS and for
selecting regions of most severely diseased lung for resection.

Pulmonary ventilation has traditionally been evaluated via pulmo-
nary function testing and scintigraphic ventilation scans using inhaled
radionuclides. The use of MRI in the evaluation of pulmonary ventila-
tion was first reported in the mid-1990s. In 1994, Albert et al. (88) used
laser-polarized 129Xe as an MR contrast agent for pulmonary perfusion
imaging, and Middleton et al. (89) reported the use of 3He as a contrast
agent the next year. Edelman et al. (90) used inhaled molecular oxygen
as a contrast agent and were able to demonstrate ventilation defects in a
patient with bullous emphysema. Because scintigraphic ventilation
scans are limited to planar projection images, MR ventilation tech-
niques may offer improved spatial resolution and the ability to derive
three-dimensional ventilation maps. Hyperpolarized 3He imaging also
offers promise for the study of gas diffusion within the lung (91–93).

MRI in LVRS Patients
Investigations into the use of MRI in preoperative and postoperative

assessment of LVRS patients are only in an early stage. The potential
use of MRI is intriguing, as no other technique alone can provide such
a broad range of structural and functional data about the lungs, chest
wall, diaphragm, heart, and pulmonary vasculature.

Several groups have used MRI to study respiratory mechanics in LVRS
patients. Gierada et al. found that lung volumes calculated from fast-
gradient echo breath-hold MRI were comparable to those derived from
CT, but differed from those of plethysmography, and that the changes in
thoracic dimensions after LVRS were consistent with improved respira-
tory mechanics (94). Fujimoto et al. (95) found that thoracic movement
was significantly increased after LVRS, as assessed on sagittal dynamic
MRI at full inspiration and expiration, and that these changes correlated
with decreased dyspnea and increased FEV1. Suga et al. (84) showed
significantly improved amplitude of diaphragmatic and chest wall motion
and increased length of apposition of the diaphragm after LVRS.

The use of MRI perfusion imaging in the preoperative evaluation of
emphysema patients is still undergoing preliminary investigation
(96,97). MR ventilation imaging before LVRS is also an area of active
investigation, with hyperpolarized 3He the ventilation agent of choice
due to its greater magnetic movement than 129Xe, slower depolariza-
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tion, and lack of absorption (93). DeLange et al. calculated MR venti-
lation/perfusion ratios as the ratio of signal on 3He to conventional
proton MRI and found the results correlated with functional measure-
ments, although only one patient was imaged both before and after
LVRS (97). However, until added value for MRI over more conven-
tional and less expensive imaging techniques can be demonstrated, MRI
is likely to remain experimental in the evaluation of LVRS patients.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a disease process
characterized by the presence of airflow obstruction secondary to
emphysema or chronic bronchitis. It is this airflow obstruction that is the
main culprit for the various symptoms manisfested by COPD patients.
Consequently, one of the main objectives of medical treatment in COPD is
to reduce airflow obstruction, which may be accompanied by airway hyper-
reactivity and, therefore, be partially reversible. Thus, bronchodilators are
employed in the treatment of COPD. Furthermore, smoking cessation is the
only currently available intervention that may slow progression of this
disease. Besides pharmacotherapy, other medical treatments, such as
oxygen therapy and pulmonary rehabilitation, have been proven to be
beneficial to patients with COPD. Prevention and treatment of infection
also plays an important role in reducing the frequency of acute exacerba-
tions in these patients. Emphysema and chronic bronchitis usually
coexist to different degrees in COPD patients (1). Pharmacologic treat-
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ment of airflow obstruction is less effective in emphysema. This is
because airflow limitation as a result of loss of elastic recoil in
emphysema is irreversible. Because of the lack of effective medical
therapy in severe emphysema, surgical interventions, such as lung
volume reduction surgery (LVRS) and lung transplantation, are being
explored as alternative treatment options in selected cases. Still, much
can be done for most COPD patients by employing appropriate medical
management techniques.

DIAGNOSIS OF COPD

In addition to a careful history and physical examination, spirometry
and arterial blood gas measurements play an important role in the man-
agement of COPD. They not only help establish the diagnosis and assess
the severity of the disease, but are also useful for monitoring the course
of the disease. In addition, these objective measurements help suggest
prognosis and guide medical therapy for these patients. In complex
cases, more comprehensive pulmonary function testing, such as mea-
surement of lung volumes and diffusing capacity (DLCO), as well as
cardiopulmonary exercise testing, may be necessary. A chest radio-
graph should be done in all patients with symptoms of COPD to rule out
other disease processes that can cause similar symptoms. Although most
patients will not require a CT scan of the chest to establish the diagnosis of
COPD, it provides a quantitative assessment of the degree of emphysema.

MEDICAL THERAPY OF COPD

The major goals in the management of patients with COPD are as
follows:

1. To lessen or stop the rate of progression of the disease.
2. To decrease airflow limitation.
3. To prevent and shorten exacerbations of the disease.
4. To improve respiratory symptoms, exercise capacity, and quality of life.
5. To prolong survival.

There are a number of medical therapies available once a patient is
diagnosed with COPD. These are discussed individually in the sections
that follow.

Patient Education and Smoking Cessation
Patient education is an important part in the management of COPD.

The patient should be educated about the disease and encouraged to take
an active role in its management (2). Cigarette smoking is the most
significant cofactor in the etiology of COPD. Consequently, cessation
of smoking is the single most important therapeutic intervention in the
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management of COPD patients. This can reduce the progressive reduc-
tion in FEV1 in smokers with established COPD (3). Moreover, it is the
only therapeutic intervention that can lessen or stop the rate of progres-
sion of COPD. Smoking cessation can be achieved by patients with the
advice and support of their physician. If this is unsuccessful, other
methods should be attempted, including nicotine replacement (in the
forms of gum, transdermal patch, spray, or inhaler), bupropion, and/or
professional counseling. Smoking cessation is crucial in the manage-
ment of all stages of COPD, and patients should be encouraged to quit
as soon as possible. It has been documented that mild pulmonary func-
tion abnormalities are completely reversible in smokers who have been
smoking for a relatively short duration (4).

Pharmacotherapy
Pharmacologic management of patients with COPD is mainly aimed

at symptom relief, and thus at improving quality of life. Pharmaco-
therapy is directed against the reversible components of airway obstruc-
tion, namely, airway secretion, mucosal edema and congestion, cellular
infiltration and inflammation, and bronchial smooth muscle spasm. By
doing so, it decreases airflow limitation. In the management of these
patients, it is important to remember that there is no pharmacologic
treatment for the component of airway obstruction resulting from a loss
of elastic recoil in emphysema. There are various potentially useful
pharmacologic agents available in different preparations (see Table 1).

BRONCHODILATORS

Available bronchodilator agents include sympathomimetic drugs
(}-agonists), anticholinergic agents, and theophylline. There is ample
evidence supporting the usefulness of these agents in relieving the
symptoms associated with COPD. Failure to respond to a single dose
of bronchodilator on initial spirometric testing does not signify fixed
airway obstruction (5). It is also important to recognize that long-term
bronchodilator therapy does not alter the natural history of COPD (3).

SYMPATHOMIMETIC DRUGS

Sympathomimetic agents have been the mainstays of treatment for
COPD. }-2 agonists, with fewer cardiac side effects, are the drugs of
choice. Because of their rapid onset of action, they are preferred in
treating acute bronchospasm. }-agonists have physiologic effects other
than bronchodilation that may help patients with COPD. It has been
shown that they enhance mucus clearance (6) and may improve endur-
ance of fatigued respiratory muscles. }-agonists are available in the
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following preparations: aerosol or dry powder via metered-dose inhaler
(MDI), solution delivered by nebulizer, oral, and injectable prepara-
tions. The inhaled route of administration is preferred in order to maxi-
mize beneficial effects and minimize systemic adverse effects. Oral
preparations should be avoided because of the high incidence of side
effects, unless other modes of administration are impossible. Obtaining
the maximal benefit from an aerosol MDI requires the proper use of the
device. It is imperative that proper techniques be demonstrated to the
patient. If necessary, a spacer can be employed. The dry powder inhaler
is breath-activated, and therefore, no hand-breath coordination is
required for its use.

ANTICHOLINERGIC AGENTS

Anticholinergic agents are effective bronchodilators in the treatment
of COPD. Ipratropium bromide is a synthetic derivative of atropine
given by inhalation. However, unlike atropine, it is free of anticholin-
ergic side effects, because it is not absorbed from the airway. Its
bronchodilation effect is thought to be a result of inhibition of cholin-
ergically mediated bronchomotor tone. It has a slower onset and longer
duration of action when compared to }-agonists. Ipratropium bromide does
not significantly affect mucus production or its clearance from the air-
way. Ipratropium is available in MDI and nebulized solution. The rec-
ommended dose is 2 puffs 4-times/d (each puff contains 18 mcg).
However, the drug is well tolerated in much higher doses, and therefore
even up to 6 puffs 4 times/d can be given. Tachyphylaxis to ipratropium
has not been demonstrated—its efficacy is not blunted with chronic use
(7). A long-acting anticholinergic agent, tiotropium bromide, may be
available in the near future.

Table 1
Pharmacotherapy in COPD

Bronchodilators

Sympathomimetic: }-agonist
(Aerosol or dry powder MDI, neubulized solution, oral
preparation,injectable)
Anticholinergic: Ipratroprium bromide
(MDI, nebulized solution)
Theophylline

Corticosteroids

Systemic aerosol or dry powder MDI
Oral-inhaled nebulized solution
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It is controversial whether a }-agonist or ipratropium is the drug of
choice for the initial treatment of COPD. However, because of its many
advantages (fewer cardiac side effects, greater effectiveness, longer act-
ing, less sputum production without altering its viscosity), ipratropium is
considered by many as the first-line therapy in COPD (5). Because of their
different mechanisms, sites, and duration of action, combination therapy
with }-agonists and ipratropium may be beneficial. Studies have demon-
strated that there is better response with combination therapy than either
drug alone, without the risk of increased side effects.

THEOPHYLLINE

Although the use of theophylline in the treatment of COPD is contro-
versial, mainly because of its narrow therapeutic index, several studies
have shown that theophylline provides clear benefits to patients with
COPD (8). When used appropriately, theophylline remains a useful
drug in the management of COPD. In addition to its bronchodilating
effects, theophylline also enhances mucociliary clearance (9), reduces
pulmonary vascular resistance (10), and stimulates central respiratory
drive (11). The ability of theophylline to increase diaphragmatic strength
and endurance in COPD is debatable. Combination therapy, with
theophylline plus a }-agonist or anticholinergic drug, produces more
bronchodilation than either drug alone. Recognizing its potential toxic-
ity, patients should be treated with lower dosage of theophylline, aiming
for serum levels of 8–12 µg/mL. A number of slow-release long-acting
anhydrous theophylline preparations are currently available.

CORTICOSTEROIDS

Both systemic and oral inhaled corticosteroids have been proven to
be effective and beneficial in the treatment of bronchial asthma.
However, despite years of study and use, their efficacy in COPD is still
controversial, especially because of the potentially serious side effects
of systemic corticosteroids. One of the rationales for the use of corticos-
teroids is the possible role of inflammation in the pathophysiology of
COPD. Studies have shown objective and significant improvement in
airway obstruction as determined by pulmonary function testing in some
patients receiving corticosteroids (12,13). It has also been suggested
that improvement in FEV1 after }-agonist therapy may predict response
to corticosteroids (12); but specificity is low. Even though the presence
of emphysema does not preclude a response to corticosteroids, its inju-
dicious use is discouraged, particularly in patients with predominantly
emphysematous disease. Special attention must be paid when using
systemic corticosteroids in this situation. It also appears that the degree
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of responsiveness to corticosteroids is dose dependent, and not an all-
or-none phenomenon.

In COPD patients who are doing poorly despite adherence to an
optimal bronchodilator regimen, a trial of corticosteroids is warranted.
A dose of 40 mg of prednisone (0.5 to 1.0 mg/kg) per day can be given
after baseline pulmonary function tests are obtained. If there is no
improvement in the FEV1 after 2–3 wk while on corticosteroids, the
medication should be discontinued. If it is helpful, the drug should be
tapered to the lowest dose that will sustain the improvement. The aim
is to use the smallest effective dose of corticosteroids to minimize any
potential adverse effects. An alternate day regimen should be consid-
ered in steroid-dependent patients.

The use of oral-inhaled corticosteroids is an attractive option for
treatment of COPD because of a superior safety profile and high topical
potency. These agents are frequently used in an attempt to reduce the
dose of systemic corticosteroids. However, most published studies have
shown that oral-inhaled corticosteroids are less effective than systemic
corticosteroids in relieving airflow limitation and symptoms (14).
Whereas some studies have shown little or no improvement with short-
term treatment, there are reports showing definitive improvement in
airflow obstruction, airway inflammation, and symptoms with oral-
inhaled corticosteroids in COPD (15,16). The recent  Lung Health Study
reported that oral-inhaled corticosteroids do reduce the use of health
care service for respiratory problems, and improve airway reactivity
and respiratory symptoms in patients with COPD. But they do not slow
the rate of decline in FEV1 in these patients (17).

A therapeutic trial of oral-inhaled corticosteroids is reasonable in
COPD patients who are symptomatic on optimal bronchodilator therapy.
Assessment of improvement with treatment should be performed. Long-
term chronic use of oral-inhaled corticosteroids should be prescribed
only if there is evidence of clinical benefit in the individual patient. It
is important to remind patients to rinse their mouths after inhaler use to
decrease the risk of oral candidiasis and hoarseness. As with any MDI,
proper techniques, including the employment of a spacer, is paramount
to get the full benefit of the medication.

Control of Airway Secretions
Increased airway mucus production significantly contributes to the

symptomatology of COPD patients. Controlling and clearing of excessive
airway secretions decreases airflow limitation and thus improves symp-
toms. It is an important part of the overall medical management of
COPD, but it is frequently overlooked. The most effective means of
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diminishing airway secretion is the avoidance of inhaled irritants, the
most important of which is cigarette smoking. Use of air conditioners
and air cleaners may also help reduce the effects of environmental air
pollution. Various forms of chest physiotherapy are also effective in the
mobilization and clearance of airway secretions. These techniques
include proper controlled coughing, postural drainage, chest wall
percussion, and vibration. Mucus clearance devices, such as the Flutter
device and vibration vest, may be helpful (18). There are also several
mucoactive or mucolytic agents available to help diminish or clear air-
way secretions in patients with COPD.

EXPECTORANTS AND IODIDE PREPARATIONS

Oral expectorants, such as guaifenesin and glyceryl guaiacolate, have
been shown to provide little or no benefit to COPD patients (19). Iodide
preparation, such as SSKI (saturated solution of potassium iodide), may
be effective. This agent acts by decreasing the viscosity of mucus, facili-
tating the breakdown of proteins, and enhancing the rate of ciliary beat-
ing. The usual dose is 0.3–0.6 cc in a glassful of juice or water 4 times/
d. Long-term use should be avoided because of its potential side effects.

}-AGONISTS

In addition to their bronchodilator properties, }-agonists have been
shown to increase tracheobronchial mucociliary clearance, presumably
by increasing ciliary beat frequency.

THEOPHYLLINE

As aforementioned, theophylline has also been shown to increase
tracheobronchial mucociliary clearance.

ACETYLCYSTEINE

N-acetyl-L-cysteine breaks the disulfide bonds of mucoproteins. It
liquefies and lowers the viscosity of mucus, and is given in 10–20%
solution by nebulizer. It can cause bronchospasm, so it is usually given
in combination with a }-agonist. Acetylcysteine can decrease the volume
and viscosity of sputum.

PROSTAGLANDIN INHIBITORS

Bronchorrhea may be controlled by blocking the cyclooxygenase
pathway using inhaled indomethacin (20). This is because airway secre-
tion may partially depend on endogenous prostaglandins.

ANTIBIOTICS

When increased airway secretion production is a result of an active bacte-
rial infection, antibiotics should be used to combat the acute exacerbation.
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There is some evidence that erythromycin and macrolide antibiotics may
reduce mucus secretion independent of their antimicrobial activity (21).

MISCELLANEOUS AGENTS

Various other medications, such as surfactant and recombinant human
DNase have been suggested as mucolytic agents for COPD, but they are
either not definitively beneficial or not readily available. In general,
cough suppressants should be used cautiously to avoid impairing the
clearance of secretions.

Prevention and Treatment of Infection
Prevention and early treatment of respiratory infections may help

decrease the frequency, duration, and severity of acute exacerbations of
COPD. Influenza vaccination should be performed annually in all
patients, for it has been shown that it reduces morbidity and mortality
during influenza seasons. Amantadine or rimantadine can be used for
prophylaxis for those patients who are not immunized but are at high
risk of contracting influenza, or for treatment of influenza A. A new
class of antiviral agents, called neuraminidase inhibitors, has recently
become available for the treatment of acute influenza A and B. These
agents are available either as a pill (oseltamivir) or by inhalation
(zanamivir). Clinical trials have shown that the neuraminidase inhibi-
tors reduce the duration of both influenza A and B infection without
significant side effects.

The efficacy of pneumococcal vaccine in preventing or reducing
serious pneumococcal infections in patients with COPD remains
controversial. Nonetheless, it is recommended for all COPD patients.
Revaccination every 6–7 yr is recommended for asplenic patients or
those at risk for a rapid decline in antibody levels (22).

Most acute exacerbations of COPD are probably because of nonbac-
terial infections. Yet, empiric treatment with antibiotics has been shown
to speed recovery and to shorten the duration of exacerbations caused by
respiratory infection. Sputum gram staining, but not culture, may be
helpful in the management of these presumed infections with antibiot-
ics. Chronic prophylactic antibiotic use is usually not beneficial or
indicated in COPD patients. However, this option can be considered in
those patients who have demonstrated unusually frequent acute exacer-
bations secondary to recurrent infection.

|-1 Protease Inhibitor Replacement
|-1-antitrypsin deficiency leads to early development of pulmonary

emphysema, together with liver disease. Replacement therapy or
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augmentation therapy is available, aiming at preventing the progression
of pulmonary emphysema. The only form of augmentation therapy
currently available is intravenous infusion of pooled human |-1
antiprotease. The goal is to raise the plasma level above the protective
threshold of 11 µmol/L. The treatment appears to be safe and effective, but
expensive. Recombinant DNA-produced |-1 antiprotease, aerosolized
delivery of the enzymes, and gene therapy are all under active investigation.

Long-Term Supplemental Oxygen Therapy
Studies have confirmed the benefits of long-term oxygen therapy in

the management of patients with severe COPD (23,24). It is the only
therapy that increases the survival in hypoxemic patients with COPD,
in addition to improving their symptoms and quality of life. The benefits
of oxygen supplementation are proportional to the extent of use. That is,
for patients who are oxygen-dependent, using the oxygen 24 h/d  confers
greater benefit than using it for 12 h/d.

Long-term oxygen therapy should be prescribed to patients, who,
while breathing room air, have an arterial PO2 (PaO2) of 55 mm Hg or
less, or an arterial oxygen saturation (SaO2) of 88% or less (see Table
2). This could be at resting state, during exercise or during sleep. Oxygen
supplementation is also indicated when the resting PaO2 is between 56
and 59 mmHg or SaO2 is 89%, with evidence of erythrocytosis (hema-
tocrit greater than 56%), cor pulmonale, or right-sided heart failure. In
addition, oxygen supplementation should be used during sleep when
there is a drop of more than 10 mmHg in PaO2 or 5% in SaO2, in the
presence of symptoms and signs of hypoxemia, such as impaired
cognitive function, restlessness, or insomnia. Continuous oxygen
therapy is not justified if hypoxemia is not present during awake hours
or at rest, even though there is hypoxemia during sleep or exercise,
which can be corrected by oxygen use during sleep or exercise only.

Many advances have been made recently in the various modes and
systems of oxygen delivery. The most frequently used route to deliver
oxygen is by nasal cannula at a flow rate to maintain a PaO2 of 60 to 75
mmHg (SaO2 of 90% or higher). It is a common practice to increase the
resting oxygen flow rate by 1 L/min during sleep and exercise because
of worsening of hypoxemia during these periods. But, titration of the
oxygen dose required to maintain an adequate oxygen saturation during
these periods should be performed.

STATIONARY SYSTEMS

Oxygen concentrators are the most commonly used stationary oxygen
delivery systems, replacing the large compressed gas cylinders that are
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being used only as back-up units. They are electrically powered and
provide an oxygen supply up to a flow rate of 4–6 L/min via a molecular
sieve that separates nitrogen from oxygen in the air. Therefore, in the
absence of power failure, these units provide an endless supply of oxygen.

Liquid oxygen (in canister form) is another stationary oxygen deliv-
ery system. However, these canisters need to be refilled frequently. One
advantage is that smaller ambulatory units can be filled safely by the
patient from the stationary unit.

PORTABLE SYSTEMS

These are usually steel tanks that weigh more than 10 lb. They are
designed to be transportable on wheels and allow some degree of mobility.
However, they are heavy and not easily carried or maneuvered by patients.
There are portable oxygen concentrators that can be operated on recharge-
able or car batteries and are thus useful for car travel away from home.

AMBULATORY SYSTEMS

These are systems that weigh less than 10 lb. They are designed to be
easily carried by patients. These systems allow patients to be more mobile
and active, and greatly improve their quality of life. In conjunction with
an oxygen-conserving device, such as a demand oxygen delivery system
or a reservoir pendant, each unit in these systems can last much longer
(approx 8 h at 2 L/min). These systems include the ambulatory liquid
system and the newest technological systems that make use of the light-
weight aluminum or fiber-wrapped aluminum high-pressure cylinders.

Table 2
Indications for Long-Term Oxygen Therapy

in COPD

At Rest (room air)

PaO2 = or < 55 mmHg; or SaO2 = or < 88%
PaO2 = 56–59 mmHg; or SaO2 = 89%; with:

hematocrit > 56%, or
cor pulmonale, or
right heart failure

During Exercise (room air)

PaO2 = or < 55 mmHg; or SaO2 = or < 88%

During Sleep (room air)

PaO2 = or < 55 mmHg; or SaO2 = or < 88%
PaO2 drop > 10 mmHg; or SaO2 drop > 5%; with

symptoms and signs of hypoxemia
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TRANSTRACHEAL OXYGEN THERAPY

Transtracheal oxygen therapy appears to provide more advantages
than oxygen therapy by nasal cannula (25). One of the advantages is
improved compliance. It provides obligatory 24-h oxygen therapy
everyday, thus resulting in better improvement clinically and physi-
ologically. It may also correct severe hypoxemia in COPD patients who
remain hypoxemic despite high-flow oxygen therapy by nasal cannula.
It is also aesthetically more pleasing. The disadvantages are that it is
more invasive and may have complications relating to the insertion of
the catheter or its maintenance.
AIR TRAVEL WITH OXYGEN

COPD patients on continuous oxygen therapy require higher oxygen
supplementation during air travel to prevent arterial oxygen desaturation.
As a general rule, the oxygen flow rate via nasal cannula while traveling
in an airplane can be increased to 1.5 times that at sea level.

Pulmonary Rehabilitation
Pulmonary rehabilitation is covered in more detail in Chapter 6. It

should be pointed out that pulmonary rehabilitation is an important and
essential component of the comprehensive care of patients with severe
COPD (26). It attempts to get patients back to their best possible func-
tional capacity. Many studies have confirmed the overall usefulness of
a comprehensive pulmonary rehabilitation program. The benefits
include improvement in dyspnea, exercise endurance, and quality of life
(27). It may also decrease the rate of repeated hospitalization and total
hospital days. Notwithstanding these important benefits, pulmonary
rehabilitation does not usually improve lung function.

There are certain components of pulmonary rehabilitation that spe-
cifically benefit COPD patients. Exercise conditioning, utilizing both
general exercises and exercises of the lower and upper extremities, is
the single-most important component in this respect. Controlled breath-
ing techniques, such as pursed-lip breathing, are of value in reducing
dyspnea and anxiety. Patient education and psychological support are
additional components of pulmonary rehabilitation regimens that con-
tribute to the overall beneficial effects of this therapy. Despite the salu-
tary effects of pulmonary rehabilitation, gains in conditioning quickly
dissipate if the exercise program is discontinued. Therefore, it is impor-
tant for patients to continue their exercise program at home after they
finish the formal pulmonary rehabilitation program.

Nutritional Support
A significant number of patients with severe COPD suffer from mal-

nutrition. Studies have shown that these patients are at an increased mor-
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tality risk. Malnutrition and reduced body weight are associated with
respiratory muscle wasting and weakness, impaired respiratory muscle
function, and reduction of maximal exercise capacity. Increase in body
weight in these patients appears to improve their muscle strength. Even
though there is no convincing evidence that nutritional supplementation
is directly beneficial in these patients, nutritional supplementation to
increase calorie intake is recommended in malnourished patients with
advanced COPD. The preferred method of nutritional support is via the
oral or enteral route. Dietary counseling may be of help.

Miscellaneous Forms of Therapy
There are a few miscellaneous forms of medical treatment that are

available for selected patients with COPD.

RESPIRATORY STIMULANTS

The use of analeptic agents, such as acetazolamide and medroxy-
progesterone, to increase ventilation in COPD patients with hypercap-
nia are of doubtful value. They are not currently recommended.
PSYCHOACTIVE AGENTS

Patients with severe COPD frequently have psychosocial and emo-
tional problems related to their disease. They frequently suffer from anxi-
ety and depression, as well as other manifestations of psychiatric
dysfunction. In addition to psychosocial support, careful use of psycho-
active medications, such as anxiolytics and antidepressants, may be help-
ful in the overall care of these patients.

DRUG TREATMENT FOR DYSPNEA

For patients who have severe intolerable dyspnea, and are unrespon-
sive to other treatment, opiates, such as hydrocodone and morphine, may
improve their symptoms (28). These agents must be used with great care
because of their potential side effects.

ANTIOXIDANT THERAPY

Lung damage from oxidants has been proposed as a mechanism for the
development of COPD. There are reports suggesting the use of antioxi-
dants, such as vitamin C, vitamin E, and }-carotene, for lung protection
and treatment of this disease (29). Further studies and additional evidence
are required before these are routinely recommended.
NONINVASIVE VENTILATORY SUPPORT

There are two types of noninvasive ventilatory support available for
the treatment of acute and chronic respiratory failure in selected patients.
The negative ventilation type includes the iron lung, cuirass, and poncho
wrap. Iron lungs are largely unavailable. The other type is intermittent
positive-pressure ventilation by nasal mask (BiPAP). Results of differ-
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ent studies of both types of noninvasive ventilation in chronic COPD are
mixed. More studies are needed to evaluate their role in the treatment of
chronic stable COPD.

MANAGEMENT OF ACUTE EXACERBATIONS

During an acute exacerbation, COPD patients suffer from acute wors-
ening of their symptoms and pulmonary function. Acute exacerbations of
COPD are usually precipitated by a respiratory infection or acute bron-
chospasm. Depending on the severity of the exacerbation the patient can
be treated as an outpatient or inpatient. Indications for hospitalization
include acute respiratory acidosis, worsening of hypoxemia, or coexisting
comorbid conditions (30). The objectives in the management of acute
exacerbation in these patients are:

• Identifying and treating the precipitating event of the acute exacerbation.
• Optimizing pulmonary function.
• Providing adequate oxygenation.

Respiratory infection, either bacterial or viral, is the most common
cause of acute exacerbation. If there is evidence of an infection, such as
purulent sputum or increased sputum volume, antibiotics should be used.
Antibiotics in such situations improve lung function and shorten the
duration of exacerbations. Bronchodilators, either by MDI or nebulizer
should be administered. Nebulizers may be more effective in patients
whose pulmonary function is so severely compromised that they may not
be able to use MDI. A short course of oral or parenteral corticosteroids
may also be used in the treatment of an acute exacerbation. In patients with
increased secretions, mucolytic agents and chest physiotherapy may be
helpful, but this is controversial (30). Oxygen supplementation is impor-
tant in hypoxemic patients to achieve a PaO2 of at least 60 mmHg, with
careful monitoring of the pH and PaCO2 level. For patients with severe
acute respiratory failure during an acute exacerbation, mechanical venti-
latory support may be needed. Recent studies have shown that the early
use of noninvasive positive pressure ventilation may be effective in avoid-
ing intubation (31). In carefully selected patients, this mode of ventilatory
support may be attempted prior to intubation.

SUMMARY OF GENERAL APPROACH TO MEDICAL
MANAGEMENT OF COPD

After the diagnosis of COPD is established, education about the disease
should be undertaken, so that the patient has a better understanding of the
illness and can take an active role in its management. Smoking cessation
should be emphasized and demanded. Pharmacotherapy is recom-
mended in patients who are symptomatic. It should be instituted in a
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stepwise fashion according to the severity of symptoms and airway
obstruction. In mild disease with only intermittent symptoms, inhaled
}-agonists can be used on an as-needed basis. If the symptoms are more
persistent, inhaled ipratropium bromide should be added on a regular
basis. In more advanced disease stages with increasing symptoms,
progressive addition of inhaled }-agonists (used on a regular basis or as
long-acting preparations) and theophylline may be helpful. Dosage of
these medications should be adjusted to minimize side effects. With
severe disease and continued symptoms, a trial of inhaled or systemic
corticosteroids is indicated.

During acute exacerbations, a short course of high-dose corticosteroids
should be considered. Long-term systemic corticosteroids should only be
used in the sickest patients who fail to respond to all other therapy and have
shown objective improvement with this therapy. Antibiotics should be used
early when a respiratory infection develops, and influenza and pneumo-
coccal vaccines should be given routinely to all COPD patients.

If excessive secretions are present, measures to mobilize them, such
as chest physiotherapy, can be instituted. Long-term oxygen therapy is
indicated in COPD patients with hypoxemia. A pulmonary rehabilita-
tion program is indicated in those patients who remain symptomatic and
are restricted in their daily activities despite maximal pharmacotherapy
and other treatment for their disease. Close attention to psychosocial
problems and their appropriate treatment is also important in the overall
medical management of patients with COPD.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is the fourth most
frequent cause of death in the United States, with an estimated national
prevalence of 14 to 20 million persons (1). Chronic disability caused by
COPD ranks second only to cardiac disease in payments from Social
Security for chronic disability. Most COPD is a result of chronic expo-
sure to cigarette smoke, and 15% of all smokers will progress to COPD
(2). Most smokers who develop COPD have a history of smoking for 20
or more pack years. Because of the major role of smoking, counseling
and smoking cessation should be considered an integral part of any
pulmonary rehabilitation program.

Pulmonary rehabilitation in patients with COPD is a comprehensive
modality that employs a multifaceted approach to treatment. The focus
of the rehabilitation program is to alleviate the physiological effects of
the disease process, as well as to help decrease the psychosocial effects
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of the illness on the individual. As an approach that addresses the
disabling aspects of the disease process, the impact of the illness on
social, vocational, and well being are also addressed. The history of
pulmonary rehabilitation goes back approx 35 yr, with early mobiliza-
tion programs running counter to the standard wisdom of the day, which
advised restricted activity for individuals with respiratory limitations.
The subjective beneficial effects of programs of increased activity were
readily apparent, but the scientific evidence to support the ongoing use
of pulmonary rehabilitation is still being developed, and only recently
has there been an attempt to develop well-controlled clinical trials.

In 1994, in recognition of the need to form a consensus on pulmonary
rehabilitation, the National Institutes of Health held a workshop on
pulmonary rehabilitation research, which established the following
definition of pulmonary rehabilitation:

Pulmonary rehabilitation is a multidisciplinary continuum of services
directed to persons with pulmonary disease and their families, usually
by an interdisciplinary team of specialists, with the goal of achieving
and maintaining the individual’s maximum level of independence
and functioning in the community (3).

The key aspects of the definition include the focus on the
multidisciplinary approach, with a full range of services provided to
the patient and their family. In the design and the maintenance of a
pulmonary rehabilitation program, the emphasis on the team
approach and the important interaction of all the team members is
crucial for the successful delivery of services.

Because of the lack of irrefutable scientific evidence of the benefits of
pulmonary rehabilitation, the ability to make sweeping and definitive
statements regarding the effects of pulmonary rehabilitation in COPD is
limited. The failings of research in pulmonary rehabilitation fall into two
areas: 1) the lack of clearly consistent data, and 2) the lack of well-con-
trolled longitudinal studies. However, the clear clinical consensus is that
pulmonary rehabilitation is a useful part of the comprehensive treatment
of the patient with severe COPD. In 1997, the American College of Chest
Physicians (ACCP) and the American Association of Cardiovascular and
Pulmonary Rehabilitation (AACVPR) released a joint ACCP/AACVPR
statement of evidence-based guidelines regarding pulmonary rehabilita-
tion (4). The benefits seem to come in several areas, each of which will
be discussed separately later. As each component of the comprehensive
rehabilitation program is discussed, the pertinent existing scientific
evidence and the areas for further investigation will be outlined.
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BENEFITS OF PARTICIPATION IN PULMONARY
REHABILITATION

Exercise Capacity
Because exercise capacity can be measured in several ways, it is often

difficult to compare studies that have used different outcome measures.
The most commonly used techniques are the 6- or 12-min walk and the
symptom-limited maximum exercise test with the determination of
maximum oxygen consumption (VO2max). Although on first glance,
these techniques may appear to resemble each other, they are, in fact,
quite different. The 6- or 12-min walk is a submaximal exercise test that
measures the greatest sustained comfortable effort that the individual
can perform (obviously not the absolute maximum because the indi-
vidual could not sustain that level of activity for longer than 1 min or so).
The walk test must be performed meticulously in order to have validity.
The conditions under which the test is taken should be reproduced, so
that it is clear that there has been no alteration of the physiological
parameters under which the test is performed. Although the test can
measure efficiency of exercise, the improvement in efficiency that
occurs in an individual who undergoes training should be seen, and any
improvement in submaximal capacity resulting from efficiency will be
measured. The training benefit, which is the goal of pulmonary
rehabilitation, is to increase the efficiency of exercise at any submaximal
level. The conditioning exercises that are part of a pulmonary rehabili-
tation program are designed to improve this efficiency, therefore the
walk test is particularly well suited to assess the outcomes of a rehabili-
tation program.

The maximal exercise test evaluates the maximum capacity of the
individual, and also can be used as a measure of efficiency in performing
exercise. However, there are a number of issues to be considered in
maximal testing. There is a safety risk to be considered, as a small
number of maximal exercise tests can lead to complications or death.
Another issue is the difficulty of performing the test on supplemental
oxygen (special equipment) and the difficulty of interpreting the results
of the exercise test afterward because the supplemental oxygen may
alter the oxygen consumption numbers that are obtained. Additionally,
there are problems in the interpretation of the numbers to identify anaero-
bic threshold and there may be issues with CO2 retention causing VCO2
values to be less reliable than in a normal population. The effort made
by the patient during the test is also an issue, as a submaximal effort will
yield less than adequate results.
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Each of these techniques has its benefits and problems when applied to
this population. There also have been somewhat unclear benefits of reha-
bilitation on VO2 max capacities, whereas the outcomes of the walk tests
have been more uniformly favorable after rehabilitation. These and other
issues surrounding exercise testing are reviewed in detail in Chapter 2.

Dyspnea
One of the greatest benefits of pulmonary rehabilitation and exercise

programs in COPD has been the improvement in dyspnea. Multiple studies,
using reliable instruments to measure the levels of dyspnea in patients with
COPD in rehabilitation have shown improvement in symptoms (5–7). The
improvement in symptoms of dyspnea are in both the performance of
activities of daily living (ADL) and in the performance of exercise testing.
With ongoing exercise in a maintenance program, this benefit of decreased
dyspnea can then be sustained over time. The improvement in subjective
symptoms of dyspnea are thought to be a result of several mechanisms.
There may be an improvement in exercise performance, with improved
efficiency and thus less effort required for all activities. There may also be
a decrease in required ventilation with given activities, and this may con-
tribute to a decrease in dyspnea, or there may be a process of desensitization
with less subjective dyspnea for a given amount of ventilation (8,9). Even
though the measurement of dyspnea is a qualitative measure that is subjec-
tively reported by the patient, the improvement in this symptom indicates
that it is clearly an index that needs to be closely followed. Recently, the
measurement of dyspnea has become one of the standard measures of suc-
cess in pulmonary rehabilitation. The measures that can be used to assess
dyspnea are either direct measures of dyspnea on a self-reported scale, or
are indirect measures based on evaluation of selective activities. The com-
monly used scales for dyspnea and quality of life are outlined in Table 1.

Quality of Life
Medical science has come to appreciate that the goals of treatment

need to assess the quality of life (QOL) that is provided by a treatment,
as well as the improvement of clinical measures and length of life. Most
of the studies of pulmonary rehabilitation that have assessed QOL have
shown good subjective improvement in symptoms (10–14). There have
been issues regarding the quality of assessment instruments, which may
call into question some reports of QOL improvement. With the valida-
tion of instruments for QOL assessment, the most recent studies have
shown benefits, and yet other studies are currently underway. Table 1
lists these instruments and their areas of validity.
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Table 1
Dyspnea and QOL Instruments

Direct/
Measure Indirect Validity Specifics

Borg scale of percieved breathlessness Direct High for dyspnea, correlates with VE, Modification of Borg scale of
VO2, VAS percieved exertion. 10-point scale.

Visual analogue scale (VAS) Direct High for dyspnea, correlates with VE, Vertical analog scale of 100-m length.
VO2, VAS Subject indicat dyspnea by indicating

a point on the line. Has good
correlation with Borg scale.

Baseline and transitional dyspnea Indirect Has validity for dyspnea compared Interview administered. Measures
index (BDI) to CRQ, older studies, fair three components: functional

repeatability impairment, magnitude of effort,
magnitude of task. Focus is on activity
that causes dyspnea.

Chronic respiratory disease Indirect Has good clinical validity for 20-item self-reported test, interview
questionnaire (CRQ) dyspnea, has individualized dyspnea administered. Measures four

scale that makes comparisons difficult dimensions—dyspnea, fatigue,
emotional function, mastery of
breathing. Evaluates five usual
activities.

St. George’s respiratory questionnaire Indirect Fair for dyspnea, better for QOL. Self-administered QOL questionnaire
(SGRQ) Good test retest reliability and good with 53 questions. Measures three areas

clinical correlation —symptoms, activity, impact on ADL.
Pulmonary functional status and Indirect Fair for dyspnea, better for QOL. Self-administered QOL questionnaire
dyspnea questionnaire (PFSDQ) Good test retest reliability and good that evaluates 79 activities in six

clinical correlation categories of activities: Self-care,
mobility, eating, home management,
social, and recreational.
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Table 1 (cont.)
Dyspnea and QOL Instruments

Direct/
Measure Indirect Validity Specifics

University of California, San Diego Indirect Newer instrument with reasonable Patients indicate how they feel in 21
shortness-of-breath questionnaire  repeatability areas of ADL on a 6- point scale. Three
(SOBQ) questions are specifically aimed at

shortness of breath, fear of harm from
overexertion, and fear of shortness
of breath.

Sickness impact profile General Multiple domains assessed, good 30-min self-administered. Covers
validity. Not disease specific. many areas of function: social, ADL,

mobility, vocational, communication,
cognition, hygene, emotional status.

Quality of well being (QWB) General Multiple domains assessed, 15-min interviewer administered.
good validity. Not disease specific. Covers multiple areas: mobility, social,

symptoms, physical activity.
Medical outcomes study—Short General Multiple domains assessed, 10-min self-administered. Covers
 Form-36 (SF-36) Good validity. Not disease specific. multiple areas of function: Role

functioning, pain, health, vitality,
social, mental health.
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The general consensus is that pulmonary rehabilitation does result in
significant clinical improvements, and that a comprehensive program
will have the greatest impact on QOL. The following sections will deal
with the specifics of the programs for pulmonary rehabilitation of the
patient with COPD who is to undergo lung volume reduction surgery
(LVRS). The benefits of the rehabilitation program are not only in the
areas of function and QOL, but include the benefits of preparing the
patient both physically and psychologically for the challenging and
difficult recovery that awaits them after the completion of their surgery.

COMPONENTS OF A LVRS PULMONARY
REHABILITATION PROGRAM

Smoking Cessation
The majority of COPD is caused by smoking. Cigarette smoking has

been shown to be as addictive as alcohol or narcotic agents (15). This
addictive power of tobacco explains the tendency of individuals to
continue to smoke, even in the face of pulmonary disease. Because of
this, it is crucial for interventions aimed at smoking cessation to be
initiated and maintained. Quitting smoking is clearly in the patient’s
interest, and performing surgery or other therapeutic interventions in
the face of continued smoking is self-defeating—the patient must
actively participate in his or her care by not smoking. Direct confronta-
tion and insistence on the cessation of smoking by the entire staff are
critical components in the management of individuals with COPD in
pulmonary rehabilitation. The involvement of the referring physician is
important, as the physician’s counseling and warning are important
predictors of compliance with the program (16,17). The individuals
who are to start a program of pulmonary rehabilitation should either
have stopped smoking or commit to cessation during the rehabilitation
program. The focus of the rehabilitation program then becomes one of
support and education for the patient and the family. There are several
roles that the rehabilitation program can play:

1. Support the initiation of smoking cessation.
2. Support the continuation of smoking cessation.
3. Integrate smoking cessation with the rehabilitation program.
4. Educate the patient and family in the maintainence of a smoke free

environment (18).

Table 2 outlines the components of the smoking cessation program that
should be associated with or incorporated into the rehabilitation program.
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Education
Education is one of the most important components of the pulmonary

rehabilitation program in that it creates a more informed partner in the
treatment plan who can more fully partake in the treatment plan. There
are components to help the patient deal with the medications, oxygen
equipment and mechanics of the disease, as well as components to help
the individual live the best possible lifestyle they can within their
physical capacities. Several studies have shown that there are benefits
to education in patients with COPD, decreasing hospitalizations and
ameliorating exacerbations (19,20). Education alone, however, has been
shown in two separate studies to not provide the same benefits as
education combined with a rehabilitation program (21,22). It is

Table 2
Smoking Cessation Program

Steps Involved Staff

Identify patients who are smoking Physician, program coordinator,
physical therapists

Confront patient Treating physician and program
coordinator

Establish quit date and form a “contract” Treating physician
Arrange participation in a treatment Coordinator, physician, physical

program—either self-standing or part of therapist
a pulmonary rehabilitation program

Continuous contact with individual after Coordinator, physical therapist,
quit date, weekly for a month, then physician
biweekly—provide supportive counseling
as needed.

Have medical Follow up within 2 mo of Physician with assistance of the
cessation. Assess compliance with rehabilitation team
testing as needed—carbon monoxide,
cotinine levels. Reward compliance,
provide strict guidelines, support for
failure of abstinance.

For failure of abstinance, consider Physician
nicotine replacements and/or
pharmacological measures.

Use support group as available Rehabilitation team, social
worker, psychology

Ongoing follow-up after abstinence Team and physician
achieved with support and occasional
screening testing, as required
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important to remember that education needs to be provided for both the
patient and the family. Later, several of the key educational components
of a pulmonary rehabilitation program are reviewed.

Energy Conservation
The concept of energy conservation is quite simple, and has often

already been subconsciously incorporated into the everyday activities of
a number of patients. The basic principle to impart on the participant is
that they do not have a normal exercise tolerance and thus need to be aware
of the ways in which they exert themselves and preserve energy in every
possible way. A helpful analogy for individuals with COPD is to compare
their energy state to a machine with limited battery storage. They do not
have sufficient energy to achieve all tasks at full speed, and need to
consider carefully how they will use the “charge” that is available to them.
With appropriate rationing, they can achieve their goals and be able to
achieve more than they thought possible—through being more “energy
smart.” Examples of energy conservation techniques are included in Table
3. This increase in efficiency is a very important part of the improvement
of capacity that can be seen in patients with COPD, as the work efficiency
of this group of patients has been shown to be a major component of the
benefits seen after a program of rehabilitation (23).

Medication Training
Medication training is an important part of allowing patients to take

a greater part in their own management. Unfortunately, many patients
do not fully understand the medication regimens they are on, and often
do not use their inhaled medications properly (24). The education should
include discussions regarding the types of medications commonly used,
discussed by class with in-depth review of mechanisms of action and
side effects. Another important part of the education program is a review
of drug interactions, especially with an eye to the issue of over-the-
counter medications that often have significant effects that can harm the
uninformed individual. A review of the proper use of inhaled medica-
tions is also appropriate as a part of the training program. Group educa-
tion sessions can be used for the overall didactic portions of the program,
whereas the inhaler education can often be best done in individual set-
tings.

The overall goals of the medication education portion of the rehabili-
tation program is to help the patient take responsibility for their care and
help them cope with their physical and functional status. By maximizing
the involvement of the patient and their family in the management of
medications, the patient is able to better manage their condition and
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make appropriate decisions. The informed patient is a better partner in
the therapeutic relationship. Because each individual has different
needs, there needs to be flexibility in the education process, and it is
important to involve family members and caregivers in the process to
assure adequate adherence to the prescribed regimen and to assess the
efficacy of treatments (25).

Oxygen Therapy
Oxygen therapy education is closely allied to medication education

and has a number of essential components. Just like cigarette smoking
cessation, oxygen therapy used correctly can have a direct effect on
improving survival in end-stage lung disease (26,27). The mechanisms
of improved survival are through the prevention of pulmonary hyper-
tension and polycythemia. The educational component regarding
oxygen therapy should be performed in a combination of didactic and
individual settings to assure that the patient has a good understanding of
their oxygen equipment and also has a good understanding of safety and
medical issues. Hands-on training under the observation of the thera-
pist, as well as in one-on-one and group sessions are essential. Travel
requirements, emergency procedures, and options available for the
management of dyspnea are important topics for discussion. The actual
titration of oxygen requirements with exercise and activity need to be
determined on an individual basis. While performing exercise under the
supervision of the physical therapist, the patient can learn how to appro-
priately titrate their oxygen to avoid hypoxemia, ergo not using more
oxygen than required. The subjects should keep their oxygen saturation
well above 85% or a pO2 of 60 mmHg, as this is on the shoulder of the
steep portion of the oxygen saturation curve. Although the medical
needs of the maintenance of safety are crucial, it is to be remembered
that a major goal of the education regarding oxygen use and equipment
is to maximize the subject’s independence.

Table 3
Energy Conservation

Task Energy Conservation Technique

Driving Handicapped parking access
Grocery shopping Use of a shopping cart to lean on
Performing daily errands Planning all in a sequence rather than individual

trips
Showering Use a seat
Food preparation Use a high stool to sit on or sit at table
Stair climbing Plan ahead to minimize trips up/down stairs
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Nutritional Counseling
Managing the nutritional requirements of individuals with COPD is

an essential component of their treatment. The comprehensive pulmo-
nary rehabilitation program is a good setting in which to introduce this
part of the care of the patient. Either a nutritionist or another member of
the team can be assigned to oversee this part of the program (28,29).The
intensity of the intervention can range from only education in a group
setting for less severe cases, to an intensive one-on-one intervention for
the patient with either severely increased or decreased weight.

The special nutritional requirements of an individual with COPD are
based on specific metabolic issues. The COPD patient has an increased
basal metabolic demand that may be related to both a higher energy cost
of breathing at rest as well as with activity (30). It has also been shown
that with lower lean body mass, functional capacity (31,32), and survival
decrease (33), independent of the FEV1 or other indices. Attempts to
treat the malnutrition and loss of lean body mass have focused on several
interventions, including nutritional counseling. The use of anabolic
steroids and growth hormone in combination with exercise have also
been studied. The repletion of anabolic steroids has appeared to have a
fair degree of safety so far, but there appears to be only an effect on the
repletion of lean body mass and no effect on functional outcomes (34).
Because there are possible risks in increasing the metabolic demands of
these patients, more research will need to be done before this can be
considered a part of the regular treatment of individuals with COPD
(35). Likewise, growth hormone was initially thought to have a possible
role in the treatment of COPD by helping to increase exercise tolerance
and lean body mass. However, prospective studies failed to find a
significant improvement in muscle strength or in exercise tolerance,
even though the lean body mass increased (36). In subsequent work, a
large prospective study of growth hormone in Europe was terminated
prematurely because of excess mortality, and this treatment has fallen
out of favor. In the case of obesity, it is clear that the patient will require
counseling to lose weight and approach ideal body weight. This should
be done cautiously and in a balanced diet that will not cause a further loss
of lean body mass.

Another aspect of nutritional counseling is to avoid the excess intake
of carbohydrates and increase the reliance of the individual on fats and
proteins to improve the respiratory quotient. Because the metabolism of
fats and proteins yield a lower CO2 load per unit of energy, these forms
of nutrition place a lower respiratory burden on the individual. Appro-
priate intake of trace minerals, potassium, magnesium, phosphate, and
calcium needs to be assured in order to avoid any negative impact on
respiratory muscle function.
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Disease-Specific Education
The role of education about the disease process and pathology of

COPD are critical aspects of the pulmonary rehabilitation process.
Nearly every review, study, or discussion of a comprehensive rehabili-
tation program emphasizes the importance of the disease-specific
education component of the program. The latest recommendations for
the development of a comprehensive rehabilitation program all include
an educational component (37,38). The form that this education takes
can vary depending on the structure of the rehabilitation program, but
usually includes both a didactic portion and a series of handouts or a
textbook that the patient can refer to in order to reinforce the didactic
materials from a lecture. Our own program has adapted materials from
a number of programs into a loose-leaf binder to which sections are
added during the course of the pulmonary rehabilitation program. In this
fashion, as the lectures take place, the most up-to-date information can
be passed on to the patient and can reinforce the lesson presented. In
addition, we utilize a textbook to provide a further basis for the
individual’s education.

Stress Management
Stress management alone does not significantly alter the course or prog-

nosis of COPD; however, as a component of the management program in
a rehabilitation setting, it can improve a patient’s function, possibly by
allowing better coping with their disease (39,40). In a meta-analysis of
psychosocial interventions in COPD, the effect of relaxation training was
confirmed to be most notable in the areas of subjective dyspnea and psycho-
logical well being (41). There was also a trend toward less utilization of
hospital services and toward a greater sense of independence in these stud-
ies. This is not necessarily surprising, as the patients who can remain calm
and are able to relax are less likely to unnecessarily utilize emergency
services. The effect of stress relaxation techniques on the utilization of
sedative hypnotic medications in COPD has not been studied, but in our
clinical experience, the need for these agents does seem to decline with the
learning of appropriate relaxation maneuvers.

Because the comprehensive care of the patient with COPD in the
pulmonary rehabilitation setting aims for achievement of the highest
function possible, the psychosocial aspects of the program should not be
neglected. The best form of relaxation technique is still a matter of
controversy, and there is no clear recommendation to be made from a
review of the literature. In reality, the availability of practitioners expe-
rienced in relaxation techniques will often limit the options at any one
center, and each individual patient will respond differently to different
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treatment regimens. Techniques that are commonly used include hyp-
nosis and autohypnosis, meditation, visualization, timed breathing, and
relaxation audiotapes and videos. The goal is to allow the individual to
find a tool that helps them to relax, and that can be used during exacer-
bations or periods of anxiety. Once the training has been achieved, the
maintenance of the skill must be emphasized, as it is with all aspects of
pulmonary rehabilitation.

Pulmonary Toilet
The severity and quantity of secretions in patients with COPD can

range from non-existent to severe, especially in individuals with a bron-
chitic component to their disease. The pulmonary rehabilitation program
can provide a great deal of benefit to help manage the secretions in the
pre- and postoperative settings. The techniques of secretion manage-
ment can often be taught to the individual and to caregivers, to be carried
on after completion of the pulmonary rehabilitation program. The tech-
niques of chest physical therapy are well described in other sources and
will not be reviewed in detail here. They include percussion, postural
drainage, and can also include suctioning and insufflation/exsufflation
in selected patients (42,43). Of course, any increase in sputum produc-
tion or change in sputum quality should be treated aggressively to
prevent a severe pulmonary infection. The role of respiratory muscle
training has not been established to be definitively useful, although this
modality may be indicated in individuals with clear muscular weakness
(44). The decision to use this type of treatment needs to be decided on
a case-by-case basis.

PULMONARY REHABILITATION IN PATIENTS
UNDERGOING LVRS

The rehabilitation of patients with COPD who are to undergo LVRS
can be separated into four distinct phases: preoperative, perioperative,
postoperative, and maintenance. Each of these phases is associated with
special challenges, and often there is an overlap in services that allow for
a reinforcement of previous training. Each phase will be discussed later.

Preoperative Rehabilitation

The ideal location for a pulmonary rehabilitation program for pre-
LVRS care is in an outpatient hospital setting so that all the resources
of the center are available, or in a satellite program with significant
resources. The program for preoperative rehabilitation follows the basic
outlines that any pulmonary rehabilitation program for COPD should
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follow. It is essential that it be a comprehensive program with a
multidisciplinary approach. A proposed composition for a rehabilita-
tion team is depicted in Table 4. This composition has to be altered to
fit the demands of the program, as well as the resources of the institution.
The demands of managed care and the limited resources usually
available for pulmonary rehabilitation mean that most programs have
members performing more than one task. In smaller settings, most of the
tasks may be performed by one or two individuals. These pulmonary
rehabilitation specialists are often physical therapists, respiratory
therapists or nurses who take on certain aspects of the program outside
of their area of normal expertise because specialists are not available.
The combination of tasks is not necessarily detrimental as it can make
a program more cohesive, but it does make a program vulnerable to staff
attrition. The most important issue is to have a cohesive and enthusiastic
team with a unified vision of providing excellent patient care. This then
provides the patients and their families with a cohesive and organized
program.

A comprehensive guidebook or compilation of instructional materi-
als should be provided to each patient, along with a clear and uncluttered
set of guidelines and a program schedule. A three-times-per-week
program usually provides a sufficient degree of interaction and can be
accommodated by most patients. Our program uses a loose-leaf binder
that contains the complete materials of the program, and at the begin-
ning, there is an outline of the program and introductory materials. As
the educational components and the exercise program of the individual
are developed, the patient can add those materials to the binder until, at
the end of the program, the manual is complete. This technique allows
each program manual to be tailored to the specific needs of the patient,
and allows new material to be added as required without having to
republish an entire manual.

Close contact with the primary physician is required as the continued
compliance of the program will depend on the referring physician’s
support. There also is the need to coordinate the maximal medical man-
agement of the patient with the rehabilitation program, as oxygen
requirements, inhaler dosing schedules, and need for parenteral steroids
may change during the course of rehabilitation. It is best for the patient
if these changes are enacted in coordination with the primary physician.
Also, the patient may have a significant improvement and the treating
physician needs to be kept abreast of the current status of the patient in
order to recognize the early manifestations of an exacerbation.

Support groups need to be established and run in order to allow the
patients to continue the lifelong program of pulmonary health manage-
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Table 4
Rehabilitation Team Composition

Team Member Training Duties

Direct Team Members

Physician Director Pulmonary/chest medicine, rehabilitation medicine Set priorities for program, evaluate and screen
patients, Design rehabilitation programs,
supervise rehabilitation program, continuing
education for the rehabilitation staff

Rehabilitation Program Physical therapist, respiratory therapist, nurse, Arrange administrative issues of the program,
Coordinator nurse practicioner scheduling of staff, coordination of activities

within institution. Negotiate with providers/
insurers. Provides day-to-day coordination.

Therapists Physical therapist, respiratory therapist, Provide one on one and group physical therapy.
nurse/nurse practicioner, occupational therapist Education of patients and families, supervise

home exercise program
Nutritionist Certified nutritionist, dietitian Provide group and individual nutritional

counseling
Psychological Support Psychologist/psychological social worker, Provide group and individual psychological

psychiatrist counseling. Run support groups. Help with
smoking cessation program if such is part of
the rehabilitation program.

Social Work Certified social worker Help patients and family deal with social issues,
interface with equipment and insurance providers
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Table 4 (cont.)
Rehabilitation Team Composition

Team Member Training Duties

Adjunct Members of Team

Patient Needs to be an active participant, has to agree to
the course of rehabilitation and comply with the
suggested program.

Primary Care Physician Will need to be kept abreast of the patient progress
and informed as to the treatment plan in order to
allow for adequate adherence at end of
rehabilitation program.

Patient Family Will need to learn the patient’s program and be
able to support the treatment program of the
patient. Essential role to allow for adherence to the
prescribed program.
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ment. The groups can be made general, especially in smaller programs,
or can be tailored to specific groups. Smoking cessation groups and
special support groups are particularly pertinent regarding pulmonary
rehabilitation in preparation for LVRS. Outings and social events can
also be planned in order to help the socialization of this very ill group
of patients. The support groups can also be used as a center to continue
the education of the participants, as members of the team can be asked
to present special lectures on areas of interest to individuals with COPD.

The special additional areas of education for patients who are to undergo
LVRS include a familiarization with the specifics of the surgery, and a
program of preparation for the perioperative period. This includes educa-
tion in secretion mobilization, familiarization with early postoperative
mobilization, and introduction to the physical therapy staff who will partici-
pate in the early care after surgery. This introduction and education can
make early mobilization easier as the staff that is asking the seemingly
impossible of them is already familiar to the patient and has a therapeutic
alliance already formed. The understanding of what is to come after the
surgery also helps reduce patient anxiety. An outline of the goals and meth-
ods of the rehabilitation program are shown in Table 5. The rehabilitation
program design includes the following features.

1. Patient Screening: This, essentially, is the selection of individuals for
pulmonary rehabilitation. In the case of LVRS, any individual who is
considered a candidate for surgery should undergo pulmonary reha-
bilitation. If an individual is in good conditioning at their evaluation,
the duration of the program may be shorter, but the educational
components of the program should be extended to help with the
perioperative mobilization and postoperative recovery. The selection
is often done on a team basis during regularly held conferences with the
surgical and medical staff. These regular meetings also allow the reha-
bilitation staff to bring new issues, such as smoking or a decline in
function, to the attention of the LVRS team.

2. Exercise Testing: This should be performed on all subjects prior to the
initiation of training, as a symptom-limited VO2 max determination will
allow for an aggressive training program at 60% of the maximum exercise
capacity. Six-minute-walk testing is also useful to help document progress.

3. Preoperative Exercise Prescription: A model for an exercise prescription
template is included in Fig. 1. There is clear demographic data, as well
as a clear indication of the contact numbers of the prescribing physician.
As with all rehabilitation prescription it requires four elements:
a. Diagnosis: This has to be accurate in order to help the team under-

stand the patient’s needs. This should also include the fact that an
individual is to undergo LVRS.

b. Specific Prescription: The prescription should describe in detail the
rehabilitation program including the educational, psychosocial, and
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Table 5
Goals and Methods of Pre-Operative Pulmonary Rehabilitation

Goals Methods

Prevention

Smoking cessation Enroll in a cessation program, emotional
support, monitor abstinence

Immunization compliance Assure proper immunizations,
communicate with primary physician

Prevent exacerbations Self-assessment skills taught
Self-intervention taught
Instruct on accessing private physician

Appropriate medication use Review medications and dosing schedules
Review interactions and side effects
Review appropriate use of inhalers and
nebulizers

Pulmonary toilet Review bronchial hygiene
Teach proper cough techniques
Use of chest physiotherapy as needed
Teach chest physiotherapy techniques to
family as appropriate

Appropriate use of oxygen therapy Teach use with exertion
Review self monitoring
Review use of equipment
Encourage acceptance of the need for O2
Review importance of use and
consequences of failure to use oxygen

Nutritional Counseling Counseling to achieve ideal body weight
Counseling to avoid high carbohydrate diet
Instruction in avoidance of high sodium diets
Encourage balanced nutrition with
avoidance of fad diets

Family Training Teaching regarding: - COPD
1) pulmonary toilet
2) medication use
3) oxygen use
Family support group
Counseling as needed

Dyspnea Relief - Exercise Training

Exercise Multifaceted program individualized to
each patient’s needs

- Strengthening Emphasis on gradual increase in strength
1) Focus on proximal muscle groups
2) Avoid injury to weakened
musculoteninous structures
3) Focus more on high repetition, low
intensity training
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- Conditioning Work to gradually increase exercise
tolerance
1) Cross training program
2) Emphasis on the development of an
independent training program
3) Increase ambulation endurance with gait
training
4) Appropriate oxygen titration during
exercise

- Respiratory muscle training Inspiratory and expiratory muscle training
1) Isocapnic hyperpnea
2) Inspiratory resistance training
3) Inspiratory threshold training

- Upper extremity training 1) Increase strength
2) Increase capacity for sustained work
3) Improve shoulder girdle strength

- ADL training Energy Conservation techniques
Adaptive techniques
Relieve anxiety and stress
Encourage pacing in activities

Breathing retraining Pursed lip breathing
Diaphragmatic breathing

Anxiety reduction Stress relaxation techniques
1) Paced breathing
2) Autohypnosis
3) Visualization
Medications as needed
1) Treat anxiety
2) Treat depression

Improve confidence Build compensatory techniques
Build confidence in ability to exercise

Disease Management

Disease acceptance Education regarding disease process
Reassurance about aggressive treatment

Coping Skills Support group
Psychology and social work intervention,
as needed
Treat depression, as needed

Quality of life improvement Improve ADL tolerance
Improve Coping skills
Improve disease management

Advance directives review Counseling regarding
1) Health care proxy
2) Resuscitation orders
Help in preparing paperwork
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nutritional needs of the patient. The exercise portion needs to specify
both upper and lower extremity exercises and include both strengthen-
ing and conditioning exercises. The prescription should also state if
exercise is to be done on oxygen, and at what level of supplementation.
This is where a symptom limited VO2 determination is helpful, as it
allows the physician to specifically state a starting point and oxygen
requirements for an aggressive rehabilitation program. The prescrip-
tion should include the intensity, duration and goals of the program.

c. Frequency and Duration: The frequency of the patient attendance in
the program needs to be specified, and is usually ordered in times
per week. For most patients, four or five times per week is too
strenuous and cannot be maintained. Three times per week is a usual
program, although in some individuals lower frequencies may be
required because of debility, travel distance, scheduling, or other
factors. The planned duration of the program should also be speci-
fied. This is usually approx 6–8 wk, as that allows for 18 to 24
rehabilitation sessions. Maximal response to a conditioning program
would take longer, but the realities of limited resources dictate that
three to four month programs are essentially impractical.

d. Precautions: These need to be laid out in detail in the exercise
prescription of individuals who are this fragile. The safe vital sign

Encouragement Support group
Social work support
Psychological support

Continuing Compliance Team encouragement
Physician counseling
Involve primary care physician in plan
Family education

LVRS Specific Goals

Maximize exercise capacity Perform high intensity exercise
Increase diaphragmatic breathing strength
Train in good pulmonary toilet

Education about surgery Group or individual teaching
Establish understanding of outcomes of
surgery

Preparation for perioperative period Education regarding early mobilization
Introduction to therapy staff

Review postoperative rehabilitation May need to have inpatient rehabilitation
program initially

Restoration of previous level of function
Resumption of previous program
Establishment of maintenance phase
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parameters need to be specified, as well as the lower limits of oxygen
saturation. Once again, the symptom-limited exercise test allows
for a greater degree of confidence in prescribing these limits.

Fig. 1.



118 Bartels

The specific components of a rehabilitation program are well described
in physical therapy textbooks and are beyond the scope of this chapter.
The essential components of the exercise program are as follows.

1. Upper extremity exercises including strengthening and conditioning
exercises. These are typically done with upper body ergometers (UBE)
and with theraband and free weights.

2. Lower extremity exercises including strengthening and conditioning
exercises. These are typically done with bicycle ergometers , treadmill
exercise, and less frequently, with rowing machines of other equipment.
The strength training is usually done and with theraband, free weights,
and circuit training. The program should usually use the simplest equip-
ment possible to allow the patient to develop an independent program
that they can continue after completion of their training.

3. Educational components need to cover all the areas discussed before.
It is important that the staff is well versed in LVRS so that they can allay
patient anxieties and adequately prepare them for the surgery.

4. Psychological/social interventions also need to be specific to the indi-
vidual patient needs. Depression and anxiety need active treatment and
will often respond well to a combined supportive and pharmacological
treatment.

Perioperative Rehabilitation Program
The perioperative program essentially consists of rapid mobilization

after surgery, with “out of bed to chair” being the goal of the first day.
The goal of subsequent days, up to the day of discharge, are to increase
ambulation and to avoid complications. Ambulation should be started
as soon as is possible from a point of medical stability. By the time of
hospital discharge, an individual should be able to perform all of their
basic ADL and also be able to ambulate independently. In individuals
where complications or severe debility do not allow for rapid mobiliza-
tion, the inability to progress rapidly may require consideration of an
inpatient acute rehabilitation stay. Pulmonary toilet is a very important
component in the prevention of postoperative pneumonia. Chest physi-
cal therapy should be aggressively provided by the nursing staff and by
the physiotherapy staff to keep secretions well managed. The physio-
therapy time devoted to pulmonary toilet should not detract from the
time spent on patient mobilization.

The perioperative mobilization program should ideally consist of
two sessions per day, and be undertaken 7 d/wk in order to maximize
recovery. Therapist experience is essential, and designated therapists
should provide these services. All patients need close monitoring of
oxygen saturation, and in the case of cardiac arrhythmias or suspected
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ischemia, telemetric monitoring may also be necessary. The focus of
this program is on ambulation and regaining ADL independence, so the
main exercises include ambulation training, treadmill training, and
bicycle ergometry. As soon as a patient has recovered sufficiently to
transfer safely, a bedside bicycle ergometer is advised to allow for
increased endurance training.

The educational components of the program at this time are limited.
Social work and psychosocial interventions may need to be instituted for
sudden family and patient crises. However, the need for intensive services
at this time should be limited if a comprehensive preoperative rehabilita-
tion program was followed and these issues identified at that earlier time.

Postoperative Rehabilitation Program

Usually, this is an outpatient program that is reinitiated at the site of
preoperative program as soon as possible after the patient returns home.
Because of complications or a prolonged recovery, selected patients will
require inpatient rehabilitation prior to returning home. For individuals
who require a prolonged wean from a ventilator, a rehabilitation center
that provides physical and occupational therapy in addition to the basic
weaning is necessary. For patients who are breathing independently, their
rehabilitation should be done at a center with aggressive rehabilitation
and experience in treating severe cardiac and pulmonary disease. Often a
center performing a great deal of cardiothoracic surgery or with a large
population of pulmonary patients will have established relationships with
such centers. It is important to be sure that the rehabilitation is in an acute
rehabilitation center, as a failure to be aggressive early on can lead to a
prolonged rehabilitation with potentially increased complications.

The requirements of the outpatient program are essentially the same as
those for the preoperative phase. The support groups should include
other post-LVRS patients, or at least other postsurgical patients. The
ongoing support will be best (and anxiety least) if the patient reestab-
lishes contact with the same program. The exercise program here can
often be done on a 1–2 times/wk basis, as the educational components
have been covered, and supervised exercise is the main goal. By
decreasing the intensity of the program somewhat, it may also allow the
patient to have a somewhat longer duration of therapy, thereby allowing
a better conditioning effect. Another goal of the postoperative program
is to establish the patient in an independent and sustainable exercise
program. The team needs to focus on the reassurance to the patient that
gains will be realized through continued exercise and that failure to
adhere to the exercise regimen will lead to a loss of function.
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Maintenance
After postoperative rehabilitation is completed, the patient is

discharged from rehabilitation and is expected to continue to maintain
their previous level of functional gains. It is at this level that most
rehabilitation failures occur, as many individuals do not continue their
exercises. It is essential that the patient be given ongoing support from
family, primary care physician, and other support groups in order to
create an environment that will continue to encourage exercise compli-
ance. Support groups that encourage continued attendance after the
completion of the rehabilitation program are also useful, and the added
benefit to the program is the ability to introduce current patients to
graduates of the program. Many centers have started to use wellness
centers, where a former patient can come for a nominal fee and exercise
under a lowered level of supervision in the rehabilitation setting. This
ongoing level of contact can help to increase compliance (45). The
establishment of an effective maintenance program for exercise condi-
tioning is the greatest challenge faced in the rehabilitation of the patient
with COPD. Successful solution of this dilemma will be one of the most
important future developments in pulmonary rehabilitation.

CONCLUSIONS

The role of pulmonary rehabilitation in the treatment of COPD is
important as a means to maximize the quality of life and the functional
ability of the individual. In the case of the patient undergoing LVRS,
rehabilitation has an important role in the preparation of a patient prior to
LVRS, and then in the recovery and maximization of the benefits of
surgery. The combination of pulmonary rehabilitation and LVRS has
been shown to provide the greatest benefit for patients with severe emphy-
sema, well above the effects of either intervention alone (46). There is still
a great need to further research the exact contributions that each can make
to the well being of the patient. In the interest of providing the best care
to all patients with severe COPD who will be undergoing LVRS, all patients
should undergo intensive pulmonary rehabilitation. Maximal pulmonary
rehabilitation before surgery will help prepare patients for the procedure,
and maximize their conditioning in order to decrease complications.
Aggressive perioperative rehabilitation will also help to prevent compli-
cations, and a consolidation rehabilitation program instituted postopera-
tively will allow a maximum benefit to be realized from the surgery.
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INTRODUCTION
The first accounts of pulmonary emphysema can be found in Sir John

Floyer’s A Treatise of the Asthma (1698) (1). In a description of an
autopsy of a “broken winded” horse, Floyer vividly outlined the hyper-
inflation and airway obstruction that characterizes chronic obstructive
pulmonary disease (COPD). Dr. Matthew Baillie is credited with the
first anatomic description and illustration of pulmonary emphysema
(2,3). In The Morbid Anatomy of the Human Body, Baillie noted during
a postmortem examination that “in opening into the chest it is not unusual
to find that the lungs do not collapse but that they fill up the cavity
completely on each side of the heart. When examined, their cells appear
full of air so that there is seen upon the surface a prodigious number of
small white vesicles.” The autopsy description and accompanying illus-
tration (see Fig. 1) are of the lungs of Dr. Samuel Johnson (4).
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The French physician and anatomist Rene Laennec is credited with the
first systematic, clinical, and pathologic description of emphysema (5,6).
In his famous treatise on auscultation, Laennec noted that “in pulmonary
emphysema the size of the vesicles is much increased and less uniform.
The greater number equal or exceed the size of a millet seed while some
attain the magnitude of a hemp seed, cherry stone, or even fresh beans.”
This work also introduced for the first time a method for percussion and
auscultation of the chest using Laennec’s own invention, the stethoscope.
Concerning physical examination of the patient with emphysema,
Laennec wrote “the whole chest yields a very distinct sound, and instead
of its natural compressed shape it exhibits an almost round or globular
outline, swelling out both before and behind. This conformation of the
chest is sufficiently remarkable to have enabled me sometimes to
announce the existence of emphysema from simple inspection.”

These pathologic descriptions served as the basis for understanding
the emphysematous disease process in the early part of the 20th century.
It was not until the latter half of the century that the pathophysiology of
COPD was fully elucidated. Nonetheless, a myriad of operations aimed
at correcting the anatomic and structural consequences of emphysema
were attempted beginning in the early 1900s. The failure of most of

Fig. 1. Illustrations of the lung specimen from Samuel Johnson’s autopsy. On
the right is the original drawing by William Clift. The engraving on the right
was made by William Skelton for Ballie’s atlas.
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these procedures was rooted in an improper understanding of the
pathophysiology of the disease. The initial vigor with which most
experimental emphysema operations were extolled serves as a sobering
lesson for critical, prospective, and randomized evaluation of all emerg-
ing new technology. However, it was the resurrection of a once-criti-
cized and formerly abandoned operation described by Brantigan and
Mueller that serves as the basis for modern lung volume reduction
surgery (LVRS) (7–9).

CHEST WALL SURGERY

Costochondrectomy
The misbelief that the thoracic cage was too small to accommodate

full expansion of the emphysematous lung led to the development of
several operations aimed at lessening the stiffness of the chest wall. In
1908, Freund and Seidel proposed a division of 4–6 costal cartilages in
an attempt to increase the size of the rib cage (10). The operation was
performed under local anesthesia on one or both sides and in one or more
sittings. It remained a popular approach for nearly two decades. Several
surgeons even attempted to improve on the usual cause of relapse, which
was thought to be bony reunion, by adding a transverse sternotomy.
Costochondrectomy was reported to result in great relief of dyspnea and
an immediate increase in vital capacity. These results were attributed to
“freedom of movement of the soft parts beneath permitting the pleura to
bulge in paradoxical fashion” (11).

Thoracoplasty and Phrenicectomy
Recognition that enlargement of the thorax and descent of the

diaphragm were the result, and not the cause, of emphysema led to the
use of several procedures designed to reduce the volume of the thoracic
cavity. In 1927, Voelcker suggested a posterior paravertebral thoraco-
plasty in an attempt to change the angle of the ribs to the more downward
slanting position found in the normal chest (10,12). Other similar
procedures involved excising the third to seventh ribs and the corre-
sponding intercostal nerves (10,13). The rationale for phrenicectomy
was that overinflated bullae might stimulate Hering-Breuer reflexes
with consequent limitation of the depth of respiration. In 1947, Allison
reported that he was able to increase ventilation and vital capacity by
phrenic paralysis in a few selected patients (14).

These operations were soon abandoned as surgeons began to realize
that loss of integrity of the chest wall and diaphragm resulted in more
profound interference with respiratory function and worsened dyspnea.
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In a 1972 review of surgery for emphysema, LaForet wrote of thoraco-
plasty and phrenicectomy, “The alleged benefits of those manoeuvres
were frequently lost on patients whose worsened dyspnea left them little
energy to debate with their surgeons” (15).

PROCEDURES DIRECTED AT THE DIAPHRAGM

Abdominal Belts
The low, flat, immobile diaphragm seen in the emphysematous patient

results in an altered intraabdominal–intrathoracic pressure relationship.
Based on this concept, it was postulated that elevating the diaphragm
might improve its level of contraction and function. Alexander and
Kountz proposed the use of an abdominal belt in order to keep the
diaphragm in an elevated position (16). A screw bolt was fashioned to
the belt and was used to keep a constant and comfortable pressure for the
patient. Of 25 patients fitted with these belts over a 2–6 mo period, 73%
reported subjective improvement with an average increase in vital
capacity of 39%. These belts, however, proved impractical for daily use,
and results remained difficult to reproduce.

Pneumoperitoneum
Reich was the first to describe the use of artificial pneumoperitoneum

for the treatment of emphysema in 1924 (17). The technique involved the
instillation of 300–500 mL of air into the abdomen after which significant
elevation of the diaphragm was noted to occur. Reich reported an increase
in diaphragmatic excursion with a consequent increase in minute venti-
lation, a reduction in dyspnea, and greater ease in raising secretions.

In 1950, Carter refined the technique of pneumoperitoneum and also
subjected the procedure to objective evaluation (18). His technique
involved an initial fill of 700–1000 mL of a mixture of helium (80%) and
room air (20%). Patients were then given refills every other week in
order to maintain the pneumoperitoneum. Ten of 16 patients who under-
went this protocol (63%) demonstrated subjective improvement with a
reduction in dyspnea, increased exercise tolerance, and improved ability
to clear secretions. These subjective improvements were supported by
a 356-mL increase in vital capacity, an increase in maximal breathing
capacity from 19 to 37 L/min and fluoroscopy, which demonstrated a
significant increase in diaphragmatic motion. Unfortunately, future
investigators were unable to reproduce these objective results, and
criteria for patient selection remained absent (19,20). Furthermore, the
need for constant maintenance of the pneumoperitoneum, as well as the
associated abdominal pain, hastened the abandonment of pneumoperi-
toneum in the treatment of emphysema.
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OPERATIONS ON THE PLEURA
In 1952, Crenshaw and Rowles proposed parietal pleurectomy and talc

pleurodesis as a technique for increasing systemic-to-pulmonary collateral
blood flow to emphysematous lung tissue (21). The operation was based on
the mistaken belief that emphysema was the end result of hypovascularity
secondary to endarteritic changes within the bronchial arteries. In their
initial report of 11 patients, surgery was tolerated well, and subjective
improvement was noted in most patients. However, the realization that
increased blood flow to poorly aerated lung tissue did not improve lung
function soon resulted in the abandonment of this procedure.

OPERATIONS ON THE NERVOUS SYSTEM

Abbott et al. were the first investigators to propose denervation of the
lung as a treatment for emphysema (22). Such operations were under-
taken in an attempt to decrease bronchospasm and secretions, as well as
to improve pulmonary circulation. Abbot’s technique included pulmo-
nary plexectomy, pulmonary artery periarterial sympathectomy, upper
dorsal sympathectomy and partial lung resection. Brantigan and Mueller
likewise added a complex denervation procedure to their partial lung
resection (7–9). This procedure included complete removal of the
posterior pulmonary plexuses by ligation of all branches of the vagus
nerve to the heart, lung, and mediastinum, as well as an extensive
perivenous and peribronchial stripping of symppathetic nerve fibers
(see Fig. 2). The numerous different techniques and the lack of adequate
control groups made it difficult to interpret the results of these opera-
tions and appropriate patient selection criteria were never identified.

Nonetheless, these lung denervation operations were soon followed
by nearly 4000 cases in Japan of glomectomy for the treatment of asthma
and emphysema (23). A subsequent report by Overholt included more
than 800 cases (24). The rationale for carotid body resection was to
abolish both the hypoxic respiratory drive and bronchospasm associ-
ated with asthma and some forms of COPD. Of interest, nearly two-
thirds of patients in both series noted subjective improvement from this
procedure even though there is no physiologic basis for its effect. It was
not until several randomized, double-blind studies were performed in
which patients were subjected to either glomectomy or a sham operation
that this procedure was proved worthless.

OPERATIONS ON THE LUNG
Surgery for Giant Bullae

The compression of normal lung tissue by single or multiple giant
bullae has led many surgeons to decompress or resect these lesions in an
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attempt to improve pulmonary function. Monaldi initially described
intracavitary suction and drainage as a procedure to relieve tension in
tuberculous cavities (27). Head and Avery later applied the technique to
bullous lung disease with subjective improvement in many patients
(28). However, aspiration of giant bullae typically provided only
temporary relief, and the sometimes disastrous results of tension pneu-
mothorax led to the abandonment of this procedure.

As thoracic surgical techniques improved, operations aimed at
resecting giant isolated bullae were developed. Plication, bullectomy,
and anatomic resection were all applied with both subjective and
objective improvement in pulmonary function (11). Although selection

Fig. 2. Drawing from Brantigan’s paper illustrating a method of denervation
of the lung. The branches of the vagus nerve were excised from the thoracic
inlet to the inferior pulmonary ligament. A stripping of the pulmonary artery,
the bronchus, and the pulmonary veins was also performed.
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criteria have remained elusive, resection of giant bullae remains an
important option in patients with compromised pulmonary function. It
was this early promising experience with giant bullae resection that
fostered the birth of resectional surgery for emphysema.

LUNG VOLUME REDUCTION FOR EMPHYSEMA

The modern concepts and techniques of LVRS find their origin in
Otto Brantigan’s 1959 publication A Surgical Approach to Emphysema
(9). Brantigan’s initial experience with giant bullae resection and a
subsequent 8-yr period of trial and error resulted in the formulation of
theories explaining the pathophysiologic processes characteristic of
emphysema. Brantigan proposed that emphysema impaired the pulmo-
nary elasticity and circumferential pull, which holds the bronchioles
open. This elasticity is lost to the greatest extent during expiration
resulting in functional expiratory obstruction. He likened the condition
to “stuffing an inelastic lung of 6000 or 7000 cc into a pleural space of
5000 cc capacity.” Brantigan also made the observation that the emphy-
sematous disease process was frequently heterogeneous with the more
severely damaged lung existing at the apex and the periphery. By
resecting these areas of “functionless” lung tissue, “normal” lung would
be allowed to expand, and radial traction on the terminal bronchioles
would be re-established. In addition, Brantigan et al. postulated that
volume reduction elevated the diaphragm and improved the contractil-
ity of the diaphragm and intercostal muscles.

The operation consisted of reducing the volume of the lung “to the
capacity that fits the volume of the pleural space on full expiration.”
Resection was carried out with a clamp and suture method with reduc-
tion being accomplished as much by constriction of a running suture as
by the volume of lung tissue removed (see Fig. 3). Anatomic resections
were never performed for fear of removing “normal” lung tissue. An
extensive lung denervation was also added to the lung volume reduction
in order to relieve bronchospasm, decrease secretions, and increase
pulmonary blood flow. Although Brantigan suggested that the opera-
tion be performed in a bilateral staged fashion, only half of the patients
reported in his series had a bilateral operation.

Brantigan reported the results of 33 patients undergoing this operation
with symptomatic improvement in all but one patient (9). Although the
paper mentions isolated instances of improved postoperative pulmo-
nary function tests no effort was made to systematically evaluate the
results. An 18% postoperative mortality rate prompted leading authori-
ties of the day to dismiss volume reduction as an inappropriate surgical
option in emphysema. However, Brantigan himself reported that there



134 DeRose and Steinglass

was a steep learning curve in his 8-yr experience, with an understanding
of the mechanism of improvement coming only in the last 18–24 mo.

Limited interest in Brantigan’s operation persisted and, in 1980,
Debesse theorized that removal of the worst areas of diffusely emphyse-
matous lung might be equivalent to resection of isolated giant bullae (29).
Debesse et al. reported results on 10 patients and although there were
only minimal improvements in postoperative spirometry, there were
significant improvements in cardiac output and pulmonary artery pres-
sure. In 1987, Dahan et al. reported significant increases in post-opera-
tive FEV1 following surgery and coined the term “lung volume

Fig. 3. (A) Illustration from Brantigan’s paper demonstrating the “clamp and
suture method” of lung resection.
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reduction”(30). Wakabayashi et al. in 1992 reported on hundreds of
patients undergoing thoracoscopic laser shrinkage of target areas with
profound symptomatic improvement, but the report was marred by
incomplete follow-up and poor objective assessment (31).

The modern technique of LVRS is attributed to Cooper et al. From
certain observations made in his lung transplant candidates, Cooper
postulated that Brantigan’s approach might be valuable as a “bridge” or
alternative to lung transplantation. The operation was initially described
through a median sternotomy with resections being performed with
multiple firings of pericardial-lined stapling devices (32). Cooper trans-
formed the operation into a team-dependent, systematic approach based

Fig. 3. (B) Brantigan’s illustration of opening bullae and oversewing via
plication during lung reduction surgery.



136 DeRose and Steinglass

on sophisticated patient selection, preoperative preparation, modern
postoperative care, and detailed follow-up. The first LVRS operations
performed by Cooper’s group were done in 1993 and the first published
report appeared in 1995. In this first series of 20 patients, there were no
early or late postoperative deaths and an impressive 82% improvement
in FEV1 was reported at 3 mo (32).

CONCLUSIONS

The checkered history of surgery for emphysema serves as a sobering
reminder of the value of objective and randomized studies for emerging
clinical techniques. An understanding of the pathophysiology of the
disease process has propelled the quest for surgical palliation of
emphysema. Nonetheless, the role of surgery in postponing death from
emphysema remains unclear. Undoubtedly, new techniques and concepts
await their place in the unfolding history of emphysema surgery.
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INTRODUCTION

In the late 1950s, Brantigan (1–4) proposed that the removal of lung
tissue would increase the circumferential pull on small airways and
thereby relieve bronchial obstruction and dyspnea. He proceeded through
a posterolateral thoracotomy. Although many of his patients reported
symptomatic benefit, he made no attempt to document improvements in
lung function. Because of this and a perioperative mortality rate of 18%,
the Brantigan procedure was not widely accepted and the concept was
viewed as ill-conceived by leading authorities of the time (5). Limited
interest in Brantigan’s ideas persisted until the mid-1970s.

In 1977, Delarue (6) published a surgical series of 47 emphysema
patients. He characterized emphysema as either focal or multifocal,
with or without space occupation. He found it difficult preoperatively
to distinguish bullae from more diffuse “cotton candy” changes and
ended up resecting lung in patients without giant bullae. The approach
was through a thoracotomy. The perioperative mortality was 21% and
long-term improvement occurred in 45% of patients. Objective testing
was not provided to support the claim of improved pulmonary function.
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In 1980, a French group headed by Debesse (7) theorized that the
removal of the worst areas of diffusely emphysematous lung might
result in a similar benefit as the removal of a single lesion in patients
with the giant bullae syndrome. Based on their experience in 10 patients
with giant bullae, Debesse et al. described a new syndrome of “emphy-
sematous cardiac tamponade.” These patients had experienced minimal
improvements in spirometry, but significant increases in cardiac output
and characteristic changes in the pulmonary artery pressure waveform.
Between 1985 and 1987, Dahan et al. (8) tested Debesse’s theory by
operating on 10 patients with diffuse emphysema who exhibited the
hemodynamic changes described in Debesse’s paper. The operation,
through a posterolateral thoracotomy, was coined “intervention
chirurgicale de reduction du volume pulmonaire,” which translates to
“lung volume reduction surgery (LVRS).” Five patients were subjec-
tively improved with increases in FEV1 from 10% to 62%.

In 1992, Crosa-Dorado (9) published a description of a surgical suturing
technique for excision of bullae or sectors of the lung destroyed by emphy-
sema. The open surgery was performed in 76 patients over an 11-yr period
and was described as “lung remodeling” in patients with diffuse disease, a
concept similar to Brantigan’s. No outcome data were presented.

The contemporary version of LVRS by open surgical resection has
been championed by Cooper et al. Their experience grew from obser-
vations made in patients undergoing lung transplantation for chronic
obstructive pulmonary disease (COPD). Initial LVRS operations were
performed in 1993, information began to be disseminated at national
meetings in 1994, and the first peer-reviewed manuscript was published
in January 1995 (10). According to this report on the first 20 patients,
LVRS by median sternotomy produced an impressive 82% improve-
ment in FEV1 6 mo after surgery.

SURGICAL TECHNIQUE
Median Sternotomy (10–12)

Before the operation, while the patient is still awake, a thoracic epi-
dural catheter is inserted for intraoperative and postoperative analgesia.
Initially, a 6–8 cm3 bolus of a mixture of bupivacaine (0.25%) and
fentanyl (75–100 mcg) is injected in the epidural catheter followed by
a continuous infusion of a solution of bupivacaine (0.075% ) and fentanyl
(5 mcg/cm3) at a rate of 8–10 cm3/h. A double-lumen tube is used for
selective ventilation. The vertical skin incision is made shorter than the
sternotomy itself to minimize the risk of postoperative sternal infection
in the event that a tracheostomy is required during the postoperative
period (see Fig. 1). A small sponge is placed on a ring forcep and inserted
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under the xiphoid process and is used to gently sweep the pleura laterally
on each side. Ventilation is temporarily halted during the actual sterno-
tomy. These maneuvers decrease the odds of penetration of the pleural
space when the sternum is divided with the saw. The sternum is handled
delicately and hemostasis is achieved with electrocautery. Pads are
placed on the sternal edges to minimize potential damage by the retrac-
tor, which can be standard or internal mammary retractor (Delacroix
Chevalier, France) (see Fig. 2).

The procedure is initiated on the more severely diseased lung, which
is disconnected from the ventilator and allowed to deflate. Ventilation
is continued on the contralateral lung. After 5–10 min, the areas of the
lung with the most perfusion will be deflated, whereas the areas most
affected by emphysema will remain inflated. The pleura is opened
carefully to avoid damage to the lung parenchyma. At the beginning of
our experience, we routinely attempted to mobilize a portion of the
apical parietal pleura to create a pleural tent, hoping to decrease the
postresection residual pleural space. More often than not, the fragility
of the tissue resulted in a fenestrated pleural tent. As this defeats the
purpose of the pleural tent, we have since abandoned this fruitless
exercise. The pleural space is inspected and the lung is palpated

Fig. 1. Median sternotomy incision (broken line) starts 2 cm below the edge of
the manubrium and ends at the level of the xiphoid process. Note patient is
intubated with a double-lumen tube.
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delicately and thoroughly in search of unexpected pathology. When
present, adhesions are meticulously divided with the electrocautery as
far from the lung as possible to avoid tears in the pulmonary parenchyma.
Manipulations and electrocautery are avoided in the neighborhood of
the phrenic nerve. Next, the inferior pulmonary ligament is divided
under direct vision with the electrocautery to favor optimal reexpansion

Fig. 2. (A) The broken line shows the intended incision of the mediastinal
pleura. (B) An internal mammary retractor is used to elevate the sternum to
favor exposure of the operative side.
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following the procedure. Although this maneuver can cause hypoten-
sion, it is usually transient and well-tolerated. The pleural cavity is then
half-filled with saline solution, elevating the lung into the wound. This
minimizes manipulation of the fragile emphysematous lung and
decrease the chances of prolonged air leak or pulmonary contusions.

The areas of intended resection are usually identified prior to opera-
tion, by review of computed tomography (CT) and perfusion scans. Fre-
quently, the disease is most advanced in the apices. The lung to be resected
is grasped with several Duvall clamps (see Fig. 3) and the resection is
effected by three to five applications of a linear 90-mm GIA device with
4.8-mm staples, resulting in the removal of approx 50% of the upper lobe.
Whereas the goal of LVRS is to remove 20%–30% of each lung (10), it
is unclear exactly how this number was adopted. Even if one accepts this
number on faith, it is difficult if not impossible to measure the resected
lung volume during surgery. The resected lung tissue is sometimes
weighed, but at the time of surgery there is no way of knowing the specific
density of the lung removed relative to that of the lung left behind. The
resection follows an inverted “U” shape pattern, in order to avoid signifi-
cant mismatch between the contour of the new lung apex and the chest
wall (see Fig. 4). The staple line is buttressed with bovine pericardial
strips (Peri-strips DryTM, Bio-Vascular, St. Paul, MN) to minimize post-
operative air leaks. Staple lines may also be reinforced by other commer-
cially available materials, such as polytetrafluoroethylene (PTFE). If
pleural adhesions are too dense in the area of intended resection,
extrapleural dissection is recommended and the parietal pleura adherent
to the lung is included in the resected specimen. When the disease is most
severe in the lower lobes, as in |-1 antitrypsin deficiency (13), the resec-
tion follows the contour of the underlying diaphragm.

The volume-reduced lung is then gently reexpanded under saline
solution to check for air leaks. Although minimal leaks are tolerated,
every effort is made to address significant leaks with either reapplication
of the stapling device, careful suturing of the parenchyma with nonab-
sorbable sutures or—ideally—application of one of the recently FDA-
approved lung sealant products (e.g., FocalSealTM, Focal, Inc, Lexington,
MA). The saline solution is suctioned, hemostasis is verified, and the
pleural space is drained with a single 32-Fr. chest tube, inserted laterally
with the tip positioned at the apex. No specific effort is made to close the
pleura because it is rarely possible to achieve a hermetic seal. The con-
tralateral lung is then deflated and the procedure is repeated in a similar
fashion. The sternum is closed with at least seven stainless steel wires and
the rectus abdominis aponeurosis is reapproximated with interrupted
sutures. Each of the chest tubes is connected to its own collection system
and is left on water seal postoperatively.
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Fig. 3. Several Duvall clamps are gently applied along the area to be resected.
The stapling device is oriented in such a manner to effect an inverted “U” shape
excision of the parenchyma.

Fig. 4. Typical specimen from LVRS of the upper lobe.
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Throughout the operation, optimal communication with the anesthe-
siologist is of the utmost importance. The timing of the lung reexpan-
sion, the maximum airway pressure (< 25 cm H2O), and the timing of
extubation (usually in the operating room at the conclusion of skin
closure) are key points where coordination between the surgical team
and the anesthesiologist is vital.

Other Techniques
A variety of other techniques are available to perform LVRS. Laser

ablation of pulmonary tissue is still promoted by some (14), but most have
abandoned this procedure (1). In the only randomized study comparing
laser ablation with surgical stapling, McKenna et al. compared unilateral
stapled lung reduction with unilateral laser bullectomy for diffuse emphy-
sema (15). The authors of this study concluded that unilateral stapled lung
reduction was superior to unilateral laser bullectomy.

Surgeons who use sternotomy for lung reduction surgery generally
perform bilateral reductions. It appears that bilateral procedures tend to
result in greater improvements in lung function, but there may be a role
for unilateral stapling in selected patients (16–18). When unilateral
LVRS is indicated, posterolateral thoracotomy should be considered
only if video-assisted thoracic surgery (VATS) is contraindicated (18).
Anterior bilateral thoracotomies through the clamshell approach may
allow a better exposure of the lower lobes and the posterior lung field
(19). However, there is little justification to use this approach instead of
the more simple midline sternotomy. There is no consensus on whether
VATS stapling vs stapling via median sternotomy is superior. Some
have suggested that this depends upon surgeon preference (20). Several
nonrandomized studies have suggested that equivalent results are
achieved with VATS staple reduction and staple reduction via median
sternotomy (16,17,21). Selected studies that reported their results with
the open approach are listed in Table 1.

POSTOPERATIVE CARE (22)

The patient is extubated in the operating room and observed carefully
in the post-anesthesia recovery unit, and then transferred for overnight
stay in the intensive care unit. Postoperative acidosis and hypercarbia
are common in the first 12–24 h. This usually improves with time, as the
effects of anesthesia gradually disappear and better pain control is
achieved. Postoperative pain management consists of thoracic epidural
analgesia. It can be supplemented by patient-controlled intravenous
morphine analgesia and nonsteroidal antiinflammatory agents.
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A cephalosporine antibiotic is administered from the time of induction
of general anesthesia until the last chest tube is removed. We have a low
threshold for empiric treatment with large spectrum antibiotics when a new
infiltrate is noted on the daily chest X-ray or when a change occurs in the
appearance of the sputum. Oxygen saturation is monitored continuously
and kept above 90% at all times. Chest tubes are kept on water seal and
should not be removed before any air leaks have stopped and drainage is less
than 300 mL over 24 h. In the presence of a prolonged air leak (greater than
7 d), a Heimlich valve can be used to allow for dismissal home, provided
the lung remains expanded while on water seal. Early ambulation is encour-
aged and an exercise bicycle or treadmill is used 2–4 times/d, as tolerated,
starting on the second postoperative day. In patients using inhaled
bronchodilators preoperatively, that medication is resumed on the first
postoperative day. Rarely, parenteral steroids will be required to manage an
acute exacerbation of bronchospasm.

REFERENCES

1. Utz JP, Hubmayr RD, Deschamps C. (1998) Lung volume reduction surgery for
emphysema: out on a limb without a NETT. Mayo Clin Proc 73:552–556.

2. Brantigan OC, Mueller E. (1957) Surgical treatment of pulmonary emphysema.
Am Surg 23:789–801.

3. Brantigan OC, Mueller E, Kress MR. (1959) A surgical approach to pulmonary
emphysema. Am Rev Respir Dis 80:194–206.

4. Brantigan OC, Kress MB, Mueller EA. (1961) The surgical approach to pulmo-
nary emphysema. Diseases Chest 39:485–501.

5. Knudson RJ, Gaensler EA. (1965) Surgery for emphysema. Ann Thorac Surg
1:332–362.

Table 1
Series of LVRS Through the Open Approach (11)

Authors Patients (n) Technique Mortality(%) Increased
FEv1(%)

Cooper et al. (23) 150 Bilateral 5.0 51
Miller et al. (24) 100 Bilateral 5.2 97
Daniel et al. (25) 26 Bilateral 3.8 40
Argenziano et al. (26) Both* 7.1 61
Miller et al. (27) 53 Both* 5.2 97
Bousamra (28) 37 Both* 6.7 59
Date (29) 39 Bilateral 0 41
Demertzis (30) 25 Both* 0 50
Bagley (31) 55 Bilateral 0 27

* include bilateral and unilateral approach



Chapter 8 / Open LVRS Technique 147

6. Delarue NC, Woolf CR, Sanders DE, Pearson, FG, Henderson RD, Cooper JD, et
al. (1977) Surgical treatment for pulmonary emphysema. Can J Surg 20:222–231.

7. Even P, Sors H, Safran D, Reynaud P, Venet A, Debesse B. (1980) Hemodynamique
des bulles d’emphyseme - un nouveau syndrome: La tamponnade cardiaque
emphysemateuse. Revue Francaise des Maladies Respir 8:117–120.

8. Dahan M, Salerin F, Berjaud J, Renella Coll J, Gaillard J. (1989) Interet de
l’exploration hemodynamique dans les indications chirurgicales des emphysemes.
Ann Chirurgie 43:669–672.

9. Crosa-Dorado VL, Pomi J, Pérez-Penco EJ, Carriquiry G. (1992) Treatment of
dyspnea in emphysema: pulmonary remodeling: hemo- and pneumostatic sutur-
ing of the emphysematous lung. Res Surg 4:152–155.

10. Cooper JD, Trulock EP, Triantafillou AN, Patterson GA, Pohl MS, Deloney PA,
et al. (1995) Bilateral pneumonectomy (volume reduction) for chronic obstruc-
tive pulmonary disease. J Thorac Cardiovasc Surg 109:106–116.

11. Shrager JB, Kaiser LR, Edelman JD. (2000) Lung volume reduction surgery.
Curr Probl Surg 37:290–301.

12. Deschamps CD, Rocco G. (1999) La pneumoplastica riduttiva, trattamento
dell’enfisema polmonare in stadio avanzato. Leadership Medica (Italy) 2:4–9.

13. Krowka MJ, Utz JP, Hyatt RE, Hubmayr RD, Deschamps C. (1997) Lung volume
reduction surgery in alpha-1 antitrypsin deficiency. Am J Respir Crit Care Med
155:A795.

14. Wakabayashi A. (1995) Thoracoscopic laser pneumoplasty in the treatment of
diffuse bullous emphysema. Ann Thorac Surg 60:936–942.

15. McKenna RJ Jr, Brenner M, Gelb AF, Mullin M, Singh N, Peters H, et al. (1996)
A randomized, prospective trial of stapled lung reduction versus laser bullectomy
for diffuse emphysema. J Thorac Cardiovasc Surg 111:317–322.

16. Kotloff RM, Tino G, Bavaria JE, Palevsky HI, Hansen-Flaschen J, Wahl PM, et
al. (1996) Bilateral lung volume reduction surgery for advanced emphysema: A
comparison of median sternotomy and thoracoscopic approaches. Chest
110:1399–1406.

17. Wisser W, Tschernko E, Senbaklavaci O, Kontrus M, Wanke T, Wolner E, et al.
(1997) Functional improvement after volume reduction: Sternotomy versus
videoendoscopic approach. Ann Thorac Surg 63:822–828.

18. Argenziano M, Thomashow B, Jellen PA, Rose EA, Steinglass KM, Ginsburg
ME, et al. (1997) Functional comparison of unilateral versus bilateral lung
volume reduction surgery. Ann Thorac Surg 64:321–327.

19. Bains MS, Ginsberg RJ, Jones WG, et al. (1994) The clamshell incision: An
improved approach to bilateral pulmonary and mediastinal tumors. Ann Thorac
Surg 58:30–33.

20. Naunheim KS, Ferguson MK. (1996) The current status of lung volume reduc-
tion operations for emphysema. Ann Thorac Surg 62:601–612.

21. Travaline JM, Furakawa S, Kuzma AM, O’Brien GM, Cordova FC, Criner GJ.
(1997) Bilateral lung volume reduction surgery via median sternotomy versus
video-assisted thoracoscopic surgery. Am J Respir Crit Care Med 155:A973.

22. Cooper JD, Patterson GA. (1995) Lung-volume reduction surgery for severe
emphysema. Chest Surg Clin North Am 5:815–831.

23. Cooper JD, Patterson GA, Sundaresan RS, Trulock EP, Yusen RD, Pohl MS, et
al. (1996) Results of 150 consecutive bilateral lung volume reduction procedures
in patients with severe emphysema. J Thorac Cardiovasc Surg 112:1319-29.

24. Miller DL, Dowling RD, McConnell JW, Skolnick JL. (1996) Effects of lung
volume reduction surgery on lung and chest wall mechanics. Presented at the
23rd Ann Mtg The Soc Thorac Surg; Jan 25–31, 1996; Orlando, FL.



148 Visbal, Deschamps, and Utz

25. Daniel TM, Chan BB, Bhaskar V, Parekh JS, Walters PE, Reeder J, et al. (1996)
Lung volume reduction surgery: Case selection, operative technique, and clini-
cal results. Ann Surg 223:526–531.

26. Argenziano M, Thomashow B, Jellen PA, Rose EA, Steinglass KM, Ginsburg ME,
Gorenstein LA. (1997) A functional comparison of unilateral versus bilateral lung
volume reduction surgery. Ann Thorac Surg 64:321–326, discussion 326–327.

27. Miller JI, Lee RB, Mansour KA. (1996) Lung volume reduction surgery: lessons
learned. Ann Thorac Surg 61:1464–1469.

28. Bousamra M, Haasler GB, Lipchik RJ, et al. (1997) Functional and oximetric
assessment of patients after lung reduction surgery. J Thorac Cardiovasc Surg
113:675–682.

29. Date H, Goto K, Souda R, et al. (1998) Bilateral lung volume reduction surgery
via median sternotomy for severe pulmonary emphysema. Ann Thorac Surg
65:939–942.

30. Demertzis S, Wilkens H, Lindenmeir M, et al. (1998) Lung volume reduction
surgery for severe emphysema. J Cardiovasc Surg 39:843–847.

31. Bagley PH, Davis SM, O’Shea M, et al. (1997) Lung volume reduction surgery at
a community hospital: program development and outcomes. Chest 111:152–159.



Chapter 9 / VATS Techniques 149

149

From: Lung Volume Reduction Surgery
Edited by: M. Argenziano and M. E. Ginsburg © Humana Press Inc., Totowa, NJ

9

LVRS: SURGICAL APPROACHES

Surgical approaches to lung volume reduction surgery (LVRS)
continue to evolve and be debated along with the broader questions of
the longevity, cost effectiveness, optimal selection criteria of this opera-
tion. Otto Brantigan’s pioneering, and perhaps premature, work in LVRS
described resection of 30% of the hyperinflated lung by thoracotomy
(1). However, at that time, advanced stapling devices, thoracic anesthe-
sia, and intensive care practices were still in evolution and his patients
succumbed to an unacceptably high mortality. Renewed acceptance of
the procedure was heralded by the work of Cooper et al. (2), who reported
dramatic improvements in pulmonary function in patients undergoing
bilateral simultaneous volume reduction surgery by median sternotomy,
with resection of 30% of the each lung. Since then, surgeons have proven
that the procedure can be performed safely and effectively either by
sternotomy or by thoracoscopy.

Video-assisted LVRS was initially performed as a unilateral proce-
dure, and with the use of the YAG laser (3). Clinical experience with this
approach quickly led to the use and adaptation of stapling devices and

Lung Volume Reduction Surgery
Video-Assisted Thoracoscopic
Approaches

Joshua R. Sonett, MD and Mark J. Krasna, MD

CONTENTS

LVRS: SURGICAL APPROACHES

RESULTS

DISCUSSION

REFERENCES



150 Sonett and Krasna

to simultaneous reduction of both lungs. Superiority of stapled lung
reduction vs laser bullectomy was demonstrated by McKenna et al. (4),
in a prospective randomized trial. In this study, 72 patients were
randomized to unilateral stapled reduction or neodymium: yttrium
aluminum garnet (YAG) contact laser surgery. Although no significant
difference was seen in operating time, hospital days, and air leakage, the
mean postoperative improvement in FEV1 was significantly greater for
patients who received stapled reduction (32% vs 13%). The excellent
results seen with the use of unilateral LVRS quickly led to the adaptation
and wide-spread clinical implementation of simultaneous thoracoscopic
volume reduction. Multiple clinical series have shown significantly
greater gains in FEV1, and 6-min walk parameters with bilateral volume
reduction vs unilateral surgery, with no increase in morbidity or mortal-
ity, leading to the wide-spread implementation of the bilateral proce-
dure (5–7). Interestingly, the greater gains in postoperative function
may not necessarily lead to superior long-term survival. In a large ret-
rospective (multiinstitutional study involving 673 patients) no survival
benefit could be found for bilateral thoracoscopic volume reduction vs
unilateral thoracoscopic lung volume reduction (8).

In more than 150 cases of LVRS at the University of Maryland, the
surgical approach to LVRS has evolved from sternotomy and unilateral
thoracoscopy, to bilateral thoracoscopic LVRS in the supine position.
Our current technique described later involves bilateral LVRS in the
supine position for the majority of patients. Patients with severely
affected lower lobes and/or |-1 antitrypsin deficiency are approached
in a sequential fashion, with unilateral procedures performed alternately
in the right and left lateral decubitus position. Some authors advocate a
bilateral anterior thoracosternotomy (clamshell incision) for these
patients (9). After intubation with a double-lumen tube, patients are
positioned supine. The patient’s arms are supported above the head
utilizing an ether screen (see Fig. 1). The arms are carefully padded to
protect ulnar nerves. Optimal positioning involves extending the
humerus past the 90° position above the head to allow free access to and
use of an axillary port. If this is not done, long thoracoscopic instru-
ments cannot be fully maneuvered, as they will be impeded by the ether
screen. The position of the three ports is depicted in Fig. 2. The ports are
located in an elliptical arrangement around the inframammary crease.
The camera port may be placed one interspace lower than depicted
depending on the body habitus of the patient. The left-sided ports may
be shifted laterally in patients with a large cardiac silhouette. The lung
that is to be resected is grasped using the 5-mm axillary port and a
conventional spongestick (without a sponge); great effort is made to
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avoid grasping lung tissue that is not to be resected. Using the most
medial inframammary port, an EZ-45 stapling device (Ethicon,
Somerville, NJ) with buttressing material is then used to resect a large
portion of the upper lobe. When using the EZ-45 stapler, a small 12-mm
access incision is used rather than a complete thoracoscopic port, to
allow passage of the oversized stapler head and buttress material. In
general, we try to begin the stapling in a gradual fashion and progress
to deeper parenchyma with each successive staple firing (see Fig. 3).
The apex of the lung is resected by directing the stapler posteriorly at the
level of the azygous vein. After the lung has been resected, it is always
removed from the chest in a protected fashion using a sterile specimen
bag (see Fig. 4). The final specimen can be seen in Fig. 5, and clearly
resembles lung resected from an open sternotomy incision (see Fig. 6).
After one side is completed, a single 28 Fr. chest tube is placed under
direct vision through the lateral camera port trocar, the lung is reinflated,
and the magnitude of air leak is assessed by connecting the chest tube
to the pleural drainage system while the patient is still prepped and

Fig. 1. Supine position for bilateral thoracoscopic approach to LVRS.
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sterile. If a large air leak is present, reassessment of the lung and staple
line may be easily performed at that time. A similar procedure is then
performed on the contralateral lung, and the patient is extubated in the
operating room. Epidural pain control is used for all patients, and chest
tubes are placed to water seal immediately. Patients immediately start
chest physical therapy and are gotten out of bed at least once each shift.

The procedure can be performed in the full lateral decubitus position
as well, using a standard three-port approach. Again, in this technique,

Fig. 2. Ports placement for supine bilateral LVRS.
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a 5-mm port or access incision is placed superiorly for manipulation of
lung tissue, a camera port is placed laterally, and the working stapling
port is positioned in the inframammary crease in the anterior axillary
line. This technique affords better access to the lower lobes, but requires
repositioning and reprepping of the patient, adding a considerable
amount of time to the procedure.

Fig. 3. Initial thoracoscopic staple line, phrenic nerve can be seen in mediastinum.

Fig. 4. Retrieval of lung specimen in protected bag.
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RESULTS
At the University of Maryland, the last 26 consecutive patients having

LVRS for upper lobe predominant emphysema (all non-NETT and non-
| antitrypsin deficiency patients) were operated on via the bilateral
thoracoscopic approach in the supine position. The median length of
hospital stay of the patients was 9 d, with a median ICU time of 2 d.
Operating time averaged 119 min, and this included several patients
with significant adhesions. FEV1 increased from a mean of 25.3% of
predicted to a mean of 38.3% of predicted, a relative increase of 58%.
DLCO increased from an average of 31.2% of predicted to 42.0% of
predicted, and the residual volume decreased from 250% of predicted to
175% of predicted. Fourteen of the 25 patients had an air leak lasting
greater than 4 d, and one patient required thoracoscopic reexploration
for hemothorax. There were two deaths in the series (7.6%): one from
a cerebral hemorrhage on postoperative day 4, and one secondary to
progressive postoperative pneumonia and respiratory failure.

DISCUSSION
Although the minimally invasive approach to LVRS is appealing and

has now been performed by multiple institutions with excellent results, it

Fig. 5. Final specimen, showing complete extent of resection.
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has not clearly been shown to confer any advantage over median sterno-
tomy. Proponents of median sternotomy note the technical ease of
the incision and open procedure, and note that median sternotomy is
an extremely well-tolerated incision in terms of pain and morbidity.
In one retrospective study comparing a single institution’s experi-
ence with sternotomy vs thoracoscopy, bilateral LVRS performed
thoracoscopically offered equivalent functional outcome with po-
tentially decreased morbidity and mortality (10). Presently, a pro-
spective randomized trial at some centers in the NETT study is
underway to more formally compare the two approaches. Critics of
the thoracoscopic approach note the potential difficulty of VATS in
the face of pleural adhesions. However, a recent review by Mineo et
al. (11) demonstrated the feasibility of VATS LVRS in the presence
of severe adhesions.

Other surgical issues that are independent of the surgical approach,
but of significant import, include the volume of lung to be resected,
and the need for pleural buttressing. Both in a rabbit model and in a
clinical series, investigators at UC Irvine have attempted to address
the amount of lung that should be resected during LVRS. In their
clinical series they found a correlation between the amount of tissue
resected (as measured in grams) and improvement in FEV1 (12), with
generally greater improvements in FEV1 with greater volumes of lung
resected. However, the better gains in FEV1 were not translated into
better long-term survival in this group, indicating factors other than
the volume of resected lung play a part in the outcome after LVRS. A
follow-up study by the same group using an animal model of emphy-
sema may have offered some insight into their clinical observations,
as larger resections of tissue in the animal model resulted in similar
improvements in FEV1, but decreases in DLCO (13). Thus, in some
patients, the benefits derived from improved expiratory flow may, in
fact, be limited by a concomitant worsening of diffusion capacity
secondary to loss of pulmonary parenchyma. Another yet unanswered
question regards the use of buttressed stapled lines to decrease air
leaks, a practice which adds considerable expense to the procedure. A
recent series by Stammberger et al. (14) presents 42 patients undergo-
ing thoracoscopic LVRS in whom no such buttress was utilized. In this
and another series in which no buttressing technique was used (15),
the air leak rate and duration of chest tube duration was similar to that
in series utilizing buttressed stapled lines. However, given the overall
appeal and apparent logic of using buttressed stapled lines in these
challenging patients, the abandonment of this technique will require
further randomized studies supporting its exclusion during LVRS.
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One of the most important advances in our management of patients
undergoing thoracic surgical procedures has been the realization that air
leaks can be managed conservatively. Accordingly, in current practice,
patients are often discharged from the hospital even before complete
resolution of air leaks, as long as the affected lung is expanded and the
pleural space is adequately drained. Ambulatory pleural drainage has
been facilitated by the use modalities such as the Heimlich valve.
Numerous reports have now been published showing the efficacy of this
approach, which is now widely utilized throughout the thoracic surgical
community for non-LVRS patients.
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INTRODUCTION

Advances in monitoring, equipment, pharmacologic agents, and
perioperative pain management over the past 10 yr have provided the
anesthesiologist with new clinical tools, allowing fine adjustment of
care to critically ill patients undergoing surgery. The postoperative
survival and well being of the patient undergoing lung volume reduction
surgery (LVRS) continues to improve owing to perioperative clinical
advances. Continuous monitoring of oxygen saturation and end-tidal
carbon dioxide allow continual adjustment of intraoperative ventila-
tion. Short-acting anesthetic agents have improved the possibility of
early extubation. Intra- and postoperative pain control can be managed
on an individual basis in order to optimize ventilation. These changes in
clinical management have prevented complications and improved
outcome in this critically ill population.

Anesthetic Management
of the Patient Undergoing
Lung Volume Reduction Surgery
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PREOPERATIVE EVALUATION

From an anesthetic perspective, patients with end-stage pulmonary
disease are unstable, even with optimal medical therapy for their disease.
Unfortunately, our ability to correctly identify patients at high risk for
deterioration during and after surgery remains limited. Preoperative
evaluation of LVRS patients is optimally performed within 2 wk of the
planned procedure, with reevaluation on the day of surgery. The preop-
erative visit is a time for patient evaluation, as well as instruction.

A careful history and physical examination are routine parts of any pre-
operative anesthetic evaluation. A history of previous general anesthetics,
and, in particular, any difficulty with intubation or emergence from general
anesthesia is noted. Airway anatomy is evaluated by the usual Mallampati
criteria. Preoperative respiratory evaluation allows assessment of baseline
breathing, laboratory values, and respiratory capacity. Attention to the
degree of bullous disease, hyperinflation, bronchospasm, and resting oxy-
gen requirements will allow preoperative plans to focus on problems that
may occur during the period of anesthesia. This information is especially
critical to the management of ventilation during the procedure and at the
time of emergence and extubation. Preoperative blood gas analysis, in par-
ticular the degree of hypercarbia, may provide some guidelines for expec-
tations at the time of extubation. All preoperative medications are noted at
this time and the patient should be instructed to continue these up to the
morning of surgery. Bronchodilators, steroids, and cardiac medications
may need to be administered during the procedure and should be consistent
with the patients prior therapeutic regimen. Landmarks for monitoring lines
and the epidural catheter are noted during the physical examination (1–4).

Evaluation of the cardiovascular system will often reveal primary
disease or disease as a complication of respiratory failure. Coronary
artery disease is common in this patient population because of advanced
age and shared risk factors with emphysema. The nature and stability of
ischemic disease must be evaluated with attention to left ventricular
function. Pulmonary hypertension secondary to end-stage pulmonary
disease, with or without associated right ventricular failure, is common
and may require additional intra- and postoperative monitoring (5,6).

Patient instruction begins with a discussion of the preinduction period.
The patient is reminded to maintain all preoperative medication in their
usual doses until the morning of surgery. An explanation of all required
monitoring, including arterial, central venous, and Swan-Ganz catheters,
as well as transesophageal echocardiography is given. If thoracic epidural
analgesia is to be used, an explanation of awake catheter insertion and
patient-controlled analgesia is given. Detailed instruction about the need
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for early postextubation, concentration on deep breathing, coughing, and
incentive spirometry are included with emphasis on the need for early
ambulation and postoperative pulmonary rehabilitation.

THE DAY OF SURGERY
Immediate Preinduction Management

Successful management of the patient undergoing LVRS requires the
availability of specialized equipment. The anesthesia machine must be
able to deliver long expiratory times and high gas flows, and include a
mechanical ventilator that can provide pressure-controlled ventilation.
An I:E ratio no greater than 1:3 (and often lower, with very long expiratory
time) is necessary to prevent air trapping, pneumothorax and the devel-
opment of auto-PEEP with its deleterious hemodynamic effects. Pres-
sure-controlled ventilation will limit the possibility of air leaks and
pneumothorax during the entire procedure. Fiberoptic bronchoscopy is a
necessity in assuring proper placement of the double-lumen endotracheal
tube. Breath sounds in the patient with emphysema and hyperinflation are
often inaudible and serve as an inaccurate guide to tube placement.

Standard monitoring equipment, as recommended in the American
Society of Anesthesiologists Standards for Intraoperative Monitoring,
is required. Minimal mandatory additional monitoring includes an ind-
welling arterial catheter for continuous monitoring of arterial blood
pressure and intermittent blood gas analysis. Central venous catheter-
ization may be necessary for either vascular access or the administration
of vasoactive medication that cannot be administered through a periph-
eral line. Patients with significant pulmonary hypertension, right or left
ventricular dysfunction, or ischemic heart disease require a Swan-Ganz
catheter and perhaps transesophageal echocardiography.

Immediately prior to the induction of anesthesia, there are several
considerations to be made. Narcotics and sedatives producing respira-
tory depression should be withheld as they may prolong the time to
extubation at the end of the procedure. Prophylactic antibiotics are given
prior to incision. Perioperative steroid administration is utilized in the
patient population receiving preoperative steroids. Deep vein thrombo-
sis prophylaxis is initiated. A fluid bolus is considered in order to prevent
the development of hypotension on induction. The hypotension may be
worsened by a test dose of local anesthetic that has been administered
after epidural placement. The decision as to whether to administer fluid
or vasopressor is dependent upon the necessity of controlling fluid
administration and is patient-specific (7).
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Induction of Anesthesia
The choice of an anesthetic induction agent is, as always, determined

by the medical condition of the patient about to undergo surgery. LVRS
patients are often cachectic, hypovolemic and many have cardiac
disease. Although no specific agent has been scientifically proven to be
superior in this patient population, low doses of agents that maintain
hemodynamic stability have been successfully used. In particular, slow
titration of propofol or etomidate seem to provide hemodynamic stabil-
ity in this setting. Hypotension remains a significant problem during
induction because of the side effects of pharmacologic agents and the
initiation of positive pressure ventilation. |-agonist agents represent a
rapid antidote to this complication. Muscle relaxants should be chosen
with the same hemodynamic goals in mind, and in addition should be of
intermediate duration of action and easily reversible.

Positive pressure ventilation, prior to intubation, begins in a
controlled manner. In order to prevent an increase in air trapping (which
may cause hypotension caused by decreasing venous return), the ratio
of inspiration to expiration should be no higher than 1:3. In addition,
limitation of the peak inspiratory pressure is necessary to prevent pneu-
mothorax. In fact, the abrupt development of cardiovascular collapse
during induction should raise the suspicion of tension pneumothorax,
particularly if the hypotension is unresponsive to volume infusion and
vasopressor administration. The diagnosis of this entity may be chal-
lenging because of the extreme difficulty associated with auscultation
of the lungs in severe emphysema.

A left-sided double-lumen endotracheal tube is placed in order to
allow selective lung ventilation. This will improve surgical exposure for
either a median sternotomy or video assisted thoracoscopic (VATS)
approach. It is also important to allow for selective ventilation if persis-
tent air leaks develop intraoperatively. As aforementioned, confirma-
tion of tube position is most accurately accomplished by fiberoptic
bronchoscopy, as auscultion of breath sounds is unreliable (8).

Maintenance of Anesthesia
The anesthetic plan for maintenance is formulated with the goal of

extubation of the patient in the operating room at the end of the procedure.
Total intravenous anesthesia, as well as inhalational agents have been
used successfully. Intermediate-acting muscle relaxants that are easily
reversible are recommended. The intraoperative use of the thoracic
epidural catheter in patients undergoing median sternotomy allows the
anesthesiologist to moderate the amount of intravenous or inhalational
agent used during the procedure. The intravenous administration of any
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narcotic, with the exception of those that are ultrashort-acting, must be
limited in order to avoid postoperative respiratory depression. Local
anesthetics or a combination of local anesthetic and narcotic delivered
via the thoracic epidural catheter will allow the patient to emerge pain
free and without respiratory depression. The absence of pain and respi-
ratory depression are necessary to ensure successful extubation.

The management of intraoperative ventilation is based on the
principles discussed earlier in the induction section. Peak inspiratory
pressure must be limited to below 20 cm H2O to avoid the development
of air leaks and pneumothorax. Long expiratory times will prevent air
trapping and the development of auto-positive-end-expiratory pressure
(PEEP). This combination often leads to hypoventilation and a rise in an
already elevated arterial concentration of carbon dioxide. Permissive
hypercapnia is necessary to avoid the complications of more aggressive
ventilatory management.

It is obviously difficult to maintain adequate ventilation under positive
pressure in this severely compromised group of patients with end-stage
pulmonary disease. One-lung ventilation compromises pulmonary func-
tion even further, as there is no ventilatory reserve. In addition, measures
usually employed to treat hypoxemia and hypercarbia during one-lung
ventilation may worsen the patient’s status rather than improve it. Conven-
tional therapy for the treatment of hypoxia during one-lung ventilation is the
application of continuous positive airway pressure (CPAP) to the operative
lung and/or PEEP to the ventilated lung. Continuous positive pressure
applied to the emphysematous lung will result in significant air trapping, a
rise in pulmonary artery pressure and decreased venous return resulting in
worsening of both pulmonary and cardiovascular function. Hypoxia may
worsen, air leaks may develop, hypercarbia may increase, and hypotension
can result. For reasons aforementioned, application of positive-end expira-
tory pressure cannot be recommended in this population.

Hypoxia and hypercarbia must be tolerated to the greatest degree
possible during one-lung ventilation. When treatment is necessary,
gentle reinflation of the nonventilated lung with 100% oxygen will
restore the oxygen saturation to its preincision value. The lung may be
collapsed again and reinflated when hypoxia recurs. At the end of the
procedure, the lung is reinflated gently, limiting peak inspiratory pres-
sures to less than 20 cm H2O in an effort to prevent the development of
air leaks. During reinflation, it is helpful to clamp the tube serving the
opposite lung in order to limit overall exposure to positive pressure.

The maintenance of normothermia will decrease both intraoperative and
postoperative oxygen requirements. Warm air blankets and delivery of
warm intravenous fluids will help maintain temperature at nearly normal
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values. The prevention of postoperative shivering and its early treatment, if
it occurs, are key to limiting oxygen demand after extubation.

Emergence
The goal is to extubate the patient undergoing LVRS in the operating

room at the conclusion of the surgical procedure. Extubation at this time
will contribute to the success of the procedure by decreasing the devel-
opment of airleaks and avoiding the deleterious hemodynamic effects of
positive pressure ventilation. There are several therapeutic maneuvers
that provide valuable assistance in extubating LVRS patients:

1. Pain relief;
2. Bronchodilation;
3. Pulmonary toilet;
4. Perioperative steroids;
5. Lowering the inspired concentration of oxygen to maintain saturation

at about 90%.

Pain relief will prevent splinting, atelectasis, and the inability to clear
secretions. The use of epidural local anesthetics and narcotics in the
sternotomy patient or nerve blocks in the VATS patient should begin
during wound closure in the operating room in order to ensure adequate
respiratory efforts upon awakening. Although no protocol for emer-
gence has been scientifically shown to be superior during these cases,
the absence of pain is integral to the success of extubation.

Bronchodilation with intravenous agents such as aminophylline or
inhaled agents prior to extubation and continuing postoperatively is
crucial. The surgery is only palliative, and in the perioperative period,
the remaining diseased lung tissue will require an armamentarium of
medications similar to that preoperatively.

The work of breathing may be effectively reduced in the perioperative
period by steroids (which reduce airway inflammation and edema) as well
as vigorous pulmonary toilet (which improved air flow by clearing secre-
tions). In addition, lowering the inspired oxygen concentration to maintain
saturations at 90% will serve to maintain respiratory drive in the population
of patients who are chronically hypoxemic and hypercarbic. Noninvasive
BiPAP may be used postextubation if the PaCO2 climbs to over 70 mmHg.

It is most important to recognize that the standard criteria employed
in order to determine a patient’s readiness for extubation are difficult,
if not impossible, to utilize in this patient population. In LVRS patients,
tidal volumes are often no greater than 300 mL, oxygen saturation may
fall between 85–90%, and end tidal CO2 is often greater than 60 mmHg.
Accordingly, a key criterion for extubation in this high-risk group is the
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ability of the patient to remain awake and comfortable with the use of
the supportive measures discussed earlier (9).

POSTOPERATIVE PAIN MANAGEMENT

Postoperative management of incisional pain after LVRS is an inte-
gral part of the anesthetic management and is of particular importance
in this patient population (10,11). Thoracotomy or sternotomy result in
severe pain and significant changes in pulmonary physiology. The pain
is a result of the chest wall incision, periosteal irritation of the ribs,
pleural and parenchymal resection, and chest tube irritation (12,13).
Inadequate control of pain in the early postoperative period will result
in poor respiratory effort, inadequate ventilation, and impaired ability
to cough and clear airway secretions (10,14,15). The high-risk patients
presenting for LVRS are predisposed to the development of atelectasis,
hypoxemia, ventilation-perfusion mismatching, and pneumonitis, with
alterations in postoperative breathing patterns. Effective pain manage-
ment is vital to the success of this operative procedure and will improve
comfort, decrease complications, and shorten hospital stay.

Traditionally, either systemic or regional medications have been used in
the management of postoperative pain. The postoperative analgesic regi-
men must be tailored to the goals of early postoperative care, which include
early ambulation, use of incentive spirometry, breathing techniques, and
chest physiotherapy. The use of thoracic epidural analgesia has been widely
recommended for LVRS performed by median sternotomy (9). The data for
postoperative analgesia for the patient group undergoing the procedure by
VATS is less clear and systemic opioids or intercostal nerve blocks have
been found to provide satisfactory pain relief (11).

Systemic opioids are often difficult to manage because of their narrow
therapeutic margin and the large degree of preoperative cardiopulmonary
dysfunction in this patient population. Ideally, the drug should be admin-
istered by continuous infusion, have a short duration of action and few
side effects. In general, the somnolence and respiratory depression caused
by morphine and meperidine preclude their use in this population (16).
Fentanyl administered via patient-controlled analgesia (PCA) provides a
reasonable alternative with its short duration of action and fewer side
effects. NSAIDS are often used as adjuncts to systemic narcotics as they
are potent and safe if used for a short period of time (17–19). Prolonged
use can result in platelet dysfunction, gastrointestinal bleeding, and
reversible renal failure.

Intercostal neuronal blockade techniques can provide significant
postoperative analgesia by interruption of the anterior rami of the spinal
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root (20). The block is easy to perform, reliable and has the advantage
of having few central nervous system or cardiovascular side effects.
Although high levels of systemic absorption have been a concern, clini-
cal studies of patients undergoing thoracotomy have documented safe
plasma levels of local anesthetic. Single preclosure injections seem to
have little value. Indwelling catheters permit either bolus injection or
continuous infusion of local anesthetic, narcotic or a combination of the
two (21,22). There have been no clinical studies evaluating the use of
intercostal blockade in patients undergoing LVRS via a thoracotomy
technique. The blocks obviously have no place in pain relief after ster-
notomy or VATS. Clinical studies evaluating these blocks as an adjunct
to systemic opioids have found the blocks to be highly effective and a
valuable alternative to thoracic epidural analgesia when conditions
preclude its use. The existing literature recommends the use of
bupivacaine 0.5% with epinephrine by bolus or continuous infusion or
0.25% bupivacaine by continuous infusion (23,24).

Thoracic epidural analgesia remains the most highly recommended
technique for the relief of thoracotomy or sternotomy pain post LVRS
(9,11). The administration of a combination of opioids and local anes-
thetics will enhance the effect of both drugs at a lower dosage thereby
avoiding side effects (25). The catheter is placed and tested prior to the
induction of anesthesia in the T4-5 or T5-6 interspace. At some institu-
tions catheter position is confirmed by fluoroscopy prior to surgical
incision. Adequate analgesia is crucial during emergence in order to
ensure successful extubation at the conclusion of surgery. Early extuba-
tion may reduce the incidence and severity of airleaks and reduce the
hemodynamic problems associated with mechanical ventilation in this
patient population. Pulmonary and physical rehabilitation and early
ambulation required to prevent respiratory complications cannot occur
without adequate pain relief in the postoperative period. The LVRS
patient continues to have chronic hypoxemia and hypercarbia postop-
eratively and is often extremely sensitive to either epidural local anes-
thetic or opioid administration. Low concentrations of bupivacaine
(0.0625%) delivered by continuous infusion will spare motor function,
provide analgesia, and preserve hemodynamics (26). If sympathetic
blockade produces hypotension, volume infusion may be necessary. In
the fluid-restricted patient, the use of vasoconstrictors, such as phenyle-
phrine, may be required. The lipophilic short-acting narcotic, fentanyl,
can be added to the bupivacaine solution. Bupivacaine causes a dose-
dependent decrease in the narcotic requirement to achieve pain control.
The combination of bupivacaine (0.0625%) with fentanyl (2 mcg/mL)
has been used extensively in LVRS patients postoperatively with excel-



Chapter 10 / Anesthetic Management 167

lent analgesia, no respiratory depression, and hemodynamic stability.
These are the crucial elements of successful pain control in the imme-
diate postoperative period.
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INTRODUCTION

The care of the lung volume reduction surgery (LVRS) patient relies
on the expertise and skills of a multidisciplinary team consisting of
nurses, physical therapists, respiratory therapists, social workers,
nutritionists, and psychiatrists as well as physicians from the surgical,
pulmonary, and anesthesia teams. The care of these patients can be
challenging even to the most experienced health care provider. Educa-
tion about the surgical procedure and postoperative care begins at the
time of initial evaluation and is reinforced by all members of the team.
Preparation for surgery should include discussions with the patient and
family members about the risks and potential complications of the
procedure, postoperative care, issues surrounding the health care proxy,
the pulmonary rehabilitation program, and discharge planning.

Perioperative and Nursing Care
of the LVRS Patient
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Before discussing the postoperative care of the LVRS patient, it is
imperative to review the preoperative rehabilitation program. All surgi-
cal candidates are required to complete at least 6 wk of a comprehensive
outpatient pulmonary rehabilitation program prior to surgery. Multiple
studies have demonstrated that patients suffering from emphysema have
decreased levels of physical activity and are very deconditioned (1). It
is the goal of rehabilitation to increase exercise endurance and strength,
optimizing the preoperative physical condition in order to reduce post-
operative complications and hasten recovery. The program should
include endurance training, muscle strengthening, airway clearance
techniques, breathing retraining, relaxation techniques, and correct use
of bronchodilator medications. It is during these sessions that the
preoperative teaching is initiated and reinforced. The patient is evalu-
ated for his or her commitment to the exercise program and potential for
compliance with the postoperative protocol. It is clearly explained to the
patient and family that the postoperative course will be intense and
require a significant amount of work by the patient.

PERIOPERATIVE CARE

The patient is admitted the morning of surgery through the ambula-
tory surgery unit and escorted to the operating room with one family
member. The preoperative preparation requires that the patient be NPO
since midnight the night before surgery and that they shower the morn-
ing of surgery. Patients are instructed to take all medications as directed
and to bring their bronchodilators to the hospital in case they need a
treatment while being prepared for surgery.

Once in the holding area, the patient is attended to by an anesthesi-
ologist who routinely inserts a large bore peripheral intravenous line
and an arterial line, which is used for monitoring arterial blood pressure
and arterial blood gases (ABG). A thoracic epidural catheter is placed
to assist in intraoperative and postoperative pain management. To ensure
accurate assessment of intake and output, a Foley catheter is inserted
using sterile technique. Once moved to the operating room, the patient
is intubated with a double-lumen endotracheal tube (1,2).

Positioning on the operating room table is dependent on the type of
incision that will be utilized by the surgeon. Approaches used for LVRS
include median sternotomy, transternal bilateral thoracotomy (clamshell),
thoracotomy, or video-assisted thoracoscopic surgery (VATS).

Median Sternotomy
The patient is positioned by the operating room staff in the supine

position on the table with the arms either abducted and placed on side
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boards or safely secured at the patient’s side (3). The incision generally
extends in the midline from the suprasternal notch to a point just below
the xyphoid process.

Transternal Bilateral Thoracotomy (Clamshell)
The patient is positioned supine with the arms abducted on arm boards.

The incision generally extends from one midaxillary line to the other, across
the anterior aspect of the chest at the level of the fourth intercostal space (3).

Thoracotomy
The patient is positioned in the lateral decubitus position. The legs are

separated by a pillow with the lower leg flexed at the knee and hip; the
upper leg lies straight on top of the pillow (3). The lower arm is either
placed on an arm board at a right angle to the table or flexed at the elbow
and placed beside the head. The upper arm is rotated forward and allowed
to rest on an armboard or to hang over the operating room table, pro-
vided that it is supported by adequate padding.

Thorascopic Approach

For sequential unilateral VATS, the patient is placed in the lateral decu-
bitus position. Once the procedure on the first side is complete, the patient
is repositioned in the contralateral decubitus position for the second part of
the procedure. For simultaneous bilateral VATS, the patient is positioned
supine with the arms raised above the head in a flexed position. This
approach usually requires three to five small incisions, which are made over
each hemithorax for the entry of the thoracoscope and operating instru-
ments. The specific number and the exact location of incision sites are
modified as needed to provide maximal access for the best possible resec-
tion. For a more detailed discussion of these issues, see Chapter 9.

Regardless of the surgical approach, special attention must be paid to
the care of the bony prominences when positioning the patient. The staff
should pad the elbows, hips, knees, heels, and shoulders as needed. The
operating room staff also needs to utilize body warming techniques in
order to avoid postoperative hypothermia or shivering.

After the incision is closed, the anesthesiologist begins to awaken the
patient in preparation for extubation. Treatment should be focused on
maintaining adequate pain control while maximizing the patient’s
respiratory capacity. This period is considered by many to be most critical
in postoperative management of these patients. Once extubated, the post-
operative patient is transferred to the intensive care unit. A portable X-ray
is performed prior to transfer to the intensive care unit (ICU) to evaluate
the degree of lung expansion and to assess mediastinal position.
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A small percentage of postoperative LVRS patients require ventila-
tion during the early period after transfer to the ICU. If a specific patient
cannot be extubated immediately postoperatively, the goal remains to
aggressively wean ventilatory support, with the highest priority being
early extubation.

POSTOPERATIVE NURSING CARE

When considering the postoperative care of the chronic obstructive
pulmonary disease (COPD) patient, it is imperative to recognize the
major causes of death following any pulmonary resection. Ginsberg et
al. documented the causes of death after pulmonary resection: pneumo-
nia and respiratory failure; bronchopleural fistula and empyema;
myocardial infarction; and pulmonary embolism (4). Recognition of
these facts (coupled with research that documents patients with poor
pulmonary reserve are at increased risk for complications) guides the
care that the staff must render to patients undergoing LVRS. Emphy-
sema patients undergoing LVRS approach the operating room at signifi-
cant risk for postoperative complications. In order to properly care for
the patient, it is imperative that the nursing staff recognizes the potential
risk of each of these complications (see Table 1) (5–13). In the following
sections, system-specific protocols for management of the LVRS patient
will be discussed individually.

Cardiopulmonary System

The patient is monitored continually in the ICU with blood pressure,
oxygen saturation and telemetry readings for the first 24 h or until stable.
For patient comfort and easy access, it is recommended that arterial line
be maintained for frequent arterial blood gas analysis and pressure
monitoring. It is usually recommended that the blood gases be moni-
tored closely until the pCO2 is less than 60 mmHg (1). Vital signs should
be initially monitored at least hourly. Hypotension is commonly seen in
these patients. It should be treated appropriately with fluids or vasopres-
sors. Further assessment for bleeding should include daily monitoring
of the CBC until the chest tube output has decreased and the hematocrit
is stable. Telemetry monitoring should be employed until the patient is
transferred out of the step-down unit, with close attention paid to any
changes in cardiac rhythm, since atrial fibrillation is a common compli-
cation in these patients. All changes in pulse rate and reported palpita-
tions should be evaluated with an EKG and followed by the medical
staff. Routinely, LVRS patients are treated preoperatively with digoxin
0.125 mg daily to help minimize the occurrence of these events. Pneu-
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matic compression or other antiembolic stockings should be utilized to
help prevent deep vein thrombosis.

Respiratory System
The patient is usually admitted to the ICU with four chest tubes on

waterseal. In the first 24 h, chest X-rays are performed every 4 h and as
needed. After this time, the patient receives a daily chest X-ray to evalu-
ate lung reexpansion. Chest tubes are discontinued sequentially based
on the chest films. Chest tube output and the presence of air leaks and
crepitus should be evaluated every hour in the immediate postoperative
period and at least every 8 h thereafter. Excessive output (>100 cm3/h)
or presence of a new air leak or crepitus should be reported to the medical
staff immediately. The patient’s respiratory status should be monitored
if a new air leak is noted, with particular attention paid to the oxygen
saturation and chest X-ray. Suction (–10 cm H20) is only applied if the
following criteria are met: > 30% pneumothorax; inability to maintain
an oxygen saturation > 90% after adequate pain control, chest physical
therapy and bronchodilation therapy; or significant subcutaneous
emphysema (1). Chest tube dressings are changed every 48–72 h.

Table 1
Potential Complications of LVRS

System Complication

Respiratory Prolonged air leak
Pneumonia
Reintubation
Prolonged ventilator support with tracheostomy
Bleeding resulting in a pleural tent
Diaphragmatic paralysis
Pulmonary embolism
Empyema

Neurological CVA
TIA

Gastrointestinal GI Bleed
Cecal perforation

Cardiac Arrthymia
Myocardial infarction

Genitourinary Urinary retention
Urinary tract infection

Integumentary Infection
-Wound
-Epidural site
-Phlebitis
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Each time a change occurs involving the chest tube system (i.e.,
discontinuance of a chest tube, change to/from suction/water seal) the
staff needs to make more frequent assessments of the patient’s respira-
tory status. Reports of increased dyspnea with increased oxygen
requirements necessitate immediate nursing intervention and notifica-
tion of the medical staff. These patients are very sensitive to changes in
pleural pressure and can exhibit respiratory distress in various ways. A
significant increase in the amount of oxygen needed to maintain an
oxygen saturation >90% should trigger a complete physical exam
focused on the respiratory system. Changes in the air leak status or the
occurrence of crepitus should be followed closely with notification of
the medical staff.

Breath sounds should be auscultated every hour immediately postopera-
tively, then every 4 h once the patient is deemed stable. Assessment of the
patient’s ability to cough and ability to clear secretions should be made. The
amount, color, and frequency of the sputum need to be assessed on a con-
tinual basis. Significant changes need to be communicated expeditiously to
the medical staff. Short-acting bronchodilators are administered every 4 h.
Immediately postoperatively, the patient uses an acorn nebulizer. This treat-
ment should be followed by chest physical therapy.

Intensive chest physical therapy is necessary to assist the patient in
maintaining adequate oxygenation postoperatively. The nursing staff
and pulmonary physical therapists need to collaborate to provide the
patient with percussion and vibration, coughing and deep breathing
exercises, and early ambulation. Instruction on incentive spirometry
should be reiterated and a return demonstration provided to assure proper
use. It is imperative that the patient be encouraged to use the incentive
spirometer frequently (10 repetitions every hour) followed by coughing
and deep breathing. Splinting with a pillow or similar device will pro-
vide support to the surgical incision. Patients need constant reinforce-
ment in the use of diaphragmatic and pursed lip breathing as instructed
preoperatively in the pulmonary rehabilitation program.

Early mobilization is critical to the care of the postoperative LVRS
patient. On the first postoperative day, the team ensures that the hemo-
dynamically stable patient is transferred out of bed to the chair. The
patient is progressed to stepping and ambulating at the bedside on the
first postoperative afternoon. The postoperative LVRS patient is rou-
tinely walked, even though attached to chest tubes, epidural and foley
catheters, oxygen, and a pulse oximeter. Oxygen is titrated to keep the
saturation above 90%. It needs to be reinforced that these patients
routinely desaturate with activity and oxygen delivery should be
adjusted accordingly. The patient is progressed to walking on the tread-
mill, leg exercises, and unweighted arm exercises while in the hospital.
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Despite the use of bovine pericardium and pleural tents, persistent air
leaks continue to complicate the postoperative course of many LVRS
patients. Because the chest tube collection system is cumbersome (espe-
cially as the patient’s activity level increases), we routinely utilize the
Heimlich flutter valve in the management of persistent air leaks. The
Heimlich valve is a one-way valve that allows air to exit from the pleural
space without allowing air re-entry during inhalation (14). The valve at-
taches directly to the chest tube. Because blood or pleural fluid may obstruct
the ends of the valve, it is not recommended for use in patients with substan-
tial pleural drainage. Assessments should include checks for patency. The
walls of the patent Heimlich valve should open with exhalation, allowing
air to escape, and close with inhalation, preventing the inflow of air (15).
The phasic fluttering of the valve usually stops when the airleak/pneu-
mothorax resolve, but until the chest X-ray confirms this and rules out valve
dysfunction, the staff needs to properly assess the patient for respiratory
distress. If the patient’s clinical status or chest X-ray suggest a worsening
air leak of pneumothorax, the staff should assess the valve for possible
obstruction and replace it as needed. If drainage and obstruction continue
to be a problem, the chest tube may have to be reconnected to a standard
collection system.

Although prolonged ventilator use is not routine, the staff needs to be
aware that the LVRS patient is at significant risk for ventilator depen-
dence. The staff must be cognizant of the potential need for chronic
weaning, tracheostomy, or placement in a chronic care facility. These
potential outcomes need to be addressed when the patient is considering
the potential risks and benefits of surgery. It is imperative that the LVRS
staff address the issues of Health Care Proxy and Advance Directives,
because these patients are at significantly higher risk for ventilator
dependence and chronic illness requiring advanced care.

PAIN CONTROL

Paramount to early mobilization is adequate pain control. LVRS
patients are managed with an epidural catheter. On average, the catheter
remains in place for 3–5 d, and is utilized to deliver a bupivacaine/
fentanyl solution. The medical staff also administers NSAIDs to appro-
priate patients for the first five postoperative days. These medications
should be used cautiously in patients with impaired renal function.
Careful monitoring of the blood urea nitrogen (BUN) and creatinine is
necessary to avoid renal complications. Management is focused on
maximizing comfort, minimizing side effects, and managing potential,
but uncommon, complications. Special attention needs to be paid to
assessing the patient for side effects (see Table 2).
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As noted above, one of the most common side effects of epidural pain
control is urinary retention. To alleviate this symptom, a foley catheter
is inserted in the operating room. Urine output should be monitored
every 2 h progressing to every shift. The foley catheter, placed in the
operating room, should not be removed until the epidural catheter is out
and the patient is ambulating.

Assessment of adequate pain control should be performed utilizing stan-
dardized tools such as the Analgesia Scale, Sedation Scale, and Bromage
Scale (see Table 3). It is very important that adequate pain control is main-
tained in order for the patient to progress in their postoperative recuperation.
If malfunction of the epidural catheter occurs, adequate pain control should
be maintained by either intravenous patient-controlled analgesia (PCA) or
with oral pain medication. Careful assessment is required to monitor for
signs and symptoms of respiratory depression. Once the PCA is discontin-
ued, the patient is placed on oral pain medication (oxycodone/acetami-
nophen or acetaminophen/codeine). In addition to pain medication use, the
patient should be reminded to utilize relaxation techniques to decrease
anxiety and thus assist in pain control.

GASTROINTESTINAL

A common side effect of narcotic and opiod analgesics is constipa-
tion and decreased bowel function. Assessment of bowel function is
imperative in the postoperative management of these patients. The nurs-
ing staff needs to auscultate bowel sounds every shift. It is important to
avoid constipation. The patient routinely receives stool softeners unless
contraindicated. The diet is progressed from clear liquid diet the first
postoperative night to a regular diet, as tolerated.

Because of chronic steroid use and the frequent use of steroids post-
operatively, these patients are at increased risk from GI discomfort,
ulceration, and hemorrhage. It is thus recommended that the postopera-
tive LVRS patient receive prophylactic agents, such as H2-blockers or
proton pump inhibitors, to reduce gastric acidity. The nursing staff

Table 2
Epidural Side Effects

Local Anesthetic Opioids

Sensory losses Nausea and vomiting
Motor weakness Pruritus
Postural decrease in blood pressure Respiratory depression
Urinary retention Urinary retention
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should ensure that oral steroids are taken on a full stomach. The patient
should be encouraged to report any gastrointestinal discomfort as
promptly as possible.

INTEGUMENTARY

The surgical incisions, intravenous sites, epidural sites, chest tube
sites, and foley catheter are all potential sites for infection. Assessments
every shift should include evaluation of these areas for signs and symp-
toms of infection. Erythema, swelling, increased pain, or temperature
above 101° Fahrenheit should alert the nursing staff to a potential post-
operative infection. Special attention needs to be paid to the complete
blood count and any cultures that are obtained.

Many postoperative patients are treated with steroids, and are subse-
quently at increased risk for clinically inapparent infections. Steroids
also contribute to a delay in wound healing. Special attention should be
paid to those patients who had a median sternotomy or clamshell because
of the potential risk of wound dehiscence. Daily assessment of the ster-
nal incision for the presence of a click is routine. The medical staff
should be notified immediately if sternal instability is detected.

As with all postoperative patients, LVRS patients need to be placed
on skin precautions to prevent pressure sores. Patients should be encour-
aged to turn and change position every 2 h when in bed. Pressure-
relieving devices should be utilized as needed in these and all
postoperative patients. The patient should be encouraged to eat a well-
balanced diet to promote wound healing and good skin integrity. Small
frequent feedings often work best with emphysema patients and should
be used with the LVRS group.

Table 3
Pain Assessment

Analgesia Scale Ask patient to rate pain 0–10
0 = no pain
10 = worst possible pain

Sedation Scale 0 = None–Awake and Alert
1 = Mild–occasionally drowsy, easy to arouse
2 = Moderate–frequently drowsy, easy to arouse
3 = Severe–somnolent, difficult to arouse

Bromage Scale 0 = No block (0%)–full flexion of knees and feet possible
1 =   Partial (33%)–just able to flex knees,still full flexion of feet
2 = Almost complete (66%)–unable to flex knees, still

 flexion of feet
3 = Complete (100%)–unable to move feet or legs
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PSYCHOSOCIAL

Studies of patients with COPD reveal a high incidence of depression,
anxiety, and preoccupation with bodily functions (16). This can become
a significant problem in the postoperative management of the emphy-
sema patient. Hopefully, the preoperative rehabilitation program and
teaching will have adequately prepared the patient and family for the
postoperative course. The staff needs to recognize the signs of a panic
attack and work to help the patient regain focus and work through the
attack with coaching. All patients should receive instruction in pursed-
lip breathing and other relaxation techniques preoperatively. The staff
who care for the postoperative emphysema patient must reinforce the
preoperative teaching and help the patient focus in order to interrupt an
anxiety attack. These patients require support and encouragement from
the staff in order to participate fully in daily physical therapy and to
eventually assume responsibility for self-care. Patients may be disap-
pointed with their initial results because of increased exhaustion, pain,
decreased exercise tolerance, and general malaise. The staff needs to
convey to the patient that all of these feelings are normal in the early
postoperative course. It also should be reiterated that LVRS patients
usually do not feel significant improvement for at least 6–8 wk postop-
eratively. Persistent problems with panic attacks, anxiety, or depres-
sion, which seem to impede the patient's participation with his or her
activities of daily living need to be discussed with the medical staff.
Intervention by a psychiatrist should be considered earlier rather than
later in order not to waste valuable rehabilitation time postoperatively.

DISCHARGE PLANS

Discharge planning starts with preoperative teaching. The patients
are informed that the average length of stay in the hospital is 7–14 d.
Most patients are discharged home with outpatient pulmonary
rehabilitation at the same center they utilized preoperatively. Almost
all patients require some oxygen therapy postoperatively while they
are reconditioning. This includes many patients who did not require it
at all preoperatively. It is imperative that this issue be communicated
to all patients before surgery so that there are no surprises when the
patient is discharged with oxygen support.

Discharge instructions include monitoring for signs and symptoms of
infection such as increased sputum production, erythema, swelling, or
discharge from surgical or chest tube incision sites, or temperature >
101°F. The staff routinely instructs patients on activity restrictions
postoperatively, such as limits for upper body strengthening. In general,
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in patients undergoing a median sternotomy or clamshell incision, we
recommend delaying upper extremity range of motion exercises with
weights for 4–6 wk postoperatively. Driving an automobile is generally
restricted for at least 4 wk postoperatively or until the surgeon clears the
patient at the first outpatient postoperative visit. This visit is usually
scheduled for 10–14 d after the patient is discharged from the hospital
with a chest X-ray done prior to the visit.

The patient is usually discharged home on the same medication
regimen that they were on preoperatively. In addition, the patient is
instructed to take analgesics every 4–6 h to help with pain control. If the
patient is being discharged on a prednisone taper, it is very important
that the staff adequately address the details of the tapering regimen in the
discharge instructions.

Some patients require referral to an inpatient pulmonary rehabilitation
facility if they are too debilitated to be discharged home safely. This group
generally requires anywhere from a 2–4 wk stay in an inpatient facility
which provides both physical and occupational therapy. The decision
regarding inpatient vs outpatient rehabilitation is made individually with
input from the medical, nursing, and physical therapy staff as well as the
patient and family. (Please see Chapter 6 for a more detailed discussion
of this and other issues related to pulmonary rehabilitation.)
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is now the fourth lead-
ing cause of death in this country and the only major disease continuing
to increase in prevalence and mortality (1). There are more than 20 million
people in the United States with COPD (2,3). Most of these have the
asthmatic or chronic bronchitic forms of the disease, but more than two
million are believed to suffer from the predominantly emphysematous
type. Although asthma and chronic bronchitis tend to be medically treat-
able, medically controllable diseases, there is no good medical therapy for
emphysema (4). Disability is the exception in asthma and chronic bron-
chitis. It is the rule in progressive emphysema. Finally, in studies compar-
ing mortality risks, 10-yr mortality is far higher in emphysema than in the
asthmatic or chronic bronchitic groups (5). Because medical therapy has
been so limited in emphysema, surgical options have been sought for over
100 yr. Over those years, many procedures have been attempted; most
initially appeared promising, only to be abandoned because of ineffec-
tiveness, morbidity, or mortality risks (6–9). See Chapter 7 for a more
detailed review of this interesting history.

In 1993, Cooper reintroduced a surgical procedure initially performed
by Otto Brantigan in the 1950s (10,11) in which the worst areas of
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emphysematous lung were removed. Within a few years, Cooper et al.
published some very encouraging initial results (12). Subsequently,
lung volume reduction surgery (LVRS) was performed in a number of
centers around the country. Published reports from numerous centers
suggested that LVRS might be beneficial in selected emphysema
patients (13–16). Notwithstanding early enthusiasm for this novel
procedure, early investigators recognized that the operation did carry
significant morbidity and mortality risks, without certainty regarding
longevity of any benefits that might be apparent after surgery. Because
of these concerns, the procedure is now the subject of a multicenter,
randomized, 7-yr National Institutes of Health study, the National
Emphysema Treatment Trial (NETT). This study should determine rela-
tive risks and benefits of the procedure and outline selection criteria.
Ultimately, these selection criteria will allow better definition of the
evaluation process for potential LVRS candidates.

EARLY SELECTION CRITERIA

Part of the problem in evaluating early studies of surgery for emphy-
sema involves the variability of selection criteria and variation in
preoperative evaluations in different studies. In Brantigan’s initial
discussion of LVRS, one of the major criteria for inclusion appears to
be that before surgery “every patient for a long time had been unable to
work” (10). Preoperative radiographic studies were performed and bron-
choscopy and bronchography were used to identify (and eliminate)
associated diseases, particularly bronchiectasis. Brantigan admitted that
“unfortunately” pulmonary function studies were not performed in many
of the patients. Despite the lack of pulmonary function data, Brantigan
did conclude that “it is obvious that pulmonary function studies cannot
measure the potential lung function that may be restored” with surgery.

In 1991, Wakabayashi et al. described the results of thoracoscopic
carbon dioxide laser treatment of bullous emphysema (17). Inclusion
criteria included respiratory symptoms sufficient to cause major impair-
ment of activity and lifestyle. Radiographic studies, including comput-
erized tomographic (CT) scanning, were used to define the extent and
location of bullous disease, “preferably” revealing evidence of crowd-
ing of adjacent lung tissue. Preoperative functional evaluation included
physical examination, routine laboratory studies, and for most patients,
pre- and postbronchodilator pulmonary function testing. Most patients
also underwent maximal exercise testing using a modified low-level
protocol. Lewis et al. in 1993 (18) and Little et al. in 1995 (19) used
dyspnea scales, CAT scans, and pulmonary function studies including
lung volume measurements to select their patients.
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In Cooper’s 1995 publication, the standard for future evaluation of
patients for LVRS was established (12). Patients in this series underwent
standard spirometry (pre- and postbronchodilator), lung volume measure-
ment by body plethysmography and nitrogen washout, standardized 6-min
walk testing, and arterial blood gas (ABG) analysis. Radiographic evalua-
tion included inspiratory and expiratory chest radiographs (CXR), CAT
scans, and quantitative nuclear perfusion and ventilation lung scanning.
Patients completed quality-of-life and dyspnea assessments. All patients
underwent right-heart catheterization. It is to Cooper’s credit that more than
5 yr after completing this initial study, the evaluation of patients for LVRS
has remained basically unchanged. Of the screening described in his initial
report, only nitrogen washout, ventilatory radionuclear scanning, and right-
heart catheterization are no longer routinely included in LVRS evaluations.

EVALUATION OF CANDIDATES FOR LVRS

The evaluation of patients for LVRS can be broadly divided into three
areas: clinical status, pulmonary function evaluation, and radiographic
assessment.

Clinical Status
The evaluation of potential LVRS candidates starts with a complete

history, physical examination, and routine laboratory studies. Important
clinical issues include patient age, smoking history, bronchitic disease
component, nutritional status, level of disability, extent of systemic
steroid requirements, cardiac status, presence of pulmonary hyperten-
sion, presence of other significant lung diseases, and presence of other
significant medical diseases.

The age of the patient appears to be an important prognostic factor. While
at Columbia Presbyterian Medical Center (CPMC) and other centers,
patients over age 80 have successfully undergone LVRS, most studies
suggest that patients over the age of 70 face increased perioperative risks,
and higher mortality (20,21). In the CPMC experience, patients over age 70
have a predicted 4-yr mortality of more than 60% compared with a 40%
mortality under age 70. Most centers do not view age over 70 yr as an
absolute contraindication to LVRS, although most suggest that only the
most ideal of these elderly patients should be considered for surgery. In this
regard, in order to be enrolled in the NETT, patients over age 70 must have
an FEV1 greater than 15% of predicted.

Most patients with emphysema are elderly. However, younger patients
(under age 55) occasionally present with significant emphysema. Many
of these patients have the |-1 antitrypsin deficiency variant. Most of
these have a lower lobe predominance of disease, as opposed to the
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upper lobe predominance seen in most cases of emphysema. Patients
with|-1 antitrypsin deficiency have undergone LVRS. Results in these
patients have been less impressive, with benefits of shorter duration
than in other patients. In these younger patients, LVRS may simply be
a “bridge” to transplantation, as Cooper initially suggested.

The link between cigarette smoking and development of emphysema
has been well documented (22,23). Active cigarette smokers have a
much more marked yearly reduction in FEV1 than nonsmokers or former
smokers (24). In addition, cigarette smokers face higher postoperative
risks of bronchitic exacerbation, atelectasis, or pneumonia (25). Most
centers require that potential LVRS candidates stop smoking at least 4
mo prior to evaluation. Patients in the NETT undergo regular serum
cotinine testing. If not using nicotine-preventive products, plasma
cotinine levels must be less than 31.7 ng/mL. If using nicotine preven-
tive products arterial carboxyhemoglobin levels must be less than 2.5%.

Most patients with COPD have the bronchitic form of the disease (26).
LVRS is not appropriate for these patients. Many patients with emphysema
have a bronchitic component. The greater the bronchitic component, the
less likely LVRS will be of benefit. In addition, the greater the bronchitic
component, the higher the risk of postoperative complications, including
atelectasis, pneumonia, and respiratory failure. For these reasons, a history
of recurrent bronchial infections or significant daily sputum production is
viewed as a contraindication to LVRS.

Nutritional status is a concern in patients with advanced emphysema
(27). Studies suggest that more than 20% of outpatients with significant
COPD, andmore than 50% of hospitalized COPD patients are malnour-
ished (28,29). Nutritional status also correlates with mortality risk. Emphy-
sema patients below 80% of ideal body weight face 3-yr mortality rates over
30%. Despite enteral and parenteral modalities aimed at improving nutri-
tional parameters, these patients remain severely functionally limited. In the
CPMC experience, malnourished patients undergoing LVRS have had
significantly higher morbidity and mortality. Most centers exclude patients
with unplanned weight loss over 10% of usual weight in the 90 d prior to
evaluation. Whereas patients with significant emphysema are rarely over-
weight, obesity also confers a higher postoperative risk of morbidity and
mortality. Therefore, NETT patients must have a body mass index (BMI)
< 31.1 kg/m2 in men or < 32.3 kg/m2 in women.

Level of disability and degree of limitation are critically important
issues. Because results of LVRS are impossible to guarantee, and
benefits of LVRS vary and are not permanent, and also because the
procedure carries major risks, candidates for LVRS must be severely
limited. Although severity of limitation usually correlates with the
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severity of reduction in FEV1, there is considerable variability (30).
Different patients with the same level of FEV1 can have very different
degrees of limitation and very different degrees of dyspnea. Therefore,
there is general agreement that dyspnea indices and quality-of-life
assessments are important parts of any LVRS evaluation. Some poten-
tial LVRS candidates may be too limited to undergo the procedure. If,
after completing pulmonary rehabilitation, patients are still unable to
walk more than 140 m in 6 min, most investigators do not believe they
are appropriate LVRS candidates.

Patients with severe emphysema are at risk of developing pulmonary
hypertension from a combination of loss of the pulmonary capillary bed and
disturbances in gas exchange (31,32). Some authors have suggested that in
certain patients, LVRS can actually improve pulmonary hemodynamics (33).
However, this is an area of major concern to pulmonolgists and thoracic
surgeons caring for these patients (34–36). Whereas surgeons aim to resect
areas of lung with decreased vascular perfusion on CAT scan or perfusion
lung scan, a certain amount of capillary bed is invariably removed. Thus, the
potential of worsening pulmonary hypertension exists, especially if too much
functioning lung is removed. If peak systolic pulmonary artery pressure
(PAP) on echocardiogram evaluation is equal to or over 45 mmHg, right-
heart catheterization is suggested. If this degree of systolic pulmonary
hypertension (or mean PAP G 35 mmHg) is found on catheterization, the
patient is not a candidate for LVRS. Screening echocardiograms may also
give information about left-ventricular function and valvular problems that
could require cardiac consultation before making decisions regarding LVRS
eligibility.

Most patients with emphysema are former cigarette smokers and are
also at risk for coronary artery disease (31). Because of their respiratory
limitations, typical anginal symptoms may not be present. A clinical
history suggesting unstable angina, a myocardial infarction within 6
mo, an S3 gallop or a history of CHF within 6 mo, a left-ventricular
ejection fraction < 45%, syncope, or significant ventricular ectopy may
be viewed as possible contraindications for the procedure and require
cardiac clearance before proceeding. Many of these patients may not be
able to complete a treadmill exercise study. Therefore, most centers
suggest performing dobutamine radionuclide cardiac scanning in these
patients. A positive study would require cardiac consultation before
deciding whether LVRS remains an option.

Cardiopulmonary exercise testing helps delineate cardiac, pulmonary,
and deconditioning components of a patient’s generalized disability
(37,38). It plays a role in outlining the degree of limitation, and helps set
up an appropriate pulmonary rehabilitation program (see Chapter 2). In
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the NETT, one of the main study outcomes is maximum exercise
performance, and repeat cardiopulmonary exercise studies are the
crucial part of that evaluation. There is no question about the importance
of these tests in ongoing research studies of LVRS. However, at present,
the ultimate role of cardiopulmonary exercise testing in clinical LVRS
evaluations remains somewhat unclear.

Patients facing LVRS obviously are severely limited. Any other pulmo-
nary or medical problems could adversely effect surgical and long-term
results. Significant kyphoscoliosis, bronchiectasis, or pleural or interstitial
lung disease would preclude surgery. Evidence of a systemic disease or
malignancy that is expected to compromise survival would be a contrain-
dication to the procedure. Uncontrolled hypertension with systolic blood
pressure > 200 mmHg or diastolic blood pressure >110 mmHg could
significantly increase operative risks, and would have to be better controlled
before proceeding with LVRS. Dependence on high-dose systemic steroids
raises additional concerns, including the risk of osteoporosis, which could
compromise postoperative recovery (39). In addition, because emphysema
is not a steroid-responsive disease, significant systemic steroid dosing may
suggest a greater asthmatic or bronchitic component. The NETT eliminates
patients using more than 20 mg of prednisone daily.

At this time, prior lung resection surgery, including prior LVRS, is
viewed as a contraindication because procedures performed in this setting
have been complicated and usually poorly tolerated. Adhesions from
prior procedures can dramatically increase air leak and bleeding risks. At
CPMC and other centers, unilateral LVRS has been performed in patients
with old pleural disease on the contralateral side, and in patients status
post prior contralateral lung resection including prior unilateral LVRS.
Whereas the procedure can be safely performed in this setting, results are
generally not as good as with the bilateral LVRS procedure (40,41).

Pulmonary Function Evaluation
Pulmonary function studies are an important part of the evaluation of

potential LVRS candidates (42). Routine spirometry measured both before
and after bronchodilator administration serve to eliminate many COPD
patients from consideration. A significant bronchodilator response suggests
a significant airways disease component. Most centers eliminate patients
with a postbronchodilator response of greater than 30% or greater than 300
mL. Recognizing that this procedure should only be considered in severely
limited patients, most centers also require an FEV1 less than or equal to 45%
predicted. The lower limit of FEV1 greater than 15% of predicted is, as
aforementioned, reserved for patients over age 70.

Loss of lung elasticity with associated increase in pulmonary compli-
ance are major pathophysiologic determinants in emphysema. Indeed,
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recent data suggests that improvement in lung elasticity may play a
major role when this operation is successful (43). Pulmonary compli-
ance studies are being used in research protocols, but are not indicated
in clinical screening. Evaluation of lung volumes, however, is required
(44). Body plethysmography gives much more accurate data than nitro-
gen washout techniques. Initially, both studies were performed in the
hope that an estimation of “trapped gas” volume could be determined by
calculating the difference between the volumes measured by the two
techniques. Subsequent work has suggested that nitrogen washout adds
little to the evaluation. Most centers suggest that patients have a total
lung capacity equal to or over 100% predicted and that residual volume
be equal to or over 150% predicted to be considered candidates.

ABGs remain an important part of the LVRS evaluation. In the CPMC
experience, patients with a preoperative partial pressure of oxygen (PaO2)
> 60 mmHg have had significantly greater 4-yr survival than patients start-
ing with lower PaO2. The NETT requires a room air resting PaO2 G 45
mmHg and oxygen requirements during rest or with oxygen titration not
exceeding 6 L/min to keep saturation over 90%. Higher oxygen require-
ments either reflect the severity of underlying emphysema (suggesting little
remaining functional lung tissue), or the presence of another lung problem
in addition to emphysema. In either case, LVRS would likely be of little
benefit, and operative risks could be high. Significant PaCO2 elevations are
also of concern, again reflecting the severity of disease. Numerous studies
have suggested that patients with significant PaCO2 elevations have
increased operative risks, poorer results, and decreased survival (45,46).
The NETT requires a PaCO2 no higher than 60 mmHg. The role of diffusing
capacity (DLCO) monitoring remains unclear. Although there is data
suggesting that the severity of emphysema can be gaged by the severity of
DLCO reduction (47), DLCO monitoring has not been found to be helpful
in LVRS evaluations. The NETT no longer uses DLCO as part of inclusion
or exclusion criteria.

Radiographic Assessment
Inspiratory and expiratory CXR can act as simple screen for emphy-

sema. These studies can provide evidence of air trapping, large lung
fields, flattened diaphragms, and decreased diaphragmatic movement.
High-resolution CT scanning, however, has clearly become the radio-
graphic study of choice in evaluating potential LVRS candidates (48). This
study not only allows an estimation of extent and severity of emphysema,
it also allows judgment of the heterogeneity or homogeneity of the process
(49). Cooper et al. have shown that this procedure is potentially beneficial
in patients with the heterogeneous pattern with so-called target areas of
worse emphysema potentially amenable to resection. Most centers have
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avoided patients with homogeneous disease fearing that there is little “good
lung” to expand in this group. If LVRS works by downsizing the lungs and
improving lung elasticity, presumably some of these patients with the ho-
mogeneous pattern may benefit as well. At this point, the role of LVRS in
homogeneous emphysema remains unclear.

CT scanning is also of value in elucidating other pulmonary problems.
CAT scanning can define the extent of bronchiectasis or the presence of
unexpected interstitial or pleural parenchymal disease. It may also reveal
potentially malignant lung nodules. The incidence of lung nodules in patients
screened for LVRS has ranged from 7% to more than 30%. Suspicious lung
nodules are not necessarily a contraindication to LVRS. At CPMC and other
centers, lung nodules have been successfully resected concomitantly during
an LVRS procedure (50). At CPMC, almost half of the resected nodules
have been malignant. Although many of these patients would not have been
candidates for nodule resection prior to the availability of LVRS, it is too
early to determine whether this is a reasonable lung cancer operation in
patients with severe emphysema (see Chapter 15).

Ventilation/perfusion lung scans were used routinely in early LVRS
studies (51). Data suggest that the ventilation scan results added little, and
this procedure is now rarely performed. Perfusion lung scanning contin-
ues to have a role, but is not as helpful as the CAT scan. In patients with
homogeneous disease on CAT scanning, perfusion scans could pick up
“target areas” of heterogeneous perfusion, suggesting that these patients
might benefit from LVRS. Most surgeons still prefer to see perfusion scan

Table 1
Assessment of Patients for LVRS

Complete history
Physical examination Routine laboratory tests
Serum cotinine level
|-1 antrypsin level
Inspiratory/expiratory CXR
High-resolution CAT scan
Perfusion lung scan
Spirometry pre- and postbronchodilator
Lung volumes by plethysmography
Arterial blood gasses
Dyspnea index
Quality-of-life evaluation
Echocardiogram
Dobutamine radionuclide cardiac scanning
Possibly cardiopulmonary exercise testing
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results prior to LVRS in hope of better defining regions to be removed.
Cooper et al. have used dynamic MRI scans, but there seems little role for
this procedure at this time. (Please see Chapter 4 for a more detailed
discussion of radiographic evaluation of LVRS candidates.)

SUMMARY

A summary of the basic assessment for potential LVRS candidates is
listed in Table 1. An algorithm for COPD patient evaluation is shown in

Table 2
LVRS Inclusion Criteria

History and physical examination consistent with emphysema
CAT scan evidence of bilateral emphysema
Nonsmoker for 4 mo prior to evaluation
FEV1 < 45% predicted
FEV1 post bronchodilator increase < 30% or < 300 mL
FEV1 > 15% predicted if over age 70
Total lung capacity > 100% predicted
Residual volume > 150% predicted
Room air PaCO2 < 60 mmHG
Room air PaO2 >45 mmHG
BMI < 31.1 kg/m2 in men or < 32.3 kg/m2 in women
Cardiac clearance required for angina, S3 gallop, left-ventricular ejection

 fraction <45%, positive dobutamine radionuclide cardiac scan,
 ventricular ectopy

Table 3
LVRS Exclusion Criteria

CAT scan evidence of diffuse emphysema felt unsuitable for LVRS
Pleural or interstitial disease which precludes LVRS
Significant bronchiectasis
Significant kyphoscoliosis
History of recurrent infections with significant daily sputum production
Myocardial infarction within 6 mo and ejection fraction < 45%
Congestive heart failure within 6 mo and ejection fraction < 45%
Uncontrolled hypertension: systolic > 200 mmHg, diastolic >110 mmHg
Pulmonary hypertension: mean pulmonary pressure>35 mmHg or peak>45 mmHg
Unplanned weight loss > 10% normal weight within 90 d prior to evaluation
Daily use of 20 mg or more Prednisone or equivalent steroid dosing
Oxygen requirements during rest or oxygen titration exceeding 6 L/min to keep

sat > 90%
Significant systemic illness or malignancy expected to compromise survival
6-min walk distance < 140 m postrehabilitation
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Fig. 1. A follow-up algorithm for patients felt to be LVRS candidates is
shown in Fig. 2. Inclusion and exclusion criteria for LVRS are shown in
Tables 2 and 3.
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Fig. 2.

The evaluation of potential LVRS candidates remains compli-
cated, time-consuming, and expensive. It is hoped that the NETT
will provide a better understanding of how LVRS works and in whom
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it works best, and that this information will allow streamlining of the
evaluation process.
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INTRODUCTION

Early recognition of the anatomic changes characteristic of chronic
emphysema resulted in a number of operative interventions designed to
restore normal thoracic anatomy, improve pulmonary mechanics, and
treat perceived physiologic abnormalities (1). These included attempts
at thoracoplasty to reduce chest volume, disruption of the phrenic nerve
(2), or pneumoperitoneum (3) to elevate the diaphragm, mechanical
pleurodesis to create ancillary systemic to pulmonary blood flow (4),
denervation of the lung via pulmonary plexectomy (5), and excision of
the carotid body (glomectomy) as originally reported by Nakayama (6).
Despite anecdotal reports of clinical success and subjective improve-
ment in patient symptoms, none of these historical procedures has been
demonstrated by objective postoperative criteria to produce significant
improvement in pulmonary function or patient survival (see Chapter 7
for a more detailed discussion of these and other historical operations
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for emphysema). In this chapter, we will review the available clinical
data reported in the modern era of lung volume reduction surgery
(LVRS), summarize the areas of agreement as to the method and efficacy
of LVRS from nonrandomized studies, and critically analyze the utility
and limitations of randomized controlled trials in LVRS in the context
of the National Emphysema Treatment Trial (NETT).

CLINICAL RESULTS

The original report of lung volume reduction was published in October
1954 by Brantigan (7), who described 26 patients (24 males and 2females,
16–64 yr of age) in whom operation was designed to “reduce the volume of
lung by removing the least functioning areas.” Five in-hospital postopera-
tive deaths were recorded — four from respiratory insufficiency “because
too much lung volume was removed, a mistake in judgement,” and another
death from “acute suppurative bronchitis.” Fourteen patients returned to
work with an “obvious increase in the ventilation of the lung as shown...by
increased exercise tolerance.” The original operation was combined with
radical hilar stripping to create an extensive autonomic denervation, thereby
reducing bronchospasm and bronchial secretions and furthering the
procedure’s stated goal of restoring the impaired physiological mechanism
of circumferential pull upon the smaller airways. Given a mortality of 19%
with no objective demonstration of improvement in pulmonary function,
the procedure was not widely embraced as it was “difficult to believe that
a disease characterized by extensive loss of lung parenchyma can be effec-
tively treated by further resection of lung” (8).

Brantigan’s original work was largely ignored until 1995 when Cooper
et al. (9), noting that the thoracic distention of patients with severe COPD
returned to normal following transplantation, published the results of bilat-
eral lung volume reduction in 20 patients. Preliminary analysis suggested
that a reduction in lung volume resulted in a significant increase in FEV1
(from 25% to 44% of predicted), a reduction in total lung capacity (from
140% to 110% of predicted), and an improvement in quality of life (QOL)
as measured by the Medical Research Council Dyspnea Scale, the
Nottingham Health Profile, and the Medical Outcomes Study 36-Item
Health Survey (MOS SF-36). These observations were subsequently ex-
tended to 150 patients under age 75 yr with emphysema characterized by
hyperinflation, a heterogeneous distribution of disease, and an FEV1 < 35%
predicted (10). Nearly 80% of patients evaluated for LVRS were excluded
secondary to diffuse patterns of disease with no definable target areas (30%),
minimal thoracic hyperinflation as documented by inspiratory and expira-
tory chest radiographs (16%), significant medical comorbidity (16%),
associated pleural disease (8%), or PCO2 > 55 mmHg (7%).
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Patients who met inclusion criteria underwent at least 6 wk of pulmo-
nary rehabilitation prior to bilateral reduction of 20–30% of each lung
via a median sternotomy approach. Target areas were identified by the
distribution of function as defined by quantitative ventilation and
perfusion scans and the relative degree of parenchymal destruction as
defined by computed tomography (CT). Operative mortality (< 90 d)
was 4% (6 patients) with 4 additional late deaths: 2 from pneumonia, 1
from stroke, and another from respiratory failure more than 1 yr after
surgery. At 6 mo, FEV1 increased by an average of 51% (from 0.7 L to
1.06 L), residual volume decreased by an average of 28% (from 6.0 L to
4.3 L), and mean PaO2 increased from 62 mmHg to 70 mmHg. The mean
distance for the 6-min walk was 856 ft before pulmonary rehabilitation,
1110 ft following rehabilitation, 1280 ft 3 mo postoperatively, and 1316
ft at 6 mo after surgery with a nearly 50% reduction in the number of
patients requiring supplemental O2. QOL assessments demonstrated that
78% of patients considered their health much better after the operation,
20% somewhat better, and only 1 patient somewhat worse.

Initial studies from Emory University (11) paralleled the research
design initially described by the Washington University group (9), with
the exception that rather than viewing participation in preoperative
pulmonary rehabilitation as a prerequisite for LVRS, admission to the
operating room required specific standards of exercise tolerance (e.g.,
30 min of cycling at 1.5 mph and 30 min of treadmill walking at 1 mph).
Patients were excluded for age > 75 yr, predominantly bullous
emphysema, active tobacco use, significant coronary artery disease
(>70% luminal occlusion not amenable to angioplasty), mean pulmo-
nary artery pressure (PAP) > 35 mmHg or peak systolic PAP > 45
mmHg, prednisone dose > 15 mg/d, multiple psychiatric drugs, and
active bronchitis or asthma. Additional inclusion criteria included FEV1
< 30% predicted, PaCO2 < 50 mmHg, and a room air PaO2 > 40 mmHg.
Forty-six patients underwent median sternotomy with bilateral reduc-
tion of between 50–75 g of tissue per lung. An additional seven patients
underwent unilateral LVRS via a thoracotomy secondary to a history of
previous lung surgery on the opposite side, pleural sclerosis, or unfavor-
able anatomy (e.g., excavatum). Eighty percent of the 53 patients oper-
ated on had specific target areas as defined by preoperative CT and
quantitative lung perfusion scans. Significant improvement was noted
6 mo postoperatively in FEV1 (from 0.56 L to 1.1 L), FVC (from 57%
to 85% of predicted), MVV (from 18% to 40% of predicted), PO2 (from
62 mmHg to 70 mmHg) and 6-min walk distance (from 785 ft to 1600
ft). All postoperative patients were subjected to at least 2 mo of super-
vised pulmonary rehabilitation prior to 6-mo testing.
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A significant aspect of the Miller study was the identification of
previously unrecognized complications of LVRS: panic attacks
occurred in 15 patients and were the precipitating event in all three
hospital deaths, 8 patients had significant colonic distention (right side)
with 2 requiring abdominal exploration and colostomy, and 1 patient
died from progressive, delayed onset (POD 7) pulmonary hypertension
(see Table 1). Overall mortality was 9% with 1 early (< 30 d) and 4 late
deaths (from pneumonia, SVT, or respiratory failure). Morbidity was
concentrated in patients over 70 yr of age, with preoperative PaCO2 >
50 mmHg (50% mortality), a preoperative FEV1 < 0.5 L after rehabili-
tation, preoperative MVV < 15% predicted, or preoperative DLCO <
10% predicted. Interestingly, the most significant factor contributing to
postoperative complications and poor outcome was a history of panic
attacks, particularly if preoperative symptoms were not controlled with
minimal doses of benzodiazepines (0.5 mg lorazepam po BID). Overall,
recommendations were for extremely strict and selective criteria in
evaluating patients for LVRS. However, early observations from the
group at Columbia University (12) suggested that certain, generally
accepted exclusionary criteria not be regarded as absolute.

Argenziano et. al. (12)operated on 85 emphysematous patients selected
on the basis of hyperinflation with poor diaphragmatic excursion, pulmo-
nary perfusion and ventilation deficits (indicating disease heterogeneity),
and significant functional disability. The study population included nine
patients with severe hypercapnia (PaCO2 > 55 mmHg), 26 patients with
significant steroid dependence (prednisone dose > 10 mg/d), 34 patients
with a preoperative FEV1 < 0.5 L, and 35 patients who were unable to
complete preoperative pulmonary rehabilitation. The preoperative Medi-
cal Research Council dyspnea index was greater than four (housebound/
breathless while dressing) for all patients. There were a total of 6 deaths
within 30 d of operation, including 4 from respiratory failure, 1 from
perforation of a duodenal ulcer, and another from complications of a
cerebrovascular accident. Overall, all patients demonstrated a significant
postoperative improvement by 3 mo with respect to FEV1 (from 0.52 L
to 0.8 L), FVC (from 1.6 L to 2.1 L), 6-min walk distance (from 598 ft to
919 ft), and dyspnea index (from  4.1 to 1.8:stops for breath while walking
on the level). High-risk hypercapnic patients (mean preoperative PaCO2
= 66.9 mmHg) demonstrated the most marked degree of improvement in
dyspnea index and significant improvement in all other measured param-
eters. Steroid-dependent patients had equivalent functional results with
the exception of 6-min walk distance. High-risk patients with profound
pulmonary dysfunction as measured by FEV1 exhibited greater increases
in FVC than the lower risk group, equivalent improvement in all other
parameters, and comparable actuarial survival at 12 mo.
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Only a very limited number of studies have compared unilateral to
bilateral lung volume reduction with respect to patient selection, effi-
cacy, and morbidity. Nonetheless, there is a consensus opinion that the
majority of patients with heterogeneous emphysema benefit most from
a bilateral procedure (see 12a). McKenna et al. (13) studied 116 patients
in a nonrandomized trial with sequential assignment to either unilateral
or bilateral thoracoscopic LVRS. Patients were excluded for active
tobacco use, age greater than 80 yr, PaCO2 > 55 mmHg, coronary artery
disease, malignancy within 5 yr, or a history of previous thoracic
procedure. Mean FEV1 was 0.67 (25% of predicted) and all patients
demonstrated heterogeneous disease by CT scan, hyperinflation, and
specific target areas defined by quantitative lung perfusion. No patient
underwent preoperative pulmonary rehabilitation. There were no statis-
tically significant differences in baseline characteristics between the
two study groups preoperatively.

Overall, patients subjected to the bilateral procedure were more likely
to be independent of supplemental oxygen (68% vs 35%) and steroids
(86% vs 56%) postoperatively. Postoperatively, bilateral LVRS patients
had a 57% improvement in FEV1 after 3 mo as opposed to only 31% in
the unilateral LVRS group, and just 12% of bilateral LVRS patients
reported grade 3 or 4 dyspnea postoperatively, compared to 44% of the

Table 1
Reported Complications of LVRS in 564 Patients

Described in 8 Clinical Series Described in the Text
(see Table 2)

Air leak > 7 d 247
Pneumonia 33
Reoperation 22
Tracheostomy 21
Reintubation 21
Arrhythmia 11
GI (nonoperative) 9
Cardiac event/MI 5
CVA 5
“Infection” 5
Wound infection 3
Duodenal perforation 3
Hemorrhage 3
Acute abdomen 2
Cecal perforation 2
Cholecystitis 1
Empyema 1
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unilateral LVRS patients. However, although perioperative mortality
(< 30 d) did not differ between groups (approx 3%), 1-yr mortality was
17% for unilateral patients vs 2.5% in the bilateral population. More
importantly, the 1-yr mortality for the sickest patients undergoing
unilateral reduction (e.g., age > 75 yr, FEV1 > 0.5 L, PaO2 < 50 mmHg)
was 30% with all deaths resulting from respiratory failure. The authors
suggest that bilateral lung reduction is the treatment of choice for all
patients. This may be particularly true in the highest risk group where the
functional results of best possible operation might offset some of the
morbidity associated with severe debility, as suggested by the cited Colum-
bia study. Although multivariate analysis of McKenna’s data did not identify
any group of patients which benefited from unilateral LVRS, unilateral
LVRS did produce comparable results to bilateral reduction in patients with
unilateral disease. Nonetheless, the authors concluded that previous
unilateral thoracic surgery, pleural disease or sclerosis remain relative
contraindications to effective bilateral lung volume reduction and may
require a unilateral approach in the symptomatic patient.

In a separate analysis of the Columbia data, Argenziano et al. (14)
studied the functional differences between unilateral and bilateral LVRS
in a total cohort of 92 patients. Of these, 28 patients underwent unilateral
LVRS for a number of indications, including asymmetric disease distri-
bution, prior thoracotomy, or concomitant tumor resection. In their
analysis, the authors found that unilateral and bilateral LVRS resulted
in comparable improvements in exercise capacity and dyspnea severity
at short-term follow-up, but that patients with a bilateral procedure
demonstrated greater improvements in spirometric indices of pulmo-
nary function. Perioperative mortality was 7.4% for bilateral LVRS and
3.6% for unilateral LVRS, but there was no significant difference
between the groups with respect to 24-mo actuarial survival. The authors
concluded that although the bilateral procedure appeared superior, the
unilateral approach conferred sufficient subjective benefit to be justi-
fied in patients with contraindications for bilateral surgery or markedly
asymmetric disease distribution.

Additional case series include the Daniel et al. (15) study of 26
patients with 3-mo follow-up demonstrating a 49% improvement in
FEV1 (from 0.75 L to 1.02 L), a 14% reduction in total lung capacity
(from 8.39 L to 7.19 L), and a significant improvement in QOL in 71%
of patients surveyed. A unique aspect of this study is the use of single
positron emission CT scans (SPECT) to evaluate the 3-D distribution of
lung perfusion and subsequent segmental localization of diseased target
areas. Contrary to standard anatomical CT scans, SPECT analysis iden-
tified disease heterogeneity in every patient evaluated. Despite clinical
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presentations consistent with emphysematous COPD and centrilobar
disease confined to the upper lobes, SPECT analysis identified lower
lobe disease for segmental resection in 50% of patients. In another small
study (20 patients) from Australia, Snell et al. (16) also demonstrated
significant improvement in lung function (54% increase in FEV1),
exercise tolerance as measured by 6-min walk distance (from 306 m to
431 m), and symptoms (MRC Dyspnea Score from 3.4 to 2.1). Outcomes
for LVRS clinical trials are summarized in Table 2.

The recent study of Criner et al. (17) represents the first prospective,
randomized, controlled trial of pulmonary rehabilitation vs rehabilita-
tion with subsequent LVRS. Of 200 patients with nonbullous emphy-
sema initially recruited, only 37 met study criteria for randomization:
NYHA Class III or IV disease, evidence of airflow obstruction and
hyperinflation by pulmonary function testing (i.e., FEV1 < 30% of
predicted and FRC or TLC > 120% of predicted), and hyperinflated
target areas defined by high-resolution CT scan with quantitative
perfusion lung scans demonstrating decreased or absent perfusion.
Patients with refractory hypoxemia (PaO2/FIO2 ratio < 150), hypercap-
nia requiring mechanical ventilation, severe pulmonary hypertension
(mean PAP > 35 mmHg), severe debilitation (body weight < 70% of
ideal weight), significant extrapulmonary comorbidity (cardiac, renal)
with end-organ dysfunction expected to limit survival, psychosocial
dysfunction, or continued tobacco use were excluded from participa-
tion. All patients meeting selection criteria underwent evaluation for
functional status, gas exchange, symptom limited maximal exercise
tolerance, and QOL assessment followed by 8 wk of outpatient pulmo-
nary rehabilitation and repeat data collection. Patients were then
randomized to medical therapy and 3 mo of additional maintenance
rehabilitation or bilateral LVRS via a median sternotomy with the goal
of removing 20–40% of the volume of each lung. Both randomized
groups underwent repeat evaluation at 3 mo Study design allowed
randomized patients completing the 3 mo of medical therapy to elec-
tively crossover to the lung volume reduction treatment group.

Overall, results of this study mirror those of nonrandomized trials.
Patients undergoing pulmonary rehabilitation alone had no significant
change in values for spirometry, lung volume, or diffusion capacity.
Although there was a trend toward a higher 6-min walk distance (269 m
to 285 m), only total time on maximal exercise test was significantly
improved from baseline after 8-wk of pulmonary rehabilitation (from
5.8 min to 7.4 min). There was no significant improvement in oxygen
consumption (VO2), gas exchange (PaCO2, PaO2/FiO2), or pattern of
breathing (frequency, tidal volume, or maximum ventilation). In
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Table 2
Summary of Pre- and Postoperative LVRS data for 8 Nonrandomized Clinical Trials Discussed in the Text

Cronin Miller Argenziano Daniel McKenna Bingisser Cooper Kotloff

Pro FEV1 0.69 L 0.56 L 0.52 L 0.73 L 0.64 L 0.80 L 0.70 L 0.73L
Post FEV1 0.85 L 1.08 L 0.80 L 1.02 L 0.97 L 1.09 L 1.06 L 1.02L
Pre TLC 7.0 L 8.39 L 8.78 L 8.4 L
Post TLC 6.5 L 7.19 L 7.34 L 7.2 L
Pre 6MW 260 m 785 ft 598 ft 495 m* 1125 ft 999 ft
Post 6MW 321 m 1250 ft 919 ft 688 m* 1311 ft 1181 ft
QOL/DS Yes Yes Yes Yes Yes
Mortality 9.4% 5.6% 7% 3.8% 2.5% 0% 4% 4.2%

QOL/DS Represents various QOL and dyspnea score indices, “Yes” indicates statistically significant improvement. Mortality reflects
perioperative events variously defined as in-hospital deaths or death within 30 or 90 days. *12-min walk distance. **Represents data from median
sternotomy patients only.
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contrast, bilateral LVRS in addition to maximal medical therapy and
pulmonary rehabilitation resulted in substantial improvement in FVC
(from 2.3 L to 2.79 L) and FEV1 (from 0.65 L to 0.85 L), a significant
decrease in TLC (from 7.65 L to 6.53 L) and FRC (from 5.7 L to 4.5 L),
a reduction in resting PaCO2 (from 47 mmHg to 43 mmHg), and a statis-
tically significant improvement in diffusion capacity (DLCO, from 1.8 to
2.1) and maximal ventilatory volume (from 26 L/min to 35 L/min).

TECHNICAL CONSIDERATIONS

Whereas there is a reasonable consensus as to the efficacy of bilateral
LVRS in patients with severe COPD, controversy continues with respect to
the surgical approach (sternotomy vs thoracotomy), the surgical timing
(staged vs single procedure), and the surgical technique (thoracoscopic vs
open) of volume reduction. Results of a bilateral thoracoscopic approach to
LVRS published by Bingisser et al. (18) demonstrated outcomes compa-
rable to those of median sternotomy with respect to pulmonary function
(42% increase in FEV1, from 0.8 L to 1.09 L), improvement in residual
volume (from 5.8 L to 4.4 L), grading of dyspnea (from MRC Dyspnea
Index 3.9 to 1.8), and exercise performance (increase in MVO2 from 10 to
13 cc/kg/min). A unique aspect of this thoracoscopic series was the obser-
vation of immediate improvements in pulmonary function tests postopera-
tively, with similar functional characteristics at 3 mo. This is in contrast to
the median sternotomy LVRS data, wherein maximal improvement in
pulmonary function testing is consistently demonstrated only after 3–6 mo.
It is unclear whether the more immediate improvement in pulmonary func-
tion after the thoracoscopic procedure is the result of the limited incisional
injury with this approach.

The study of Kotloff et al. (19) currently represents the only direct
comparison of median sternotomy (MS) and video-assisted thoracos-
copy (VATS) for LVRS. In a nonrandomized trial of 120 patients under-
going volume reduction by either median sternotomy (n = 80) or bilateral
VATS (n = 40), no significant differences between the groups were
noted for postoperative FEV1 (0.73 L to 1.02 L for median sternotomy
vs 0.73 L to 1.00 L for VATS), FVC (2.28 L to 2.65 L for median
sternotomy vs 3.13 L to 2.72 L for VATS), or 6-min walk distance (999
ft to 1181 ft for median sternotomy vs 969 ft to 1244 ft for VATS).
Whereas functional results, duration of postoperative air leak, and mean
length of stay were similar in the two groups, the median sternotomy
approach was associated with a statistically significant increase in
mortality. In-hospital mortality was 2.5% in the VATS group compared
with 4.2% in the median sternotomy group at 30 d. An additional six
patients died in the median sternotomy group prior to discharge from an
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in-patient facility, although there were no additional deaths in the VATS
group. Mechanisms of death included respiratory failure in two patients,
bowel perforation in two patients, sepsis in three patients, and cardiac
arrest in one patient. Mortality was highest for older patients, with 21%
of the median sternotomy patients greater than 65 yr of age dying prior
to hospital discharge.

RANDOMIZED CONTROLLED TRIALS: THE NATIONAL
EMPHYSEMA TREATMENT TRIAL

The role of randomized controlled trials (RCTs) in clinical surgery
remains controversial and poorly understood. Recent reviews of the
surgical literature have identified the case series as the most common
investigative method of surgical evaluation (20) and found published
surgical trials to be of poor quality with respect to methodological
design, calculations of statistical power, and adequate definitions of
outcome (21). Although this lack of randomization in surgical series has
been explained by the inherent difficulty in standardization of surgical
techniques (22), disagreement as to appropriate end points, and the
inability to design study protocols that are acceptable to both surgeons
and patients alike (23) effective surgical trials have been published for
carotid artery disease (24) and breast cancer (25). In addition, surgical
series that fail to meet the strict criteria currently established for report-
ing randomized trials (26) may have significant merit. As noted by
Marquis (27), clinical evidence need not be conclusive to be valuable,
nor does it need to be definitive to be suggestive. Nonetheless, the
randomized controlled trial remains the standard for evidence-based
medicine and the NETT represents a unique collaboration between the
NHLBI and HCFA for funding a randomized protocol of LVRS (28).

NETT is a prospective, unblinded, randomized clinical trial compar-
ing medical management of severe emphysema to a program of medical
therapy and bilateral LVRS via either a median sternotomy or VATS
approach (29). Based upon the historical experience with LVRS in 1741
patients, the NETT Coordinating Center was unable to establish
convincing evidence for the efficacy of volume reduction surgery when
evaluated by logistic regression analysis. In the context of the reportedly
poor outcome for LVRS patients reported by HCFA after analysis of
Medicare claims (23% 12-mo mortality), significant questions remained
as to the risk/benefit ratio of surgical therapy. Consequently, the NETT
study was designed to evaluate the efficacy of LVRS and to identify
patients who might receive disproportionate benefit or inordinate risk
from volume reduction surgery. The trial is to include patients with both
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heterogeneous and homogeneous emphysema with survival and maxi-
mum exercise capacity defined as the primary measures of outcome.
Secondary outcome measures include QOL and disease-specific symp-
toms, pulmonary function testing with assessment of gas exchange, O2
requirements, 6-min walk distance, ECHO evaluation of cardiovascular
function, testing of psychomotor function, and cost analysis. All patients
participate in 6–10 wk of preoperative pulmonary rehabilitation prior to
randomization to medical therapy alone vs medical therapy and LVRS.
Patients in the surgical arm undergo a second randomization to procedure
by either VATS or median sternotomy. Detailed criteria for inclusion and
exclusion from the NETT study have recently been published (29).

Despite the obvious merits of the NETT study, such randomized
trials are not without controversy and technical limitations. Bauchner
and Wise (30) have pointed out that clinical decision making is guided
not only by empirical evidence—ideally derived from consensus among
randomized controlled trials—but also by the professional experiences
of referring and treating physicians and a patients’ knowledge of treat-
ment options and outcomes in the context of their personal values. Each
of these domains may be in direct conflict and subsequently influence
the perceived need for and use of randomized trials among both clini-
cians and the public at large.

Randomization may itself be considered unethical. Patients seek
medical advice and reasonably expect physicians to offer therapeutic
options based upon their interpretation of available empirical data and
clinical experience. Physicians may feel a therapeutic obligation to
recommend surgical intervention, particularly in patients who are al-
ready undergoing pulmonary rehabilitation with maximal medical
therapy in the context of progressive disease. Likewise, such patients
resent the personal costs in time and finance required to travel to desig-
nated NETT centers in an attempt to meet inclusion criteria, which may,
at best, result in a 50% chance of randomization to surgery. This has
resulted in legislative attempts to preclude randomization (e.g., The
Coalition for Pulmonary Patient Care). Whether these issues will
significantly influence enrollment in the NETT study is unclear.

Acceptable end points represent a second area of controversy. Patients
with progressive chronic illnesses frequently pursue therapeutic
modalities which promote a reduction in disease-specific symptoms
and a perceived improvement in QOL independent of survival advan-
tage or objective evidence of treatment efficacy. The NETT study is not
a blinded trial and there is no allocation concealment of treatment
groups—participants are readily aware of the treatment arm to which
they are assigned. Accordingly, personal narrative of treatment outcome
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influences potential trial participants. Electronic databases of treatment
experience (www.ctsnet.org) suggest that patients with end-stage lung
disease seek trial enrollment as a therapeutic intervention to alleviate
symptoms with an overwhelming interest in surgical therapy. Survival
and performance may represent objective and quantifiable outcome
variables that meet standards of research design, but more proximate
therapeutic goals relating to symptom relief and QOL may represent
the outcome variables most important to patients. This discrepancy
could result in a health care policy that does not necessarily coincide
with acceptable health care practice because it is unclear how the NETT
study will be used to inform this public debate. If LVRS offers no
statistically significant survival advantage, but only a transient improve-
ment in QOL, will this be interpreted as a qualitative difference in treat-
ment efficacy or as a treatment failure? This potential dichotomy
between the well-intentioned goals of rigorous research design and the
ethical concerns of providing patient care is not unique to trials of LVRS
and has recently been explored in the controversial use of sham surgery
for trials of fetal cell transplants in Parkinson’s disease (31).

Finally, much of the controversy among participants in randomized trials
in general and LVRS trials in particular is a direct result of misinformation.
Informed consent of patients being enrolled in clinical trials should strive
to eliminate the misconception that participation in randomization is
designed to be clinically therapeutic (31). Although patients enrolled in
clinical trials should not be considered nontherapeutic research subjects,
clinical trials by definition are experimental and designed not to treat
participants, but to establish the efficacy and scientific basis of a presumed
clinically useful strategy. Efficacious therapeutic intervention is not a goal
of clinical trials, but a fortunate accident of randomization, although there
is some data to support the notion that participation in a randomized trial is
a superior therapeutic alternative to nonparticipation when no consensus
therapy exists (32).

Criticisms of the NETT study should not be construed as nonsupport.
The trial represents an exceptional collaboration between the National
Heart, Lung, and Blood Institute and the Health Care Financing Admin-
istration. The study will undoubtedly produce much useful information.
How this information will be used to construct public health policy for
LVRS remains to be seen.

SUMMARY

There is consensus from nonrandomized clinical series that lung
volume reduction results in significant improvement in measures of
dyspnea and pulmonary mechanics as measured by pulmonary function
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testing. Less consensus exists with respect to the variable improvement in
exercise performance. No consensus exists with respect to survival
advantage. Although NETT is designed to address a number of these
questions, several important clinical issues remain largely unexplored.
These include the role of LVRS in COPD patients with malignancy who
are currently considered unresectable by standard measures of pulmonary
function (see Chapter 15); the role of combined LVRS with coronary
artery bypass grafting in patients who are excluded from volume reduc-
tion by cardiac criteria and simultaneously precluded from surgical
revascularization because of compromised pulmonary status; and the role
of LVRS in the context of lung transplantation (see Chapter 16). Clinical
trials designed to answer these questions will require the specific descrip-
tive information currently being gathered in the NETT study with respect
to patient selection and survival, relative procedural risk, and duration of
measurable clinical improvement.
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INTRODUCTION

As detailed in Chapter 13, early reports have suggested that in many
patients, lung volume reduction surgery (LVRS) could provide signifi-
cant improvements in respiratory function and dyspnea with low
perioperative morbidity and mortality (1–7). More recent data from
centers reporting their medium-term experiences confirm the functional
and subjective benefits of LVRS in selected patient populations (8–11).
Some investigators, however, have raised questions about the durability
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of these benefits, which appear to be short-lived in many patients (12,13).
Only the analysis of longer-term data will clarify whether improve-
ments in pulmonary function after LVRS will be long-lived or gradually
be lost as the underlying disease process pursues its natural course.

Because emphysema is a progressive disease with no known cure,
LVRS is currently regarded as a palliative, rather than curative,
procedure. Although much has been written about the functional and
subjective consequences of LVRS, less attention has been focused on
the impact of LVRS on survival beyond the early postoperative period.
The long-term effects of LVRS on the natural history of advanced
emphysema are not known, because no clinical study to date has
randomized patients to LVRS vs medical treatment. In addition, the
identification of clinical predictors of short- and long-term survival
after LVRS would be helpful in the selection of candidates for this
procedure. We thus undertook a study, summarized in this chapter, of
the determinants of medium-term survival in 136 patients undergoing
LVRS for advanced emphysema at our institution over a 4-yr period
(14). We also analyzed the influence of a variety of demographic and
clinical factors on survival, identifying several characteristics predic-
tive of reduced longevity after LVRS.

PATIENT SELECTION AND PREOPERATIVE
ASSESSMENT

Operative candidates were selected on the basis of hyperinflation,
heterogeneity of disease, pulmonary perfusion and ventilation deficits,
and significant functional disability. Patients with morbid obesity,
chronic bronchitis and/or excessive sputum production, metastatic
cancer, continued or recent cigarette smoking, or less-than-severe func-
tional disability were excluded from consideration.

Preoperative evaluation included inspiratory and expiratory
posteroanterior and lateral chest radiographs as well, and inspiratory
and expiratory chest computed tomography (CT) scans. Quantitative
ventilation-perfusion scans with xenon washout studies were obtained
in all patients, and dobutamine stress thallium studies and/or left-heart
catheterization were performed in patients with suspected coronary
artery disease. Patients with suspected right-ventricular dysfunction
underwent echocardiography and/or right-heart catheterization. All
patients were offered preoperative rehabilitation therapy, and the
majority participated in a rehabilitation program prior to operation.

Pulmonary function was assessed by standard spirometry, including
measurement of forced expiratory volume in one second (FEV1), forced
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vital capacity (FVC), total lung capacity (TLC), and residual volume
(RV), as well as lung volume determination by helium dilution and body
plethysmography. Arterial blood gas analysis, cardiopulmonary stress test-
ing, and 6-min walk test were also performed. Finally, patients were asked
to subjectively classify their degree of dyspnea according to the Modified
Medical Research Council (MRC) Dyspnea Index (15). This screening tool
grades the degree of dyspnea on a scale ranging from 0 to 5. Grade 0
represents no functional impairment, and grade 5 represents dyspnea at rest.

Repeated spirometry, 6-min walk test, and dyspnea grading were
requested from patients 3–6 mo postoperatively, and at 6-mo intervals
thereafter. For purposes of the postoperative data analysis, measure-
ments obtained closest to 6 mo postoperatively were used. Survival
status was assessed by contacting all patients directly or through their
primary physicians.

STATISTICAL ANALYSIS

Data were analyzed using SAS system software (SAS Institute, Inc.,
Cary, NC). The paired student’s t-test was used for analyzing the
relationship between preoperative and postoperative data. Survival data
were first examined univariately by means of standard contingency
tables and the Kaplan-Meier Product-Limit estimate. Any variable with
a p-value less than 0.25 was next explored as a potential risk factor in
multivariable analyses. Three separate multivariable analyses were con-
ducted. The first analyzed the influence of preoperative and demographic
variables listed in Table 1 on long-term survival. The second included
both pre- and postoperative assessments of these variables. In each case,
the Cox Proportional Hazard model was utilized. A third analysis applied
multiple logistic regression to compute an equation predicting “early
death” (death within three months of surgery). All p-values are reported
without corrections for multiple comparisons, and p < 0.05 was consid-
ered significant. Next, utilizing Cox proportional hazard techniques, the
preoperative characteristics found to be independently associated with
survival (by multivariable analysis) were entered into a predictive statis-
tical model, yielding the equation:

S(t)=So(t)e
(}1x1+}2x2+}3x3+}4x4+}5x5)

where S(t) is the survival probability at time t for an individual with
covariate values x1, x2, x3, x4, and x5, So(t) is the baseline survivor func-
tion, and }1 to }5 are constants approximating the risk of death associated
with the presence of each variable. The covariate values (x1 to x5) are
numerical values corresponding to the presence or absence of each of the
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five identified preoperative risk factors for death (age, gender, year of
operation, and preoperative pO2 and FEV1). After substituting these five
values into the equation for a particular patient, the survivor function
yields a predicted actuarial survival curve specific to that patient.

OPERATIVE TECHNIQUE

LVRS was performed by thoractotomy in 54 cases, median sternotomy
in 48 cases, bilateral thoracosternotomy (clamshell) in 46 cases, and thora-
coscopy in 5 cases. With the aid of alternating lung deflation, resections
were performed utilizing GIA stapling devices (U.S. Surgical, Inc., Ethicon,
Inc.) lined with bovine pericardial strips (BioVascular, Inc.) to minimize air
leakage. Extent of resection was guided by preoperative radiographic and
physiologic studies.

Table 1
Baseline Demographics of 136 Patients

Undergoing LVRS

Characteristic Value

Age, years 62.1 ± 7.7
Gender, no (%)

Female 78 (57.4%)
Male 58 (42.6%)

Operation, no (%)
Unilateral LVRS 50 (36.8%)
Bilateral LVRS 86 (63.2%)

Spirometry (mean ± SD)
FEV1, mL 590 ± 227
FEV1, % predicted 23.4 ± 8.2
FVC, mL 1740 ± 650
FVC, % predicted 50.2 ± 15.5
RV, L 5.2 ± 1.5
RV, % predicted 257.3 ± 69.9
TLC, L 7.2 ± 1.7
TLC, % predicted 132.1 ± 25.6
RV/TLC ratio 0.72 ± 0.09
DLCO, mL/min/mmHg 7.1 ± 6.5
pO2 (mmHg) 62.5 ± 10.7
pCO2 (mmHg) 43.8 ± 8.6

Functional Indices
Dyspnea Index 3.7 ± 0.9
6-min walk distance, ft 696 ± 399
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RESULTS

Demographics and Early Postoperative Results

A total of 153 patients underwent LVRS over a 51-mo period.
Advanced emphysema was the primary indication for surgery in 136
cases. Ten other patients underwent limited lung reduction in associa-
tion with wedge resection or lobectomy for confirmed or suspected
malignant disease, and seven had unilateral lung reduction after failed
unilateral lung transplantation. For the purposes of the present analysis,
only patients undergoing LVRS for emphysema as a primary indication
(n = 136) were considered. Mean age was 62 ± 8 yr, 78 patients (58%)
were female, and mean preoperative FEV1 was 590 ± 227 mL (23 ± 8%
of predicted). Complete demographic and baseline clinical characteris-
tics of the patient cohort are listed in Table 1. Seven deaths occurred
perioperatively (in hospital or within 30 d of surgery), corresponding to
an operative mortality of 5.1%. Because 14 patients did not survive to
the first postoperative testing interval (6 mo) and another 6 were alive,
but had not yet reached this interval at the time of this analysis, a total
of 116 patients were eligible for early postoperative evaluation. Of these,
pulmonary function data were complete for 114, or 98%, and dyspnea
indices were available in 105, or 91%. Mean postoperative FEV1 was
809 ± 363 mL (31 ± 12% of predicted), representing an increase of 44
± 50% over preoperative values (p < 0.0001). Likewise, the dyspnea
index (DI) improved significantly, from 3.7 ± 0.9 preoperatively to 1.7
± 1.1 postoperatively (p < 0.0001). Of interest, an analysis of the larger
group of patients (n = 153) yielded similar results with respect to demo-
graphics and actuarial survival (data not shown).

Overall Survival

Survival information was complete for all 136 patients at the time of
analysis. Mean postoperative followup time was 28 ± 16 mo (median 29.3
mo; range 3–54 mo). The number of patients who had achieved 1, 2, and 3
yr of follow-up were 108, 72, and 46, respectively. A total of 49 deaths
occurred between 2 d and 49 mo after surgery, corresponding to a postop-
erative actuarial survival of 85%, 71%, and 60% at 1, 2, and 3 yr, respec-
tively (see Fig. 1). By multivariable analysis, survival was significantly
influenced by a number of preoperative and postoperative variables.

Preoperative predictors of decreased survival are listed in Table 2,
and included increasing age, male gender, hypoxemia, and less-than-
severe impairments in FEV1. Univariate Kaplan-Meier survival curves
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Table 2
Multivariable Analysis of Risk Factors Influencing Actuarial Survival

Variable Risk Factor Odds Ratio 95% C.L.* p value

Preoperative factors (n = 136)

gender male 3.3 1.7–6.2 0.0003
FEV1, % predicted > 25 2.8 1.5–5.5 0.002**

year of operation before 1996 2.3 1.1–4.8 0.03
pO2, mmHg F 60 2.1 1.1–3.8 0.019
age 10-yr increase 1.9 1.2–3.0 0.009**

Postoperative factors (n = 114)

% increase in FEV1
† 20% increase 0.83 0.69–0.97 0.05

Dyspnea index each 1.0 on scale†† 1.5 1.1–2.0 0.02

Preoperative predictors of early death (within 3 mo of surgery)

Age (yr) G 70 19.7 3.6–107.4 0.0006
FEV1 (% predicted) G 25 5.3 1.1–25.6 0.03

*C.L. = Confidence limit;
** These were also significant as continuous variables;
† Because odds ratio is less than 1.0, this is actually not a risk factor but a factor

predictive of improved survival;
†† For example, a patient with a postoperative DI = 4 has a 1.5-fold greater risk of

death than a patient with a postoperative DI = 3, and a three-fold greater risk of death
than a patient with a postoperative DI = 2.

Fig. 1. Actuarial survival in 136 patients undergoing LVRS. Dashed lines
indicate upper and lower 95% confidence limits.
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comparing each of these variables are represented in Figs. 2a–2e.
Conversely, survival was not significantly influenced by preoperative
pCO2 or DI, or by extent of operation (unilateral vs bilateral).

Fig. 2. Influence of (a) age; (b) gender; (c) preoperative pO2 ; (d) preoperative
FEV1; (e) year of operation on actuarial survival in 136 patients undergoing
LVRS. UV = univariate p-value; MV = multivariate p-value; error bars repre-
sent 95% confidence intervals at 12, 24, and 36 mo.
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In the second multivariable analysis, 114 patients surviving to their
first postoperative evaluation were studied. Although both preoperative
and early postoperative data were included in this model, the only two
factors identified as independent predictors of subsequent survival were
postoperative improvement in FEV1 and postoperative DI (Figs. 3a,b).
As summarized in Table 2, the risk of death was decreased by 17% for

Fig. 2. (cont.)
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every 20% increase in FEV1 over baseline, and increased by a factor of
1.5 for every one-point increase in the postoperative DI.

Predictive Model of Survival

Utilizing Cox proportional hazard techniques, the five preoperative
characteristics found to be independently associated with survival (age,
gender, year of operation, and preoperative pO2 and FEV1) were entered
into a predictive statistical model (see Methods section). In Fig. 4, this
predictive model is utilized to project 3-yr actuarial survival curves for
four hypothetical patients undergoing LVRS.

Incidence and Predictors of Early Postoperative Death
Although the standard definition of operative mortality (death in

hospital or within 30 d of operation) was applied in the present analysis,
it is our belief that any death occurring within 3 mo of LVRS should be
considered a failure of the operation and receive particular attention. We
termed these “early deaths,” and performed a separate analysis of the
incidence and predictors of this outcome after LVRS. Of 136 patients,
nine (6.6%) died within 3 mo of surgery. Multivariate analysis identi-
fied two characteristics that were strongly and independently predictive
of early death: age greater than 70 yr (odds ratio = 19.7) and preoperative
FEV1 > 25% of predicted (odds ratio = 5.3) (see Table 2). The strong
association between advanced age and early death is illustrated by the

Fig. 2. (cont.)
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Fig. 3. Influence of postoperative improvement in (a) FEV1 and (b) DI on
actuarial survival in 136 patients undergoing LVRS. UV = univariate p-value;
MV = multivariate p-value.
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fact that seven of nine patients (78%) who died within 3 mo of surgery
in our series were over 70 yr of age.

DOES LVRS IMPROVE SURVIVAL IN PATIENTS WITH
SEVERE EMPHYSEMA?

Since its modern reintroduction a few years ago, LVRS has emerged
as a promising, but controversial, option in the treatment of advanced
emphysema. Short-term results have been encouraging, with several
groups reporting early improvements in symptoms and pulmonary func-
tion in patients refractory to other available therapies (3,12). However,
concerns about data quality and completeness have tempered the
enthusiasm generated by many of these studies. Furthermore, although
most early studies have reported operative mortality rates, little atten-
tion has been paid to the impact of LVRS on survival beyond the early
postoperative period. In the only study of its kind, Meyers et al. (16)
compared a small group of patients who were denied funding for LVRS
to a similar group undergoing LVRS. Whereas the cohort undergoing
LVRS demonstrated superior pulmonary function postoperatively,
significant differences could not be shown in 1- and 3-yr survival rates,
likely because of small sample size.

Because emphysema is a progressive disease without a known cure,
LVRS is considered a palliative procedure, intended to improve quality

Fig. 4. Application of Cox proportional hazard model in the prediction of 3-yr
survival for four hypothetical patients. Risk factors are summarized in the
legend adjacent to each curve, in the following sequence: age, gender, preop-
erative FEV1 (% predicted), and preoperative pO2 (mmHg).
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of life by alleviating the subjective sensation of dyspnea and increasing
functional capacity. An additional benefit of LVRS may be prolonga-
tion of life in selected patients with emphysema. Even if LVRS is not
expected to extend survival, an understanding of postoperative life
expectancy, as well as predictors of mortality, would be clinically
important for several reasons. First, a clearer understanding of the
demographic and clinical determinants of long-term survival will greatly
simplify the evaluation of patients referred for LVRS, focusing the
diagnostic workup on factors relevant to the prediction of operative
success or failure. Second, such knowledge will facilitate selection of
patients for LVRS, allowing the procedure to be offered preferentially
to patients in whom the expected functional and symptomatic benefits
outweigh the predicted risk of mortality. Third, awareness of factors
likely to influence survival will aid in the planning and execution of
randomized trials, facilitating risk group stratification. Finally, because
many functional variables, including dyspnea measurement scales,
quality of life indices, and even pulmonary function tests can be difficult
to standardize and meaningfully interpret, long-term survival may emerge
as an unambiguous measure which further validates the efficacy of LVRS.

In our study of 136 patients undergoing LVRS at a single institution
over 4 yr, operative mortality was 5.1% and actuarial survival at 1, 2,
and 3 yr was 85%, 71%, and 60%, respectively. In addition to confirm-
ing an acceptable operative risk in this chronically ill patient population,
these data suggest that a significant proportion of LVRS patients will
survive at least several years. Although these figures compare favorably
with historical survival estimates in medically treated patients with
similar degrees of pulmonary impairment (17), the absence of prospec-
tive randomization of patients to operative vs nonoperative manage-
ment precludes the formulation of any conclusions regarding the
survival benefit of LVRS. To this end, the National Emphysema Treat-
ment Trial (NETT), an NIH-sponsored, randomized, prospective trial of
LVRS in patients with advanced emphysema, is currently underway.

PREDICTORS OF DECREASED SURVIVAL AFTER LVRS
Preoperative Factors

Our analysis of preoperative variables identified five factors predic-
tive of decreased survival after LVRS. The identification of advanced
age as a risk factor for mortality was consistent with the findings of
others (5), although the degree to which advanced age increased the risk
of early and late death in our study was noteworthy. Improved survival
in patients operated on after 1995 was consistent with a learning curve
phenomenon, both with respect to selection of patients and clinical
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management. Hypoxemia also portended a lower long-term survival.
Because pure emphysema is characterized by ventilation/perfusion
inequality with a predominance of high V/Q lung zones, hypoxemia is
an inconsistent pathophysiogic consequence with poor correlation to
the severity of outflow obstruction. In fact, severe hypoxemia in the
emphysemic patient suggests the coexistence of reactive airway disease
or the presence of extensive parenchymal destruction (18). Thus, a lower
survival in hypoxemic patients may have been related to disease states
less suited to lung volume reduction.

Our analysis also found an inverse relationship between preoperative
FEV1and survival. Although this observation appears counterintuitive upon
initial consideration, there are at least two potential explanations for this
finding. First, because fixed, severe impairments in FEV1 are more charac-
teristic of pure advanced emphysema than chronic bronchitis (19), patients
with higher FEV1might represent a subgroup of patients with mixed disease
(with a significant bronchitic component) which might not benefit as much
from LVRS. Second, it is possible that this finding represents a degree of
selection bias, because the most severely compromised patients (with the
lowest FEV1) might have been subjected to stricter selection criteria,
although those with higher FEV1 might have been accepted for LVRS
despite lesser degrees of disease heterogeneity. Whatever the explanation,
our findings support the continued use of significantly reduced FEV1 as an
absolute requirement in the selection of patients for LVRS, without exclu-
sion of patients with severely depressed values (< 20% of predicted). Our
analysis also identified male gender as a predictor of poor survival. Whether
this reflects true gender-related differences in the natural history of emphy-
sema or simply a higher incidence of confounding comorbid characteristics
in males is a matter of speculation.

Preoperative Factors
The multivariable analysis of patients surviving to the first postoperative

evaluation interval identified two postoperative factors predictive of
improved survival: degree of improvement in FEV1 and postoperative DI.
The observed correlation between improvement in FEV1 and survival is not
surprising, because FEV1 has long been known to correlate with survival in
medically managed patients (20,21). Perhaps more notably, the relationship
between postoperative DI and survival raises the possibility that a palliative
operation designed to relieve dyspnea may also ultimately be shown to
improve long-term survival. Furthermore, the fact that these two factors did
correlate with enhanced survival tends to validate their continued use in
assessing the efficacy of LVRS. Finally, the diminished significance of
preoperative variables in the analysis of patients surviving to their first
postoperative evaluation suggests that preoperative characteristics were
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important predictors of early survival, but that postoperative functional
measures were more important determinants of subsequent survival. This
conclusion is supported by our “early death” analysis, which suggests that
advanced age and higher preoperative FEV1exert their influence on survival
primarily by increasing early postoperative mortality. Although these data
suggest that certain patients may be at high risk for mortality after LVRS,
it does not necessarily follow that these patients should be denied the
procedure, because their prognosis with medical therapy might be even
worse than after LVRS. Ultimately, accurate risk-benefit assessments in
patients considered to be at high operative risk can only be made utilizing
data from a randomized trial.

LIMITATIONS

Apart from its nonrandomized nature, this study has several limita-
tions. Although many clinical variables were considered in our analysis,
several factors with potential impact on the outcome of LVRS were not
analyzed. The results of radiologic studies, utilized clinically to estimate
the extent and heterogeneity of disease, were not analyzed because the
degree, pattern, and location of emphysema could not be quantified in
a meaningful way. Hemodynamic data were difficult to record in all
patients because of the invasive procedures required to obtain this
information. Finally, the extent and location of lung resection was not
quantified intraoperatively. For these and other reasons, variables other
than those chosen for inclusion in this study may ultimately have greater
importance in determining long-term survival after LVRS.

SUMMARY

Our study identified several pre- and postoperative variables that were
predictive of medium-term survival in a selected group of patients under-
going LVRS at a single institution. We believe that the impact of LVRS
on survival is of clinical importance, both with respect to evaluation of
treatment efficacy, as well as patient selection and timing of intervention.
The application of LVRS to a highly selected group of patients makes
comparison of survival data to historical controls inappropriate. For this
reason, results of a prospective, randomized clinical trial will likely be
required to fully define the effects of LVRS on long-term survival.
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INTRODUCTION

Patients with chronic obstructive pulmonary disease (COPD) have
an increased risk of developing bronchogenic carcinoma as a result of
common etiologic factors. Surgical resection provides the best chance
for cure. However, even some patients with early stage peripheral tumors
are considered inoperable because of inadequate pulmonary reserve
because of severe emphysema.

The resurgence of lung volume reduction surgery (LVRS) has allowed
for new surgical approaches to patients with severe pulmonary disability.
In properly selected patients, significant improvements in dyspnea, exer-
cise capacity, and pulmonary function have been demonstrated following
bilateral and unilateral LVRS (1–8). By applying the rationale and tech-
niques of LVRS, it has been possible to resect pulmonary neoplasms in
patients otherwise considered inoperable by traditional preoperative respi-
ratory function criteria.
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INCIDENCE

The coexistence of severe emphysema and lung cancer is not uncom-
mon. In clinical practice, severe emphysema may be discovered during
the preoperative work-up of a lung tumor; alternatively, a patient with
known emphysema may be diagnosed with a lung tumor during LVRS
evaluation. The incidence of lung nodules detected during LVRS work-
up is fairly well documented. Hazelrigg et al. detected 142 lung nodules
in 281 patients (39.5%) undergoing LVRS surgery (9). Although the
majority of these nodules were detected by preoperative chest CT, 14
nodules were identified only at the time of surgery. There were also an
additional 14 nodules that were discovered only in the pathology speci-
men, escaping both radiologic and intraoperative identification.
Seventy-eight nodules were felt to be suspicious and were resected, of
which 61 (78.2%) were benign and 17 (21.8%) malignant. The overall
incidence of lung cancer in the screened population was 6.4%. Of the
neoplastic lesions resected, three were identified by CT scan only, five
by chest X-ray and CT, four in the operating room only, and five found
incidentally in the pathology specimen.

Pigula et al. found a similar incidence of unsuspected neoplasms in
a series of 128 patients undergoing LVRS at the University of Pittsburgh
(10). Of the 10 patients (7.8%) found to have neoplasms, 6 were detected
on preoperative radiologic evaluation and 4 were found only on routine
pathologic examination of the resected lung tissue. Rozenshtein et al.
likewise found suspicious nodules in 17 of 148 patients (11%) during
preoperative evaluation for LVRS at the Columbia-Presbyterian Medi-
cal Center (11). Of these, 16 were removed surgically; 9 (6% of screened
population) were nonsmall cell cancers and 7 were benign.

The incidence of severe COPD precluding safe resectional surgery in
patients with lung cancer is much more difficult to define. Epidemio-
logical studies demonstrate a linear relationship between the rise in
cases of both COPD and lung cancer with increasing cigarette consump-
tion over the past decade (see Fig. 1). It has been estimated that 90% of
lung cancer patients have signs and symptoms of COPD at the time of
diagnosis. Marshall and Olsen estimated that at least 20% of patients
with lung cancer have a forced expiratory volume in one second (FEV1)
less than or equal to 1.2 L (12).

CONVENTIONAL PREOPERATIVE PULMONARY
ASSESSMENT

Physiologic assessment of the lung resection candidate aims to esti-
mate the postoperative pulmonary function associated with the removal
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of normal and/or diseased lung tissue. Two undesirable effects occur
following resection of lung tissue. The first is a reduction in the pulmo-
nary capillary bed. This has little effect on the postoperative pulmonary
vascular resistance in patients with normal lungs, even after pneumonec-
tomy. However, in patients with pre-existing pulmonary vascular
disease, excessive lung resection can lead to postoperative pulmonary
hypertension, cor pulmonale, and death. The second undesirable effect
of lung resection is a reduction in ventilatory function. This can lead to
both acute and chronic respiratory failure with impairments ranging
from severe exercise intolerance to ventilator dependence.

The challenge, then, is to perform the best curative resection while
leaving the patient with the smallest physiologic deficit. In the classic
evaluation, each resectable patient is evaluated as a possible pneumonec-
tomy candidate. If the patient is physiologically acceptable for pneu-
monectomy, then a smaller resection will be even less detrimental.
Likewise, if intraoperative finding necessitate pneumonectomy than a
curative resection can safely be performed.

Routine Pulmonary Function Tests
Routine spirometric studies are used to assess airflow, lung volume,

lung mechanics, and gas exchange. Routine pulmonary function tests

Fig. 1. CT scan showing right upper-lobe lung cancer in setting of significant
upper-lobe bullous emphysema.
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(PFT) are used to rule out or quantify underlying COPD. Severe impair-
ments in PFT warrant further investigations of pulmonary function but
do not necessarily render a patient inoperable. The reason for this is that
PFT measure the function of both lungs working together at rest.
However, anatomic and pathologic considerations can make the func-
tion of each lung quite different and therefore greatly affect the postop-
erative outcome of resectional surgery. Table 1 includes some of the
classic pulmonary function criteria for lung resection as adapted from
the early work of Gaensler and others (13–15).

Split-Lung Function Studies
Standard ventilation scanning with xenon 133 and perfusion scanning

with technetium 99m-labeled albumin microaggregates can be modified
to estimate regional lung function. The addition of a computer to the
gamma camera allows quantification of each lung region and expression
of regional ventilation and perfusion as a percentage of the total. By using
these split-lung function calculations, a predicted postoperative (ppo)
FEV1 can be calculated following pneumonectomy. Further refinements
of the technique can also allow an assessment of segmental lung perfu-
sion, and therefore a calculation of ppo FEV1 following lobectomy. A ppo
FEV1 of less than 35% of normal has been associated with an unaccept-
ably high risk in several prospective studies (16,17).

Exercise Testing
Maximal oxygen consumption (VO2max) is the highest oxygen uptake

measured during intense incremental workload exercise. In the earliest
study of VO2max as a predictor of postoperative mortality, Eugene et al.
demonstrated that 75% of patients with a preoperative VO2 max less than
1 L died after lung resection (18). No patients with a VO2max greater than
1 L died in the postoperative period. Both groups in this study had similar
preoperative spirometry values. Subsequent studies have documented
that a VO2max less than 15mL/kg/min is associated not only with an
increased mortality, but also with an increase in postoperative complica-
tions (19). Other investigators have attempted to refine measurements of
VO2max by using split-lung function studies to determine a postoperative
predicted VO2max. In a study of 25 patients with severe pulmonary
dysfunction, all three patients with a postoperative predicted VO2max
less than 10 mL/kg/min died postoperatively (20).

PATIENT SELECTION FOR LVRS WITH CONCOMITANT
TUMOR RESECTION

In order for the techniques of LVRS to be successfully applied to
resectional lung surgery, selection criteria for both LVRS and cancer
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surgery must be respected (see Table 2). An exception to this statement
relates to the traditional use of preoperative lung function as a predictor
of postoperative survival after lung resection. Because LVRS in appro-
priately selected patients is expected to result in improvements in lung
function, the addition of LVRS to a lung cancer resection might allow
successful tumor extirpation in patients that would not traditionally not
be expected to tolerate these resections. In this respect, the location of
the lesion in relation to LVRS target areas is an important determinant
of both operability and extent of resection. Clearly, resection of masses
that are located within LVRS target areas are expected to result in less
loss of lung function than removal of masses located within relatively
normal lung parenchyma.

The initial evaluation of a solitary pulmonary nodule in a patient with
severe emphysema aims at establishing a diagnosis prior to proceeding
with surgery. It must be remembered that despite an increased incidence
of carcinoma among patients with emphysema, the majority of pulmo-
nary nodules detected on chest CT are benign. The CT radiologic
features of most of these lesions can characterize them as benign or
malignant. However, noncalcified nodules warrant a tissue diagnosis in
this population. Although CT-guided needle biopsy can be performed
on peripheral nodules in patients with severe emphysema, it should be
understood that the risk of postprocedural pneumothorax is substan-
tially higher. The use of PET scanning may be helpful in evaluating the
primary lesion and determining its likelihood of malignancy.

Once a diagnosis of malignancy has been suggested by either patho-
logic or radiologic criteria, it is the responsibility of the surgeon to exclude
distant and/or unresectable locoregional disease. Routine work-up in our
practice includes a brain imaging study (MRI or CT), abdominal CT, bone
scan, and a whole body PET scan. The use of mediastinoscopy should be

Table 1
Pulmonary Function Criteria for Pneumonectomy

Study Operable Further Studies
Warranted

FEV1 >60% predicted <60% predicted
FVC >60% predicted <60% predicted
FEV1/FVC >50% <50%
MVV >60% predicted <60% predicted
CO diffusing capacity >60% predicted <60% predicted
Room air pCO2 <45 mmHg >45 mmHg

(FVC-forced vital capacity, FEV1-forced expiratory volume in 1 s,
MVV,-maximum voluntary ventilation, CO-carbon monoxide)
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applied aggressively to rule out stage III disease prior to embarking on
thoracotomy in this high-risk group of patients.

If a patient with severe emphysema is deemed a surgical candidate based
on preoperative staging, then LVRS criteria should be rigidly applied.
Routine preoperative assessment of these patients should include a careful
history of prior pulmonary infections, bronchitic symptoms or thoracic
surgery, as well as a detailed review of old radiologic studies. Physiologic
evaluation should include a room air arterial blood gas, standard spirometry
studies, lung volume measurements by both plethysmography and nitrogen
washout, 6-min walk distance, and selective use of dobutamine thallium
stress test/ stress echocardiogram. Radiologic studies routinely include
inspiratory and expiratory chest films, chest CT scans with cuts beyond the
adrenal glands, and quantitative ventilation and perfusion scans. Regions of
hyperinflation on chest CT and/or hypoperfusion on perfusion scan are
identified as appropriate resectional target areas.

It should be emphasized that patients with severe emphysema who
meet criteria for both curative lung cancer resection and LVRS are
operated on under the assumption that postoperative increases in
pulmonary function conferred by LVRS will allow tumor resections
that would not otherwise be tolerated. Thus, patients with severe
emphysema who meet criteria for curative lung resection (localized
disease, negative mediastinal lymph nodes) but not LVRS are expected
to fare poorly if a combined procedure is undertaken.

Table 2
Inclusion and Exclusion Criteria for LVRS and Tumor Resection

Inclusion Criteria

Severe dyspnea
Localized or diffuse disease
Hyperinflation with air trapping
Diaphragmatic dysfunction
Regional heterogeneity of disease with appropriate target areas for resection
Pulmonary nodule F 3.0 cm

Exclusion Criteria

Predominant airway disease such as asthma, bronchiectasis or chronic
 bronchitis with excessive purulent secretions

Obliteration of pleural space by previous disease or surgery
Inappropriate emphysematous target areas for resection
Evidence of unresectable locoregional neoplastic disease
Evidence of metastatic disease
Anatomic location of tumor necessitates resection of an unacceptable amount

 of functional lung parenchyma



Chapter 15 /Lung Cancer and Emphysema 231

TECHNIQUE OF OPERATION

Combined LVRS and tumor resection can be performed through a
number of incisions including a thoracoscopic approach. The extent of
resection is based on the location of the lesion in relation to emphysema-
tous target areas (see Fig. 2). Wedge resections can commonly be accom-
plished whether the lesion exists within a target area or not. Lung reduction
surgery is aimed at target areas of hyperinflation and may be performed
as part of or in combination with nodule resection. When an entire lobe
is affected with hyperinflated airway disease, a formal lobectomy can
sometimes be performed. Although the friability of emphysematous lung
parenchyma frequently limits extensive nodal dissection within the hilum
and fissures, a representative nodal sampling is possible. Postoperative
care is identical to that employed during routine lung reduction and
includes epidural analgesia, minimal chest tube suction, and aggressive
pulmonary toilet, including frequent bronchoscopy.

RESULTS OF COMBINED LVRS AND TUMOR RESECTION

There have been several reports of combined LVRS and pulmonary
nodule resection in the literature dating back to the resurgence of LVRS
a few years ago (see Table 3). We reported our early experience with
LVRS and tumor resection at Columbia-Presbyterian Medical Center in
1998 (21). In this series, 13 lesions were resected in 11 patients and
included nonsmall cell carcinoma (7), caseating granuloma (3), hama-
rtoma (2), and aspergilloma (1). One formal lobectomy and 10 wedge
resections were performed. There was one postoperative death from a
large bronchopleural fistula in a patient who had previously undergone
ipsilateral lung surgery. All other patients survived with no evidence of
recurrent or metastatic disease through a mean follow-up of 11.3 ± 6.4
months (1–19.3 mo). Furthermore, significant improvements in dysp-
nea index (DI), FEV1, forced vital capacity (FVC), and 6-min walk
distance were noted at both 3- and 6-mo follow-up.

McKenna et al. reported a similar experience of 53 nodules including 11
nonsmall cell lung cancers resected in combination with LVRS (22). Seven
wedge resections and four lobectomies were performed with no postopera-
tive mortality and an average length of stay of 8.7 d. Significant improve-
ments in FEV1 and dyspnea were noted over a short follow-up of 3 mo.

The largest experience of nodule resection and LVRS comes from
Hazelrigg et al. who reported 78 resected nodules, including 17
neoplasms (9). Of these neoplasms there were 13 primary lung cancers
(of which four were detected only in the pathology specimen). All
resections were wedge resections and there were no postoperative
deaths. There were five deaths among the patients with neoplastic
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disease over a 12-mo follow-up: 1 of metastatic renal cell carcinoma, 1
of unresectable mesthelioma, 2 of progression of primary lung cancer,
and 1 of a cerebrovascular accident. No report was made regarding
functional improvement following operation in this series.

CONCLUSION

Without therapy lung cancer is 100% fatal. Although some authors
have found 5-yr survival rates of up to 35% for patients with stage I
disease who are treated with radiation therapy alone (23), overall sur-
vival rates in most series are low (24,25). To date, surgery remains the
only significant chance for cure in patients with early stage lesions.
After lobectomy, patients with T1 N0 nonsmall cell lung cancer expe-
rience up to an 80% 5-yr cancer-free survival (26).

With the advent of LVRS, many of the classic criteria for determining
operability in lung cancer must be reassessed. Most of the patients reported
in the above series would have historically been excluded from surgical
resection based on preoperative indices of pulmonary function. However,
morbidity and mortality has been acceptable following LVRS and tumor
resection in all published reports. Furthermore, the accompanying improve-
ment in dyspnea and pulmonary spirometry has translated into an improved
quality of life for many of these lung cancer patients.

The degree of resection remains an unresolved issue. The majority of
resections performed in the setting of severe emphysema are wide wedge
resections. The Lung Cancer Study Group has shown lobectomy to be
superior to wedge resection in terms of early locoregional recurrence with-
out a significant difference in overall survival for stage I lung cancer (13).
However, it should be noted that the behavior of a lung cancer arising in
emphysematous lung tissue with severely damaged regional lymphatic
channels is not entirely known. In these select cases, wide wedge resection
may provide adequate excision of both the primary lesion and the poorly
preserved surrounding lymphatic basin. Long-term follow-up of combined
wedge resection and LVRS will be needed to determine if adequate local
control and/or a survival advantage is conferred by this operation.

In conclusion, by employing the techniques of LVRS, emphysematous
patients with suspicious pulmonary nodules and severe pulmonary dys-
function can be offered resection aimed at both cure of tumor and improve-
ment in quality of life. The currently employed predictors of perioperative
risk in lung resection do not accurately apply to LVRS candidates. As such,
new criteria based on LVRS risk factors and tumor location will continue
to be developed in order to accurately assess the operability and curative
resectability of patients with severe emphysema and pulmonary nodules.
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Table 3
Results of Combined Lung Cancer Resection and LVRS

No. of Nodules No. of Lung Wedge F/U
Author Date Resected Cancers Resection Lobectomy (mos) Mortality Pre-op FEV1 Post-op FEV1

McKenna, Los Angeles, CA 1996 53 11 7 4 3 0% 22% predicted 49% predicted
Ojo, Ann Arbor, MI 1997 11 3 11 0 3 0% 26% predicted 39% predicted
Hazelrigg, Springfield, IL 1997 78 14 14 0 12 0% not reported not reported
DeRose, New York, NY 1998 11 7 10 1 6 9% 26% predicted 40% predicted
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INTRODUCTION

Lung transplantation and lung volume reduction surgery (LVRS)
have become intimately related as clinical experience with each proce-
dure has increased. Revitalization of LVRS was a direct consequence of
single-lung transplantation when it was observed that even when the
single lung allograft functioned poorly after transplantation there was
improvement in hemithoracic diaphragmatic position, reduction of chest
hyperinflation, and diminution in patient sensation of dyspnea (1). This
clinical “success” despite the apparent “failure” of the single-lung
allograft provided the insight to thoracic surgeons to revisit the question
of surgically reducing the thoracic hyperinflation characteristic of
pulmonary emphysema. The subsequent early success of lung volume
reduction has fostered a productive and continually evolving relation-
ship between lung transplantation and LVRS for the treatment of
advanced pulmonary emphysema.

The interrelationship between lung transplantation and LVRS can
be divided into five broad categories, each of which will be dealt with
as follows:

Lung Transplantation and LVRS
in the Treatment of Advanced
Emphysema

Larry L. Schulman, MD
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1. Lung transplantation vs LVRS;
2. LVRS as a “bridge” to lung transplantation;
3. LVRS and single-lung transplantation as simultaneous procedures;
4. LVRS after single-lung transplantation to reduce native lung hyperin-

flation; and
5. LVRS after single-lung transplantation to salvage chronic allograft

rejection.

LUNG TRANSPLANTATION VS LVRS
This section discusses the issues surrounding the decision to offer

lung transplantation or LVRS to patients with end-stage lung disease.
This discussion will include consideration of a number of factors that
play a role in these decisions, including candidate selection, as well as
postoperative pulmonary function, utilization of resources, and mortal-
ity and morbidity associated with each procedure.

CANDIDATE SELECTION

The ideal candidate for lung transplantation or LVRS fits the original
description of patients with emphysema (type A chronic obstructive
pulmonary disease [COPD]). This includes individuals with little cough,
occasional and scanty sputum, fixed dyspnea, thin body habitus, large
translucent lungs with low diaphragms and a small cardiothoracic ratio,
absence of right ventricular enlargement, and a normal hematocrit (2).
Optimal candidates for lung transplantation or LVRS should not mani-
fest reversible airflow obstruction, copious sputum production, respira-
tory infection, obesity, or respiratory muscle weakness. By these criteria,
optimal candidates tend to manifest less severe derangements of gas
exchange (hypoxemia and hypercarbia) and less severe elevations of
pulmonary arterial pressures (3,4). Experience indicates that even in the
majority of patients with a “mixed” clinical picture, one of the types
usually dominates to allow appropriate selection of patients for lung
transplantation or LVRS.

These criteria, especially regarding sputum production and respiratory
infection, may be relaxed for patients who are being considered for bilat-
eral lung transplantation. Under these circumstances, sputum production
and respiratory infection may be eradicated by the transplant surgery, as
occurs following bilateral lung transplantation for patients with idiopathic
bronchiectasis or cystic fibrosis. By these expanded criteria, candidates
for bilateral lung transplantation may manifest more severe derangements
of gas exchange and elevation of pulmonary arterial pressures (5).

Patients should be referred for lung transplantation when FEV1 falls
below 25–30% of predicted levels (6). Candidates for lung transplanta-
tion should meet general criteria, which have been published recently as
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an international consensus statement (6). Requirements for lung
transplantation, as well as contraindications to lung transplantation, are
summarized in Table 1. Several excellent general reviews of lung trans-
plantation have been published recently (7,8). For the purposes of this
chapter, the discussion will focus on criteria specific for patients with
advanced pulmonary emphysema.

Optimal candidates for single-lung transplantation should be F 65 yr
of age; candidates for bilateral lung transplantation should be F 60 yr of
age (see Table 1). All candidates must be ambulatory. One study has
indicated that a 6-minute walk distance less than 300 m is predictive of
poor outcome (9). All candidates must participate in a supervised
pulmonary rehabilitation program (10). Patients’ weight should not be
below 70% of ideal body weight, nor exceed 130% of ideal body weight.
All patients should have adequate social support and prescription
medication coverage. All patients should demonstrate motivation, will-
ingness, and ability to adhere to an intensive medical regimen after
surgery. Global assessment of psychosocial “risk” before transplant has
been predictive of noncompliance with medication regimen, diet, exer-
cise, and smoking abstinence after transplantation (11).

Table 1
Preoperative Considerations for Lung Transplantation for Advanced

Pulmonary Emphysema

Requirements:

• AgeF65 yr for single lung transplant ; F60 yr for bilateral-lung transplant
• Ambulatory in supervised rehabilitation program
• 70% F Ideal body weight F 130%
• Social support network
• Prescription medication coverage
• Motivation
• Compliance

Contraindications:

• Unresolved substance abuse
• Uncontrolled psychiatric illness
• Coronary artery disease
• Left ventricular dysfunction
• Renal insufficiency
• Hepatic dysfunction
• Active or recent cancer (except skin)
• Infection with HIV, hepatitis B, hepatitis C (biopsy)
• Acute or critical illness
• Mechanical ventilation
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Candidates for lung transplantation should not have coronary artery
disease or left-ventricular dysfunction (see Table 1). Because many
candidates are former smokers, transplant centers frequently require preop-
erative coronary arteriography (12,13). Candidates for lung transplantation
should not be acutely or critically ill at the time of transplant. Mechanically
ventilated patients have been demonstrated to have poor postoperative
outcomes related to infection and respiratory muscle weakness (14,15).
Ambulatory patients who have a chronic tracheostomy for nocturnal
ventilation may be eligible for transplantation. Noninvasive mechanical
ventilation such as BIPAP mask is acceptable for transplantation.

The impact of previous thoracic surgery on transplant eligibility
should be individualized for each potential lung transplant recipient. In
general, in patients with previous unilateral thoracic surgery, single

Table 2
Postoperative Complications After Lung Transplantation For Advanced

Pulmonary Emphysema

Respiratory Complications

• Perioperative
• ischemia-reperfusion injury
• acute mediastinal shift
• pneumothorax
• bronchial anastomotic complications (ischemia, dehiscence, stenosis)
• pulmonary vein thrombosis
• pneumonia

• Acute rejection
• Opportunistic infection
• Chronic rejection
• Native lung hyperinflation
• Native lung diseases

• pneumothorax
• bronchogenic carcinoma
• bacterial, fungal, mycobacterial infections

Nonrespiratory Complications

• Hypertension
• Renal insufficiency
• Diabetes mellitus
• Hyperlipidemia
• Gastroparesis
• Seizures
• Osteoporosis
• Post-transplant lymphoproliferative disorder (PTLD)
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transplantation of the contralateral lung is acceptable. Bilateral lung
transplantation is acceptable in patients with previous minor thoracic
procedures, including open lung biopsy, thoracostomy tube placement,
tetracycline or bleomycin pleurodesis, and mechanical abrasion of the
pleural surface (16,17). Previous lung volume reduction via sternotomy
or clamshell incision is also acceptable. Caution should be exercised in
patients with previous talc instillation, pleurectomy, or lobar resection.
These thoracic surgical procedures confer an increased risk of bleeding
at the time of transplant, especially when performed on cardiopulmo-
nary bypass (17).

Patients with active or recent lung cancer are generally not considered
eligible for lung transplantation. Although it has been proposed that patients
with bronchoalveolar carcinoma limited to the lung may be transplantable,
because the disease characteristically remains confined to the thorax (18,19),
a recent report documenting several cases of recurrent disease in donor
lungs suggests a limited role for transplantation in these patients (19).
Tobacco usage should not be tolerated (6). Many centers test potential
candidates repeatedly for nicotine metabolites, and reserve the right to
remove patients from the list if there is evidence of tobacco usage. Most
centers have detected a return to smoking in a small percentage of patients
after successful lung transplantation.

Optimal candidates for lung transplantation should not take chronic
systemic corticosteroids, or if clinically needed, the lowest dose possible
should be prescribed. Candidates for lung transplantation should be
screened for skeletal muscle weakness and osteoporosis. Muscle weak-
ness is most often related to steroid-induced myopathy, but hypoxemia,
malnutrition, inactivity, and even testosterone deficiency may play a
contributory role (20,21). Osteoporosis is extremely common in end-
stage pulmonary disease (22,23). In one study of 70 patients awaiting
lung transplantation, only 34% of patients had normal bone density at
the lumbar spine and 22% had normal bone density at the hip (22) (see
Fig. 1). The average femoral neck T score of patients with emphysema
(-2.7 ± 0.3) fell into the osteoporotic range, was similar to that in cystic
fibrosis, and was significantly lower that of patients with other lung
diseases (-1.5 ± 0.3) (22). Duration of exposure to glucocorticoids cor-
related negatively with lumbar spine bone density. Disturbingly, very
few patients in this study were on sufficient regimens to prevent bone
loss, and up to 20% of patients with emphysema were deficient in vita-
min D. Osteoporosis should be treated aggressively before transplanta-
tion to minimize risk of subsequent fracture (24).

In contrast to lung transplantation, inclusion and exclusion criteria
for LVRS are less restrictive (25). Common eligiblity criteria for LVRS
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include age < 75 yr, advanced pulmonary emphysema, severe dyspnea,
FEV1 < 35% predicted, thoracic hyperinflation, and the ability to
complete a preoperative pulmonary rehabilitation program (25). Exclu-
sionary criteria include recent cigarette smoking, obesity or cachexia,
severe comorbid illness, severe hypercapnia or pulmonary hyperten-
sion, ventilator dependence, or inability to participate in rehabilitation
(25). Nonrespiratory issues such as osteoporosis, renal insufficiency,
and coronary artery disease must be individualized for each LVRS
candidate, but may be acceptable if the conditions are of mild-moderate
severity, and deemed unlikely to affect postoperative recovery.

Fig. 1. Frequency distribution of bone mineral density of the lumber spine (A)
and femoral neck (B) in patients with end-stage lung disease awaiting
transplation. From (22) with permission.
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Accordingly, LVRS is especially useful for patients with advanced
pulmonary emphysema who are not suitable candidates for lung trans-
plantation. Such patients are usually older than age 60–65, or have
contraindications to lung transplantation as outlined in Table 1 (6).
Conversely, lung transplantation is the only surgical option for patients
with advanced pulmonary emphysema who are not suitable candidates
for LVRS. Such patients usually have diffuse anatomic pulmonary
emphysema without specific “target” areas for LVRS (26). Most patients
with |-1 antitrypsin deficiency fall into this category. Unfortunately, a
large proportion of patients with advanced pulmonary emphysema are not
eligible for either lung transplantation or LVRS. Therefore, the debate
about whether lung transplantation or LVRS is the more appropriate
surgical procedure for patients with advanced pulmonary emphysema
really centers on patients who are eligible and suitable candidates for
either procedure.

PULMONARY FUNCTION AFTER LUNG TRANSPLANTATION AND LVRS
A general review of the physiology of the transplanted lung, includ-

ing pulmonary denervation, impaired cough and mucociliary clearance,
lymphatic interruption, vascular tone, and right ventricular function,
has been published recently (27). This section will limit discussion to
aspects of lung transplantation specific to pulmonary emphysema.

Most bilateral lung transplant recipients achieve normal spirometry,
normal static and dynamic lung volumes, and resolution of thoracic
hyperinflation (28–31). By 1 yr after transplantation, lung volumes
return to values predicted by the patient’s sex, age, and height, even
though there may have been considerable disparities between the donor
lung size and the recipient’s preoperative TLC (32). For donor-recipient
matching, therefore, it is most appropriate to use the recipient’s predicted
lung volumes as the normal values after transplantation, and the best
method of matching donor and recipient volumes is to use their respec-
tive predicted TLC values (32).

Aside from spirometry and lung volumes, other parameters of respi-
ratory function after bilateral lung transplantation for pulmonary
emphysema are remarkably intact. There is no evidence of airflow
obstruction (normal FEV1/FVC, normal airway resistance) (29–31,33),
and a number of other parameters, including distribution of alveolar
ventilation (measured by single breath N2 washout) (34), muscle pres-
sures (33,35); pulmonary arterial pressures (36,37), gas exchange at rest
and with exercise (29), and the resting breathing pattern are normal (29).

In contrast, pulmonary function in single-lung transplant recipients
is highly dependent on physiologic interactions between the transplanted
and the emphysematous (native) lung. In the immediate postoperative
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period, there may be acute mediastinal shift secondary to overdistention
of the native emphysematous lung with impaired gas exchange and even
impaired hemodynamics (see Fig. 2A) (38). To minimize mediastinal
shift in patients with pulmonary emphysema, transplant surgeons prefer
to implant an “oversized” lung. Later in the postoperative course, the
transplant lung usually appears radiographically “smaller” than the
native, hyperinflated lung (see Fig. 2B). In one study, the volume of
the transplant lung was only 33% of TLC, whereas the volume of the
native emphysema lung was as high as 75–80% of TLC (39).

Despite these volume discrepancies after single–lung transplantation,
there is marked clinical improvement (30,40–42). Spirometry and arterial
oxygen tension rapidly improve (see Fig. 3). Typically, FEV1 increases
by 1.0–1.5 L, whereas FVC increases somewhat less than 1.0 L (30,40–
42). Lung function continues to improve during the first postoperative
year. In one study, at 12 mo after single-lung transplantation, mean FEV1
increased from 0.49 (16% of predicted) to 1.6 (54% of predicted), FVC
increased from 1.7 (43% of predicted) to 2.4 (62% of predicted), and
FEV1/FVC rose from 0.3 to 0.62 (42). Mean PaO2 increased from 58
mmHg to 90 mmHg, and no patient required supplemental oxygen at rest
or exercise. Quantitative ventilation and perfusion to the transplanted
lung were 84% and 80%, respectively. These improvements were sus-
tained during the second year after transplant (42).

There do not appear to be significant differences in physiologic
parameters in patients undergoing right vs left single-lung transplanta-
tion for emphysema (42). A biphasic pattern of expiratory flow is often
observed in the flow-volume curve (43). The initial high-flow phase of
the flow-volume curve derives from the transplanted lung, and the
terminal low flow from the native, emphysematous lung. In the absence
of anastomotic stenosis, the flow-limiting segment is located in the
native bronchus, immediately proximal to the anastomosis (43).

Despite the improvement in airflow obstruction after single-lung
transplantation, however, the thorax remains hyperinflated, with TLC
ranging from 110–120% predicted (39,44). Measurement of diaphrag-
matic dimensions after single-lung transplantation demonstrate that total
diaphragm surface area and dome surface area are smaller on the trans-
plant side compared to the native lung, and that the curvature of the
diaphragm on the transplant side returns to normal (45).

Results of exercise testing after lung transplantation have been
disappointing. Despite satisfactory allograft function, most transplant
recipients, including bilateral lung transplants, are unable to achieve
maximal levels of work and O2 consumption (29,46–48). In one study,
bilateral lung recipients with normal spirometry achieved lower work
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(62 vs 155 W) and O2 consumption (0.88 vs 2.26 L/min) than control
subjects (46). Within their limited range of exercise, however,
ventilatory responses were normal (46). In all studies, poor exercise
performance seems related to limited limb muscle endurance associated
with deconditioning, but also possibly to the effects of corticosteroids
(myopathy) and cyclosporine (impaired muscle vasodilation). Trans-
plant recipients invariably report leg fatigue and pain as the reason they
stop exercising during testing (49). Abnormal skeletal muscle oxidative
capacity after lung transplantation has been elegantly demonstrated by
31P-magnetic resonance spectroscopy (47). During exercise, transplant
recipients demonstrated a lower pH and greater release of potassium ion
than control subjects (47,48).

Aerobic exercise training after transplant increases peak oxygen
uptake. In one study, a 6-wk aerobic exercise training program improved
peak work (from 66 to 81 W) and O2 consumption (from 1.1 to 1.3 L/min)
(49). Nevertheless, these improved values were still only 55–65% com-
pared to control subjects, and all transplant recipients still terminated
exercise because of leg pain.

Remarkably, single-lung transplant recipients perform as well as
bilateral recipients in exercise capacity, despite marked differences in
spirometric values (50,51). Both groups of transplant recipients exhibit

Fig. 2. A. Postoperative mediastinal shift in a 50-yr-old woman after left single-
lung transplantation for severe pulmonary emphysema. The native right lung
has massively overinflated across the midline, displacing both heart and trans-
planted left lung to the left. B. Chest radiograph in the same patient 6 mo after
left single transplantation. The native right lung remains hyperinflated com-
pared to the transplanted left lung, but there is no mediastinal shift. From: (45a)
with permission.
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the same degree of reduction in leg power and leg work capacity,
reconfirming that it is peripheral skeletal muscle dysfunction that limits
exercise performance in both groups (50).

There are no studies directly comparing results of lung transplanta-
tion and LVRS. Comparison of published results of each procedure is
complicated by whether patients underwent unilateral vs bilateral lung
transplantation or unilateral vs bilateral LVRS. In one series, 33 patients

Fig. 3.Lung function before and early after single and bilateral lung transplantation
for advanced pulmonary emphysema. Adapted from: (30) with permission.
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who underwent bilateral LVRS via median sternotomy (mean age 57 yr)
were compared with 39 patients who underwent single-lung transplan-
tation (mean age 55 yr) and 27 patients who underwent bilateral lung
transplantation (mean age 49 yr) (52). At 6 mo after surgery, mean FEV1
rose by 79% for LVRS, 231% for single-lung transplants, and 498% for
bilateral lung transplants (52). 6-minute walk distance increased by
28% for LVRS, 47% for single-lung transplants, and 79% for bilateral
lung transplants (52). Mean PaO2 on room air was 72 mmHg for LVRS,
78 mmHg for single-lung transplants, and 92 mmHg for bilateral lung
transplants.

Other centers have reported comparable results for LVRS (53–56). In
most studies, mean FEV1 only improved by 30–80%, yet functional and
exercise capacity improved to a greater extent (53–56). In one study
(53), this was attributed to reduction of TLC (from 144% to 122%) and
increased lung static elastic recoil pressure (from 11.3 to 16.3 cm H2O),
and in another report (57), to improved diaphragmatic muscle pressures
(from 41 to 65 cm H2O) and increased diaphragm length in the area of
apposition with the rib cage (2.1 to 3.0 cm) (57). Finally, investigators
have demonstrated improvements in exercise performance after LVRS,
with higher levels of work (from 40 to 48 W) and O2 consumption (from
0.73 to 0.76 L/min) than before LVRS, but these works levels remained
far below those of normal subjects (56).

A major concern regarding LVRS has been durability of results
(58,59). Although some centers have reported minimal loss in pulmo-
nary function over time (26,60), other centers have noted progressive
decline in pulmonary function after 6 mo (58,59). In one study, mean
FEV1 declined by 255 mL/yr after bilateral LVRS, and those patients
who experienced the greatest short-term incremental response after
LVRS also had the most rapid deterioration in FEV1 (58). Other inves-
tigators have raised concerns regarding marked variability in individual
patient response, minimal beneficial effects on gas exchange, and the
potential for raising pulmonary arterial pressures (61–63).

UTILIZATION OF RESOURCES AFTER LUNG TRANSPLANTATION AND LVRS
Aside from improvement in pulmonary function, a strong argument

in favor of LVRS is the limited supply of suitable donor lungs which
restricts the option of lung transplantation to a small number of eligible
patients. In 1998, 1067 lung transplant procedures (63% single lung,
37% bilateral lung) were recorded by the registry of the International
Society for Heart and Lung Transplantation (64). This number of lung
transplant procedures represented a decline of 15% compared to the
previous 3 yr, and occurred despite the use of increasingly older donors
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(64). Patients with advanced pulmonary emphysema constituted 45% of
single-lung transplant procedures and 19% of bilateral-lung transplant
procedures (64). Patients with |-1 antitrypsin deficiency constituted an
additional 11% of single-lung transplant procedures and 11% of bilat-
eral lung transplant procedures (64).

The number of transplant procedures performed for advanced
pulmonary emphysema stands in contrast to the 2672 patients in 1998
who were awaiting lung transplantation (65). This represents an increase
of 64% in the number of patients awaiting lung transplantation compared
to the previous 3 yr (65). The number of transplant procedures for
pulmonary emphysema also stands in contrast to the estimated 2000
LVRS procedures performed in the U.S. between 1994–1995, and to the

Fig. 4. Survival curves by diagnosis for patients waiting for lung transplanta-
tion (censored at time of transplantation) and after transplantation. Adapted
(63a) with permission.
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estimated 1.7 million Americans who suffer disability from pulmonary
emphysema (66). It has been predicted that the greater availability of
LVRS may be used to reduce the number of patients with pulmonary
emphysema on transplant waiting lists (67).

Along the same lines, costs associated with LVRS are far lower than
those of lung transplantation (66,68,69). Average hospital costs associ-
ated with LVRS have been estimated at $31000 (66,68). In contrast,
hospital costs associated with lung transplantation have been estimated at
$108000 (69). Furthermore, considerable costs remain after transplanta-
tion including greater than $1000 per month in medication costs (69). By
comparison, medication usage is often reduced after LVRS (70).

MORTALITY AFTER LUNG TRANSPLANTATION AND LVRS

A second argument in favor of LVRS over lung transplantation is the
high perioperative and later postoperative mortality associated with
lung transplantation. Early postoperative mortality for all lung trans-
plant recipients is 7–10% and 1-yr survival is approx 75% (64). The
average survival after lung transplantation is 3.8 yr (64). Remarkably,
patients with pulmonary emphysema fare better after lung transplanta-
tion than other diagnostic groups (64). In one multivariate logistic
regression analysis, the diagnosis of pulmonary emphysema reduced
the risk ratio of 1-yr mortality after lung transplantation by 52% (64).
One-yr survival rates as high as 90–92% have been reported after single-
and bilateral-lung transplantation for pulmonary emphysema (52). Other
centers have reported better survival results after bilateral lung
transplantation (1-yr survival 90%) than after single-lung transplanta-
tion (1-yr survival 71%) (71). Two-yr survival rates after lung trans-
plantation for pulmonary emphysema decline to 82–90% for bilateral
lung transplant recipients and 63–84% for single-lung transplant recipi-
ents (71,72). Five-yr survival drops as low as 41–53% (72). There have
been no major changes in survival rates in the past few years (64).

In view of the perioperative and later postoperative mortality risks for
lung transplantation, some investigators have questioned whether there
is a survival benefit associated with lung transplantation in the treatment
of advanced pulmonary emphysema (73). Hosenpud et al. utilized
UNOS data to compare survival curves for patients waiting for lung
transplantation and for those who received transplants (see Fig. 4) (73).
Since, strictly speaking, these survival curves cannot be compared
statistically, the authors generated a model to estimate relative risk of
death after lung transplantation relative to the risk of continued waiting
on the transplant waiting list (see Fig. 5) (73). For all diagnoses, the
relative risk was high immediately after transplantation, reflecting
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perioperative mortality associated with transplant surgery (73). For
patients with cystic fibrosis and idiopathic pulmonary fibrosis, the rela-
tive risk of transplant soon dropped below the risk of waiting, reflecting
high mortality associated with continued waiting on the transplant
waiting list. However, for patients with pulmonary emphysema, the
relative risk of transplant never dropped below the risk of waiting,
reflecting stable mortality rates associated with continued waiting on
the transplant waiting list.

These data raise serious concerns regarding survival benefits of lung
transplantation in the treatment of advanced pulmonary emphysema. The
data, however, are based on a false premise. The analysis assumed that all

Fig. 5. Relative (transplantation/continued waiting) risk of death according to
diagnosis. Adapted from: (63a) with permission.
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patients with pulmonary emphysema listed for lung transplant were sick
enough to need transplant surgery at the time of listing. Given the long
waiting time for lung transplantation (65), many centers may “list” a
patient for transplant in anticipation of need at the end of the long waiting
time. This unofficial policy biases results in favor of waiting list survival.

Another limitation of the analysis of Hosenpud et al. was that the data
assessed only duration of survival, not quality of life. After successful
lung transplantation, there are dramatic improvements in health status
and quality of life (74). One study of transplant recipients reported
higher levels of happiness, more satisfaction with life and health, better
function on the Karnofsky index and higher levels in every MOS 20
dimension except pain (74). Furthermore, health-related quality of life
remained stable 3 yr after transplantation, although there was some
decline over time in patients who developed chronic rejection (74).
Between 85–90% of lung transplant recipients reported no activity limi-
tation at 1 and 2 yr after transplant (64).

These considerations highlight a major dilemma faced by transplant
physicians and surgeons. On the one hand, guidelines for the referral of
patients with pulmonary emphysema facilitate the identification of patients
at risk for death in subsequent years (6,75–78). However, the natural
history of pulmonary emphysema is so variable that the exact timing of
transplant surgery is difficult to define. Accordingly, transplant centers
and the referring physicians rely on additional clinical criteria to deter-
mine optimal timing for lung transplantation. Such criteria include rapid
decline in pulmonary function, frequent exacerbations, and deteriorating
gas exchange (79,80). If one waits too long before proceeding with trans-
plantation, the patients may lose their suitability for transplantation by
developing worsening debility or respiratory failure.

Despite the superior results of lung transplantation for pulmonary
emphysema as compared to patients with other diagnoses, short-term
mortality rates of lung transplantation exceed those reported for LVRS
(26,52,67,70,81). Operative mortality associated with LVRS has ranged
from 3%–7.5%, but has also been reported to be as high as 13.8%
(26,52,67,70,81). Operative mortality from LVRS declines with surgi-
cal experience (70).

One- and two-yr survival rates as high as 93 and 92% have been
reported after LVRS, although other centers have noted slow continued
decline in survival postoperatively (26,70,81). In one study, 1-yr sur-
vival was 83–85%, and 2-yr survival 76–81% (81). The continued
decline in survival presumably reflects progression of the underlying
emphysematous process, as well as morbidity related to the advanced
lung disease itself. Indeed, survival was highest in patients who were
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Fig. 6. (this and opposite page) A. Squamous cell carcinoma as a subtle irregular
nodular opacity (arrows) adjacent to the left anterior chest wall, evident only in
retrospect, on lateral chest radiograph of a 59-yr-old woman 11 mo after right
single-lung transplantation for emphysema. B. Four months later, the carcinoma
(arrows) has enlarged to a 4.5-cm mass.

younger, had higher baseline FEV1, higher baseline PaO2, and had the
greatest short-term improvement in FEV1 after LVRS (81).

Just as in the analysis of lung transplantation and survival, some
investigators have questioned whether there is a survival benefit asso-
ciated with LVRS in the treatment of advanced pulmonary emphysema
(25,81) (see Chapter 14). In this regard, issues concerning resources and
optimal patient selection have also been raised (25). To clarify these
questions prospectively, the Health Care Financing Administration
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(HCFA) is currently funding a randomized study designated as the
National Emphysema Treatment Trial (NETT).

MORBIDITY AFTER LUNG TRANSPLANTATION AND LVRS

Despite improved pulmonary function and quality of life, transplant
recipients face the risk of numerous postoperative complications (7,8).
One-half of transplant recipients require repeat hospitalization during
the first yr after transplantation (64). Postoperative morbidity may be
conveniently divided into respiratory and nonrespiratory categories (see
Table 2). In the perioperative period, respiratory complications include
ischemia-reperfusion injury (82–85), bronchial anastomotic complica-

Fig. 6. (B)
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tions (ischemia, dehiscence, stenosis) (86–88), pulmonary vein throm-
bosis (89,90), and pneumonia (82,83). A complication that is unique to
single-lung transplantation for pulmonary emphysema is acute medias-
tinal shift with hypoxemia and hypotension (see Fig. 2A) (38). This is
best managed with independent lung ventilation to deliberately
underventilate the native, emphysematous lung, while maintaining
normal ventilation parameters to the transplant lung (38).

Later postoperative respiratory complications include acute rejec-
tion, opportunistic infection, and chronic rejection (82,91–98). In lung
transplant recipients, there appears to be a higher incidence of acute and
chronic rejection than that observed with other solid organ allografts
(82,92). Acute allograft rejection, characterized by perivascular
lymphocytic inflammation, is common, rarely fatal, and tends to respond
favorably to augmented immunosuppression. In contrast, obliterative
bronchiolitis (OB), which is generally considered to represent chronic
allograft rejection, is characterized by fibrous obliteration of small air-
ways, responds poorly to augmented immunosuppression, and is the
major cause of long-term morbidity and mortality after lung transplan-
tation (94–96). A number of studies have identified multiple and high
grade acute rejection episodes as the major risk factors for OB, yet the
pathogenetic mechanisms linking acute perivascular rejection to chronic
airway obliteration remain undefined (94–96). These complications
occur at similar rates for patients transplanted for pulmonary emphy-
sema as compared to patients transplanted for other diagnoses.

Unique to single-lung transplantation for pulmonary emphysema is
native lung hyperinflation with compression and atelectasis of the
allograft. This issue will be addressed in more detail in the section discuss-
ing LVRS after transplantation. Other problems fairly specific to single
lung transplantation for pulmonary emphysema are diseases related to the
native lung (99–101). These include pneumothorax, bronchogenic carci-
noma (seeFig. 6), reactivation of dormant tuberculous and nontuberculous
mycobacterial infections in the native lung (101–103), and contamination
of the transplant lung with pathogens colonizing the native lung such as
gram negative bacteria and Aspergillus (99,100).

Nonrespiratory complications after lung transplantation are numerous
and include systemic hypertension, renal insufficiency, diabetes mellitus,
hyperlipidemia, seizures, osteoporosis, gastroparesis, and post-transplant
lymphoproliferative disorders (7,8,22,23,104–107). Most nonrespiratory
complications are related directly, or indirectly, to adverse effects of trans-
plant medications. For example, it has been previously noted that the mean
bone density of patients with emphysema is already in the osteoporotic
range before transplantation (see Fig. 1) (22). After transplant, Shane et al.
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observed a further decline in bone density associated with effects of gluco-
corticoids and cyclosporine (24). The highest rate of fracture after trans-
plant occurred in patients with the lowest bone density before transplant and
with greatest duration of pretransplant glucocorticoid therapy. Patients with
pulmonary emphysema were at highest risk for fractures after transplant,
despite adequate antiresoprtive therapy.

A nonrespiratory complication seemingly unrelated to transplant
medications is gastroparesis (105,106). Gastroparesis is of special
relevance to lung transplant recipients because by promoting bacterial
overgrowth and enabling gastroesophageal reflux, gastroparesis may
predispose to microaspiration, respiratory infection, and rejection
(105,106). The mechanism of gastroparesis is suspected to relate to
operative vagal injury, and may be particularly important in patients
with pulmonary emphysema who have a high incidence of reflux and
peptic disease even before transplantation.

Postoperative complications after LVRS are far fewer than with lung
transplantation. Early postoperative complications include prolonged
air leak, sternal wound infection, and gastrointestinal complications
(26,70). Later postoperative complications relate predominately to the
underlying obstructive lung disease (see Chapter 13 for a more detailed
discussion of LVRS complications). The main difference compared to
lung transplantation is absence of a requirement for immunosuppres-
sive drug treatment.

Finally, both lung transplantation and LVRS have led to improve-
ments in quality of life (74,108). At present, there are no data to directly
compare quality of life after lung transplantation and LVRS.

LVRS as a “Bridge” to Lung Transplantation

Patients who are suitable candidates for lung transplant and LVRS could
be offered the opportunity for LVRS while being simultaneously listed for
lung transplantation. Those with satisfactory results after LVRS could be
deactivated from the waiting list. Those patients with unsatisfactory results
after LVRS or those patients whose pulmonary function deteriorated after
initial improvement could proceed with transplantation. Lung volume
reduction via sternotomy or clamshell incision does not preclude successful
subsequent lung transplantation. Preliminary experience in one center
indicated that 23% of patients had an unsuccessful response to LVRS, and
an additional 17% had significant deterioration during follow-up after LVRS
requiring lung transplantation (67). Widespread adoption of this approach
could reduce the percentage of patients with pulmonary emphysema requir-
ing lung transplantation, and could potentially reduce waiting times for all
transplant candidates (67).
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Simultaneous LVRS and Single-Lung Transplantation

In an attempt to improve lung function after single-lung transplant,
one center has reported preliminary experience with simultaneous
single-lung transplantation and contralateral LVRS (109). This
approach may prevent problematic native lung hyperinflation after
single-lung transplant and may yield levels of pulmonary function simi-
lar to those achieved after bilateral transplant.

LVRS after Single-Lung Transplantation to Reduce Native
Lung Hyperinflation

Published reports from several lung transplant centers have indicated
that LVRS may be beneficial after single-lung transplantation in selected
instances where the native emphysematous lung undergoes hyperinflation,
compressing and causing extrinsic dysfunction of a structurally normal
allograft lung (110–113). In these reports, surgical reduction of native
emphysematous lung hyperinflation permitted improved expansion and
function of the allograft lung. Ventilation and perfusion of the allograft
increased, and the volume of the allograft lung increased (113). Other centers
have reported improved allograft function after native lung bullectomy,
native lung lobectomy, or native lung pneumonectomy (114–116).

LVRS after Single-Lung Transplantation to Salvage Chronic
Allograft Rejection

Our transplant center reported data examining the utility of native LVRS
in salvaging respiratory function for patients who had previously under-
gone single-lung transplantation for emphysema and who were disabled by
severe obliterative bronchiolitis (117). In contrast to reports cited earlier,
the seven patients described in this series had severe intrinsic disease of the
allograft lung. Under these circumstances, surgical reduction of native lung
hyperinflation did not increase the volume of the allograft lung, and venti-
lation and perfusion of the allograft were further decreased (117).

Nevertheless, mean FEV1 rose from 0.68 ± 0.16 L before LVRS to
0.95 ± 0.22 L at 3 mo after LVRS, an increment of 40% (p = 0.002). In
addition, mean 6-min walk increased from 781 ± 526 ft to 887 ± 539 ft
(p = 0.031), and mean dyspnea index declined from 3.1 ± 1.1 to 1.6 ± 0.5
(p = 0.010). The LVRS procedure itself was notably safe with no mor-
tality, minimal complications, and acceptable length of hospital stay.
These clinical features were remarkable in view of the high surgical risk
of this patient population who were maintained on chronic corticoster-
oids and chronic immunosuppression. In addition, these patients had a
very low preoperative FEV1 and all had had previous thoracic surgery.
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Fig. 7. Lung function before and after LVRS, single-lung transplantation (SLT),
and bilateral-lung transplantation (BLT) for advanced pulmonary emphysema.
Adapted from: (52) with permission.
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The benefits, however, of LVRS in salvaging respiratory function
appeared to be limited in magnitude and duration (117). The degree of
improvement in spirometry and other parameters of respiratory func-
tion were smaller than improvements noted in many series of unilateral
LVRS for emphysema (70). During follow-up, three of seven patients
died within 1 yr after LVRS as a result of respiratory failure. Even
survivors began to show deterioration in spirometry by 6 mo postopera-
tively. These limitations were most likely related to the severity of the
underlying allograft dysfunction. The slow deterioration in FEV1 seen
in the 1-yr survivors after LVRS presumably reflected both progressive
airflow obstruction in the allograft, as well as continued loss of elastic
recoil in the native emphysematous lung. LVRS was able to salvage
respiratory function in chronic allograft rejection in emphysema by
reducing native lung hyperinflation, but the benefits were limited in
magnitude and duration by the severity of the underlying allograft dys-
function (117).

CONCLUSION
Lung transplantation and LVRS are becoming progressively

interrelated in the approach to the treatment of advanced pulmonary
emphysema. As clinical experiences with each procedure increases,
optimal selection and utilization of these procedures will improve
therapeutic options for patients. Further progress is needed in mini-
mizing perioperative complications and optimizing postoperative
management, especially in lung transplant recipients.
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